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The serine protease HtrA is involved in the folding and maturation of secreted proteins, as well as in the
degradation of proteins that misfold during secretion. Depletion of HtrA has been shown to affect the sensitivity
of many organisms to thermal and environmental stresses, as well as being essential for virulence in many
pathogens. In the present study, we compared the behaviors of several different HtrA mutants of the gram-
positive pathogen Streptococcus pyogenes (group A streptococcus). Consistent with prior reports, insertional
inactivation of htrA, the gene that encodes HtrA, resulted in a mutant that grew poorly at 37°C. However, an
identical phenotype was observed when a similar polar insertion was placed immediately downstream of htrA
in the streptococcal chromosome, suggesting that the growth defect of the insertion mutant was not a direct
result of insertional inactivation of htrA. This conclusion was supported by the observation that a nonpolar
deletion mutation of htrA did not produce the growth defect. However, this mutation did affect the production
of several secreted virulence factors whose biogenesis requires extensive processing. For the SpeB cysteine
protease, the loss of HtrA was associated with a failure to proteolytically process the zymogen to an active
protease. For the streptolysin S hemolysin, a dramatic increase in hemolytic activity resulted from the
depletion of HtrA. Interestingly, HtrA-deficient mutants were not attenuated in a murine model of subcuta-
neous infection. These data add to the growing body of information that implies an important role for HtrA in
the biogenesis of secreted proteins in gram-positive bacteria.

Proteases in pathogenic bacteria contribute many functions
essential to virulence, including the acquisition of nutrients,
biogenesis of virulence factors, cleavage of key host proteins
for modulation of the host response, and protein quality con-
trol (8, 20, 21, 40, 55). The last function becomes particularly
important for the survival of the bacterium in stressful envi-
ronments encountered during infection. In gram-negative bac-
teria, proteins of the HtrA (DegP) family function as periplas-
mic serine proteases involved in the degradation of exported
proteins that are misfolded or aggregated (for reviews, see
references 7 and 46). A significant body of work has also
illustrated the important role of HtrA in pathogenesis (10, 14,
29, 34, 48). While it has been suggested that the decreased
virulence of HtrA mutants may be a consequence of the accu-
mulation of damaged proteins in the periplasmic space (25),
the hypersensitivity to thermal and osmotic stresses that is
typical of these mutants may also play a role (51).

Orthologs of HtrA have been found in many gram-positive
bacteria, and several have been implicated in virulence (30,
50). However, the specific contribution that HtrA makes to
virulence is much less clear. These bacteria lack the outer
membrane of the gram-negative bacteria, and as a conse-
quence, lack a periplasmic space. Thus, the folding of secretory
proteins does not take place in the confined compartment of
the periplasmic space but rather likely occurs at the mem-
brane-cell wall interface following translocation across the cy-

toplasmic membrane (54, 56). It is known that the peripheral
membrane contains some accessory proteins to promote fold-
ing, including chaperones and disulfide oxidoreductases (54,
56). However, this peripheral membrane compartment is ex-
posed to the environment and it is not clear that misfolded
secreted proteins accumulate at this site, although it is likely
that misfolded surface-anchored proteins would accumulate.
The fact that the gram-positive orthologs of HtrA are pre-
dicted to be peripheral membrane proteins anchored to the
membrane by a single transmembrane domain located near
their N termini (44, 47) suggests that HtrA may function in
protein quality control at this site. In addition, its dual role as
a chaperone to promote folding of certain exported proteins in
gram-negative bacteria (2, 52) may indicate a more central role
in the biogenesis of secreted proteins in gram-positive bacteria.
Consistent with this, HtrA has been implicated as the sole
extracellular protease responsible for degradation of abnormal
exported proteins, for processing secreted proproteins, and for
maturation of native proteins in Lactococcus lactis (47).

Secreted proteins play critical roles in the pathogenesis of
diseases caused by gram-positive bacteria. For example, cul-
ture supernatants of the group A streptococcus (Streptococcus
pyogenes) contain at least 16 polypeptides with an identifiable
export sequence (33). This bacterium is the causative agent of
numerous suppurative infections of the pharynx (e.g., “strep
throat”) and soft tissues (impetigo, cellulitis, and necrotizing
fasciitis), as well as several systemic diseases that can result
from toxigenic (scarlet fever and toxic shock syndrome) or
immunopathological (rheumatic fever) processes (11). For the
most part, the contribution of any secreted factor to the patho-
genesis of any disease caused by S. pyogenes is poorly under-
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stood. However, it has been reported that depletion of HtrA
was shown to diminish the virulence of S. pyogenes in a mouse
model of systemic infection (30), suggesting a possible role for
HtrA in the biogenesis of secreted virulence factors.

