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Streptococcus pyogenes expresses a highly conserved extracellular cysteine protease that is a virulence factor
for invasive disease, including soft tissue infection. Site-directed mutagenesis was used to generate a His340Ala
recombinant mutant protein that was made as a stable 40-kDa zymogen by Escherichia coli. Purified His340Ala
protein was proteolytically inactive when bovine casein and human fibronectin were used as substrates.
Wild-type 28-kDa streptococcal protease purified from S. pyogenes processed the 40-kDa mutant zymogen to a
28-kDa mature form, a result suggesting that the derivative protein retained structural integrity. The data are
consistent with the hypothesis that His340 is an enzyme active site residue, an idea confirmed by recent
solution of the zymogen crystal structure (T. F. Kagawa, J. C. Cooney, H. M. Baker, S. McSweeney, M. Liu, S.
Gubba, J. M. Musser, and E. N. Baker, Proc. Natl. Acad. Sci. USA 97:2235–2240, 2000). The data provide
additional insight into structure-function relationships in this S. pyogenes virulence factor.

Streptococcus pyogenes produces a highly conserved extracel-
lular protease (streptococcal pyrogenic exotoxin B [SpeB]) that
is expressed as a 40-kDa zymogen and subsequently converted
to a 28-kDa active enzyme (4, 5, 19, 24). Genetic, biochemical,
and recent crystallographic studies have shown that amino acid
residue Cys192 is involved in active site formation (9, 25).

Several laboratories have documented that the streptococcal
protease is an important virulence factor in animal models of
human invasive disease (8, 16, 20–22). The enzyme cleaves
human fibronectin (FN), degrades vitronectin, cleaves inter-
leukin-1b (IL-1b) precursor to form active IL-1b, and causes
cytopathic effect on human endothelial cells (2, 12, 13). The
enzyme activates a 66-kDa human matrix metalloprotease, a
process that results in increased type IV collagenase activity
(3). It has also been shown that the protease directly releases
biologically active kinins from their purified precursor protein,
H-kininogen, in vitro, and from kininogens present in human
plasma, ex vivo (8).

Biochemical evidence suggests that a histidine residue is
located at the active site of the streptococcal protease (6, 18).
Although earlier biochemical data suggested that His159 was
an active site residue, sequence alignments with several other
cysteine proteases (14, 18, 26) led us to hypothesize that
His340 participated in active-site formation. The goal