Two important secreted virulence factors of S. pyogenes are
the cysteine protease SpeB and the hemolysin streptolysin S
(SLS) (18, 24). Both of these factors require extensive process-
ing for the generation of their biologically active forms via
pathways that are not well understood (37, 42). The SpeB
protease is secreted across the cytoplasmic membrane and
folds into an enzymatically inactive zymogen (37), whose sub-
sequent maturation to a proteolytic active form may require at
least six intermediate structures generated by sequential cleav-
ages within the zymogen’s prodomain (13). While the protease
is autocatalytic under certain conditions (37), efficient activa-
tion is an intermolecular event (13). The activation pathway is
influenced both by environmental factors (37) and by other
streptococcal gene products (9, 38, 39). The SLS hemolysin is
a predominantly cell-associated small peptide of �30 amino
acids that is posttranslationally processed and likely further
modified by a poorly understood pathway that is encoded by a
cluster of nine genes in the sag (for streptolysin-associated
gene) locus (42). The sequence of the toxin precursor is highly
enriched in amino acid residues that are the substrates for
thio-ether bond modification found in other cyclic peptide
toxins, suggesting that the biogenesis of SLS is similar to that
of bacteriocins (42). Consistent with this, several of the genes
in the sag locus have similarity to genes required for the syn-
thesis of peptide bacteriocins (42). The roles of extracellular
processing factors in the biogenesis of the SpeB protease or
SLS have not been well defined.

The aim of the present study was to further investigate the
role of HtrA in the pathogenesis of S. pyogenes disease. In
particular, the contributions of HtrA to the biogenesis of the
highly processed SpeB protease and SLS were examined. As
previously reported (30), insertion of a polar element into htrA,
the gene encoding HtrA, resulted in a mutant that grew very
poorly under normal culture conditions. However, this pheno-
type was not observed for a nonpolar mutation of htrA, sug-
gesting that the growth phenotype was the result of a polar
effect on expression of an adjacent gene. Mutants of HtrA did
display altered expression of proteolytic and hemolytic activi-
ties to imply a role for HtrA in the activation of the SpeB
protease and the SLS hemolysin. Finally, examination of non-
polar HtrA mutants in a murine subcutaneous-infection model
revealed that they displayed no significant defect in the ability
to cause disease in the subcutaneous tissues.

MATERIALS AND METHODS

Strains, media, and culture conditions. Molecular cloning experiments used
Escherichia coli DH5� (Life Technologies), and experiments with S. pyogenes
used strain HSC5 (22). Routine culture of S. pyogenes employed Todd-Hewitt
medium (BBL) supplemented with 0.2% yeast extract (Difco) (THY medium) in
sealed tubes without agitation. Analyses of protease and hemolytic phenotypes
were conducted on cultures grown in C medium (38). To produce solid media,
Bacto Agar (Difco) was added to THY medium to a final concentration of 1.4%,
and unless otherwise indicated, all solid cultures were incubated under anaerobic
conditions produced using a commercial gas generator (GasPack, catalog no.
70304; BBL). When appropriate, antibiotics were added to the medium at the
following concentrations: kanamycin, 50 �g/ml for E. coli and 500 �g/ml for S.
pyogenes; erythromycin 750 �g/ml for E. coli and 1 �g/ml for S. pyogenes.

DNA techniques. Plasmid DNA was isolated by standard techniques and was
used to transform E. coli by the method of Kushner (32) and to transform S.
pyogenes by electroporation as previously described (5). Restriction endonucle-
ases, ligases, kinases, and polymerases were used according to the manufacturers’
recommendations. Chromosomal DNA was purified from S. pyogenes as previ-
ously described (5). Fluorescently labeled dideoxynucleotides (Big Dye termina-
tors; PE Applied Biosystems) were used in DNA-sequencing reactions according
to the recommendations of the manufacturer for the confirmation of the DNA
sequences generated by PCR.

Growth rate comparison. The growth rates of various strains described in this
study were determined through the change in optical density at 600 nm (OD600)
over time. Cultures were initiated from overnight growth in THY media that had
been washed once with an equal volume of phosphate-buffered saline (PBS) (pH
7.4). The initial OD600 of the cultures was adjusted to 0.01, and absorbance
values were determined at routine time intervals during incubation.

Insertional inactivation of htrA. For the construction of a polar insertion, a
region internal to htrA (open reading frame Spy2Z16 [15]) was amplified using
the primers HtrAinternal1 (CACAA CGAAT TCTAC TAAAG CTGTC
AAAGC) and HtrAinternal2 (CTGAA TAGCA TCTGC AGAGA CAGTC
TCACC). Subsequent insertion of the fragment between the EcoRI and PstI sites
of the integrational plasmid pCIV2 using the sites embedded in the primers
(underlined) generated pHTR1. For construction of a polar insertion immedi-
ately downstream of htrA, a fragment containing the 3� end of htrA and the
adjacent chromosome was amplified using the primers HtrAinternal1 and
HtrAafterstop (CATAA AACAG TCCTG CAGAC TGTTTT ATGT). This
fragment was then inserted into pCIV2 as described above to generate pHTR2.
Integration of pHTR1 and pHTR2 into the HSC5 chromosome via homologous
recombination produced strains HTR1 and HTR2, respectively. The former
contains a polar insertion in htrA, while the latter contains a polar insertion
immediately downstream of an unaltered copy of htrA. The chromosomal struc-
tures of these mutants were verified through PCR and sequence analyses.

Construction of an in-frame deletion in htrA. Primers htrA5720PstI (GGTAG
GTCTG CAGAT AATTC TTTTG TC) and htrA7100BamHI (AAGGT
ATAAG GATCC AAAGT TCTAT AAGC) were used to amplify a fragment
containing the entire htrA open reading frame, which was inserted into
pTOPO2.1 (Invitrogen) through a TA cloning procedure. The resulting plasmid
(pHTR3) was used as a template in an “inside-out” PCR with the primers
htrAIFDdown (GACCT GCTCT TGGAA TACAT ATGGT C) and htrAIFDup
(GCTTT GACAG CTTTA GTCAT ATGGG TTGTG). Cleavage of the result-
ing product with NdeI (the sites are underlined), followed by subsequent religa-
tion, resulted in an in-frame deletion of the region of htrA that encodes A153-
I299. The deletion allele (htrA�153-293) was then inserted between the PstI and
BamHI sites of the streptococcal-E. coli shuttle vector pJRS233 using the sites
embedded in the original primers (underlined). The resulting plasmid (pHTR10)
was then used to replace the wild-type allele of htrA using the method of Ji et al.
(28). This method produces a partial duplication with both wild-type and mutant
alleles in the chromosome, and the duplication is then resolved to either the
wild-type or mutant allele (28). Further analyses were conducted using one
isolate that resolved to the mutant allele (HTR10) and a sibling that resolved to
the wild-type allele (HTR11). Chromosomal structures were verified by PCR and
sequence analysis using primers with the appropriate sequences.

Measurement of protease activity. Expression of the SpeB protease was ana-
lyzed in culture supernatants as follows. Cultures in C medium were initiated
using cells from overnight growth in C medium, which were washed in PBS (pH
7.4) to remove any residual protease. The initial OD600 of the cultures was
adjusted to 0.01; samples were removed at various time points during incubation
at 37°C, and cells were removed by filtration (0.45-�m-pore-size Sterile Acrodisc;
Gelman Sciences). The resulting supernatant fluids were diluted in fresh C
medium to normalize for any differences in growth between samples based upon
the OD600 of the culture at the time of harvest. The presence of the proprotein
and processed forms of SpeB was determined through Western blot analysis as
described previously (38). The proteolytic activities of supernatants were quan-
tified by the method of Hauser et al. (23), which measures the increase in relative
fluorescence generated by the proteolytic cleavage of fluorescein isothiocyanate-
casein (Sigma). The activity of uninoculated culture medium was used to derive
background values that were typically undetectable under the conditions of this
assay. To ensure that all proteolytic activity was specifically the result of SpeB,
the cysteine protease-specific inhibitor E-64 (final concentration, 10 mM; Sigma)
was routinely added to selected samples. This treatment typically reduced activity
by �95%.

Measurement of SLS activity. The production of SLS-specific hemolytic ac-
tivity was determined as follows. An overnight culture of the strain under analysis
was diluted to an OD600 of 0.01 in C medium and incubated at 37°C. At the times
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indicated in the text, aliquots were harvested from the culture, washed once in
PBS (pH 7.4), and resuspended in PBS to an OD600 of 0.5. The cell-associated
SLS activity was then determined by the method of Ofek et al. (45). Hemolytic
activity was represented as the reciprocal of the minimum dilution that contained
unlysed erythrocytes.

Murine subcutaneous-infection model. The method of Bunce et al. (4) as
modified by others (36, 49) was used to establish an infection of S. pyogenes in the
subcutaneous tissues of mice as described in detail elsewhere (3). Mock-infected
animals received a subcutaneous injection of saline at a volume equivalent to the
volume of the dose of streptococci injected. Ulcer formation was documented by
digital photography, and the precise area contained by each ulcer was calculated
from the digital record using MetaMorph image analysis software (version 4.6;
Universal Imaging Corp.). The difference between the numbers of mice devel-
oping an ulcer following subcutaneous challenge with wild-type or mutant bac-
teria was tested for significance by the chi-square test with Yates’ correction (19),
and differences in the areas of the resulting ulcers were tested by the Mann-
Whitney U test (19). For all test statistics, the null hypothesis was rejected when
P was �0.05. The data presented were derived from two independent experi-
ments.

RESULTS

Construction of htrA mutants. Previous reports have iden-
tified htrA (degP) in the genomes of S. pyogenes and Strepto-
coccus mutans, and analyses of mutants constructed by inser-
tional inactivation of htrA have identified key roles for the
protein encoded by this gene in surviving thermal and oxidative
stresses (12, 30). In addition, HtrA serves to process multiple

extracellular proteins in lactococci (47). Thus, it was of interest
to examine the role of htrA in the elaboration of secreted
virulence factors and in the pathogenesis of S. pyogenes. To
accomplish this, an insertion-duplication strategy similar to
those used earlier was performed (12, 30), using homologous
recombination to target the integration of a circular plasmid
(pHTR1) onto which an internal region of htrA had been
cloned. Similar to prior reports (12, 30), the HtrA-deficient
mutant (HTR1) (Fig. 1A) exhibited normal kinetics of growth
at 30°C (data not shown) but had a profound defect for growth
at 37°C (Fig. 1C) and failed to demonstrate any observable
growth at 40°C, the highest temperature at which the wild-type
strain (HSC5) can grow. To control for possible polar effects
on expression of any downstream genes, an additional mutant
was constructed by insertion-duplication with a plasmid
(pHTR2) that results in a functional copy of htrA followed
immediately in tandem by a polar insertion (HTR2) (Fig. 1B).
However, despite the presence of an intact copy of htrA, the
polar control strain grew poorly at 37°C and demonstrated a
thermal stress profile identical to that of the HtrA-deficient
mutant (Fig. 1C).

The regulation and organization of the htrA locus are very
different in gram-positive bacteria than in gram-negative bac-
teria. Interestingly, in the streptococci, hrtA is located in the

FIG. 1. Both HtrA	 and HtrA� polar mutants are thermally sensitive. (A) Integration of pHTR1 into the HCS5 chromosome by a single
recombination event (indicated by an X) with selection for the 
Km-2 antibiotic resistance determinant insertionally inactivated htrA and produced
HTR1. (B) Integration of pHTR2 into the HSC5 chromosome by a single recombination event regenerated htrA and placed the polar 
Km-2
element immediately downstream of htrA in strain HTR2. (C) Growth of the indicated strains during culture in C medium is presented as the
increase in OD600 over time. The data shown are from a single experiment representative of three independent experiments.
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region containing the origin of replication of the chromosome
and is immediately upstream of two genes involved in cell
division (17) (Fig. 2A). Thus, to reduce the possibility of polar
effects, an in-frame deletion mutant in htrA was constructed
(HTR10 [Fig. 2A]). In contrast to the polar mutants, exami-
nation of the thermal-stress characteristics of the deletion mu-
tant showed no differences from those of a wild-type strain
(Fig. 2B). Taken together, these data indicate that polar inser-
tion into or immediately downstream of htrA is detrimental to
cell division.

Contribution of HtrA to biogenesis of SpeB. The SpeB cys-
teine protease is one of the most abundant proteins secreted by
S. pyogenes as cultures enter stationary phase (6). The protease
is secreted as a zymogen whose maturation to an active pro-
tease requires the contribution of multiple accessory gene
products, with the result that the propeptide of the enzyme is
removed (reviewed in reference 8). In L. lactis, HtrA has been
shown to play a role in the processing of the propeptides of
several enzymes that are also secreted as zymogens, including
nuclease (NucA) and autolysin (AcmA) (47). Thus, it was of
interest to evaluate the contribution of HtrA to the biogenesis
of SpeB in S. pyogenes. In the examination of the htrA deletion

mutant strain (HTR10) for SpeB activity, the mutant strain
demonstrated a profound reduction in protease activity. At the
time of maximal expression for a wild-type strain (early sta-
tionary phase), the mutant exhibited a 12-fold reduction in
protease activity compared to the wild-type strain (HSC5) (Fig.
3). A deletion control strain that is a sibling of the deletion
mutant but contains wild-type htrA (HSC11) (see Materials
and Methods) demonstrated wild-type levels of protease activ-
ity (Fig. 3). Analysis of the SpeB polypeptide itself at this time
revealed that culture supernatants from wild-type, deletion
control, and mutant strains all contained approximately equiv-
alent total amounts of the SpeB protease (Fig. 4). However,
while both the wild-type and deletion control strains exhibited
the characteristic mixture of zymogen (40 kDa) and processed
active protease (28 kDa), the htrA deletion mutant exhibited
only the zymogen form, indicating that it was unable to effi-
ciently process the protease proprotein (Fig. 4).

HtrA has a negative influence on SLS hemolytic activity.
The biogenesis of SLS hemolytic activity is poorly understood,
but it likely involves extensive processing of a precursor
polypeptide in a manner similar to those of other cyclical
bacteriocins (41). Since HtrA has been implicated in the pro-

FIG. 2. An in-frame deletion mutant of htrA is not thermally sensitive. (A) (Top) Organization of open reading frames in the htrA region. Gene
assignments (above) and gene numbers (below) are based on the genomic sequence information available for S. pyogenes SF370 (GenBank
accession no. AE004092). The boxes labeled 1, 2, and 3 indicate the locations of sequences containing several copies of the consensus binding site
for DnaA. (Bottom) Consensus htrA sequence in the active-site region (Consensus, derived from reference 46) and the specific htrA sequences of
S. pyogenes HSC5 and HTR11 (wild type). The region removed by the in-frame deletion in HTR10 (htrA�152-299) is also shown. The conserved
catalytic residues of htrA are boxed and shaded. (B) Growth of the indicated strains during culture in C medium. The data shown are from a single
experiment representative of three independent experiments.
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cessing of a lactococcal bacteriocin (16), it was of interest to
determine the effect of mutation of htrA on the expression of
SLS hemolytic activity. The production of SLS is tightly con-
trolled, and the wild-type strain demonstrated the characteris-
tic pattern of expression, with hemolytic activity beginning in
late log phase and peaking during early stationary phase, fol-
lowed by a decline (HSC5) (Fig. 5). Unexpectedly, the htrA
deletion mutant demonstrated extremely high levels of SLS

activity, with maximal activity �20-fold higher than that of the
wild type (Fig. 5, compare HTR10 to HSC5). In addition, in
the wild-type strain, peak SLS activity was observed in early
stationary phase (Fig. 5) (39), but in the htrA mutant, SLS
activity was readily detected toward the end of the logarithmic
phase of growth. While the levels of SLS activity began to
decrease earlier than in the wild-type strain, the levels re-
mained eightfold higher than the maximal activity of the wild
type at a point late in stationary phase. Expression of SLS by
the deletion control strain was identical to that of the wild-type
strain (data not shown).

An HtrA deletion mutant is virulent in a murine model of
subcutaneous infection. Insertional inactivation of htrA has
been associated with reduced ability to grow at 37°C and with
reduced virulence of S. pyogenes in a murine model of systemic
infection (30). However, because the deletion mutant did not
demonstrate a growth defect at 37°C but did exhibit aberrant
biogenesis of several virulence factors, it was of interest to
evaluate whether the deletion mutant would also show a defect
in its ability to cause disease. The murine model of subcuta-
neous infection was used for this analysis because, similar to
most infections caused by S. pyogenes (11), the organism must
grow in a local tissue compartment to cause disease and also
because the model assesses the ability of the streptococcus to
survive and cause disease in the stressful environment pro-
duced by the intense host inflammatory response (3, 4, 36, 49).
By 18 to 24 h after injection into the subcutaneous tissue of a
hairless mouse at a dose of 107 CFU, the wild-type strain used
in this study typically produces an ulcer whose margins expand
to reach a maximum around day 3 (3). At �8 days postinfec-
tion, the lesion begins to resolve; it is typically fully healed by
day 14, and the animals rarely develop systemic infection (3).
Weight loss, time to formation of the ulcer, ulcer size, and time
to heal the ulcer are the quantitative parameters typically used
to evaluate the severity of disease. When the wild-type and
deletion mutant were compared, there was no significant dif-
ference in (i) the pattern of weight loss (Fig. 6A), (ii) the time

FIG. 3. Depletion of HtrA is associated with a decrease in SpeB
proteolytic activity. The proteolytic activities of the indicated strains
were determined using the substrate fluorescein isothiocyanate-casein
following growth in C medium. Activity was measured at a time point
1 h after the strains reached the stationary phase of growth. Strain
HTR11 is a sibling of the deletion mutant HTR10 but contains a
wild-type (wt) allele of htrA. Activity is presented relative to the mean
activity produced by wild-type strain HSC5. The data represent the
mean and standard error of the mean of at least three independent
experiments.

FIG. 4. Mutation of htrA disrupts the maturation of SpeB. The
indicated strains were cultured to early stationary phase in C medium.
Cell-free supernatants were prepared and subjected to Western blot
analysis using a SpeB-specific antiserum. The molecular mass of the
zymogen (proSpeB) and processed (SpeB) forms of the SpeB cysteine
protease are indicated. wt, wild type.

FIG. 5. SLS hemolytic activity is overexpressed in an htrA deletion
strain. Expression of SLS-specific hemolytic activity for the various
strains during growth in C medium is shown. Because all strains grew
equivalently under these conditions, only the growth of wild-type (wt)
strain HSC5 is shown. In addition, HTR11, the sibling of the deletion
mutant HTR10 with a wild-type allele, produced SLS-specific hemo-
lytic activity identically to the wild type, and for clarity, these data are
not shown. The data represent the mean and standard error of the
mean of at least three independent experiments.
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to ulcer formation (data not shown), (iii) ulcer size at the time
of maximal ulceration caused by the wild-type strain (day 3
[Fig. 6B]) or at any other time point (data not shown), or (iv)
the time to heal the ulcer (data not shown). Thus, deletion of
htrA is not associated with a significant reduction in virulence
in this model of infection.

DISCUSSION

In this study, we have shown that the serine protease HtrA
of S. pyogenes influences the expression of at least two viru-
lence factors whose biogenesis requires extensive processing.
These data contribute to a growing body of evidence that
suggests that HtrA plays a central role in protein secretion in
gram-positive bacteria.

Interestingly, while insertional mutagenesis of htrA in S.

pyogenes has been associated with a reduced capacity to cause
disease in an animal model of systemic infection (30), the
in-frame deletion mutation analyzed in the present study indi-
cated that deletion of htrA did not result in attenuation in the
murine model of subcutaneous infection. One possible expla-
nation for this difference is the observation that the deletion
mutant did not demonstrate the growth defect at 37°C that was
exhibited in the mutants derived by insertional inactivation of
htrA. In addition, the growth defect of the insertion mutant did
not appear to be due to the loss of htrA itself but to a polar
effect. Immediately downstream of htrA is a gene with similar-
ity to spo0J, whose product is associated with chromosome
partitioning in Bacillus subtilis (27), and dnaA, whose product
is the essential initiator of chromosome replication. Similar to
what has been reported for Streptococcus pneumoniae, the htrA
locus contains several regions with clusters of binding sites for
DnaA (17) (Fig. 2) and likely represents the origin of chro-
mosme replication (17). Thus, it is not surprising that any large
insertion into this region may alter the efficiency of cell divi-
sion. It appears that smaller changes can be tolerated, since in
S. pneumoniae, allele replacement of either htrA or spo0J has
no noticeable effect on growth, although htrA mutants are less
fit in competition with the wild type for nasopharyngeal colo-
nization (50).

While a temperature-sensitive phenotype was not observed
for the deletion mutant, it may be premature to conclude that
htrA does not contribute to thermal tolerance. Most evidence
suggests that htrA acts as a housekeeping protease to degrade
unfolded polypeptides during heat shock (46). The wild-type
strain used in this study is typical of many strains of S. pyogenes
and does not grow at temperatures of �40°C. It is not known
whether there is significant accumulation of unfolded polypep-
tides for the organism at this temperature. In B. subtilis, the
contribution of htrA to thermal stress is most clearly observed
upon exposure to temperatures that are lethal. In addition, B.
subtilis contains two htrA-like genes, and single mutation of
either gene leads to a dramatic increase in resistance to stress
as a result of compensating upregulation of the other gene
(43). While the S. pyogenes genome contains a single copy of
htrA, it is possible that mutation results in compensating up-
regulation of other stress resistance factors. Regulation of htrA
expression is not understood in S. pyogenes. In B. subtilis and S.
pneumoniae, htrA is regulated by two-component regulatory
systems (26, 50), but clear orthologs of these regulators are not
apparent in the S. pyogenes genome (W. Lyon and M. Caparon,
unpublished data).

Upregulation of a compensating gene may also account for
the observation that the htrA deletion mutant was not attenu-
ated. The SLS hemolysin has been identified as an important
virulence factor that contributes to ulcer formation in the sub-
cutaneous-infection model (for a review, see reference 41). It
is possible that any increase in sensitivity to stress in the mutant
is compensated for by the observed hyperproduction of SLS,
with the result that the courses of infection in the wild type and
the mutant appear to be the same. On the other hand, it is also
interesting that a large increase in production of the highly
cytolytic SLS does not result in any increased severity of dis-
ease. There are multiple steps in the complex biogenesis path-
way of SLS that could be influenced by HtrA. The SLS operon
is subject to several transcriptional regulatory pathways (for a

FIG. 6. Depletion of HtrA is not associated with attenuation of
virulence in a murine model of subcutaneous infection. Mice were
infected with the indicated strains or injected with saline alone (mock),
and the course of disease was monitored by change in weight over
several days (A) or by comparison of the area of resulting ulcer for-
mation at 3 days postinfection (B). The data for change in weight
represent the mean value obtained for infected groups of five mice
each. The data for ulcer formation are pooled from two independent
experiments, both of which involved infection of groups of five mice for
each strain tested. The difference in ulcer formation between the wild
type (wt; HSC5) and the htrA deletion mutant (HTR10) was not
significant (P � 0.06).
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review, see reference 41), and the activity of these regulatory
pathways may be influenced by HtrA. Alternatively, HtrA may
degrade components of the SLS biogenesis machinery or even
the SLS propeptide itself. It is also possible that HtrA alters
the receptor that tethers SLS to the cell surface, making it less
accessible to the carrier molecules that are required to solu-
bilize SLS for the determination of hemolytic titers. Regardless
of the mechanism, these data suggest that SLS production and
stress responses may be linked via HtrA.

In contrast to that of SLS, the role of SpeB protease in the
subcutaneous-infection model is much less clear (1), although
it is a major virulence factor in a humanized SCID mouse
model of streptococcal impetigo (53). Major questions about
the biogenesis pathway for the protease are how the nascent
protease folds into its zymogen form following its secretion
from the cell and how the zymogen’s complex activation path-
way is initiated (8). The contribution of HtrA may be to make
an initial cleavage in the zymogen to begin the activation cas-
cade. However, structural studies of HtrA from E. coli have
shown that the protease exists as a hexamer derived from two
interlocking trimers. The protease domains are sequestered in
a central cavity that is only accessible laterally and likely can
act only on polypeptides that are highly unfolded (31). Unlike
E. coli, the streptococcal HtrA has only one instead of two
adjacent PDZ domains and may have a structure more similar
to that of mitochondrial HtrA2. This protease also has a single
PDZ domain and forms a trimeric structure in which the pro-
tease domains are kept inactive by the PDZ domains, which
then are displaced upon binding to the target polypeptide (35).
This allows HtrA2 to act on more highly folded substrates,
including an ability to activate apoptotic proteases (35). It is
also possible that the role of HtrA is to act primarily as a
chaperone to promote the folding of the zymogen into an
activation-competent conformation, and this may or may not
involve the protease activity of HtrA. Further analysis of the
contribution of HtrA to the biogenesis of SLS and SpeB will be
useful for understanding the production of virulence factors by
S. pyogenes and pathways of protein secretion in gram-positive
bacteria.
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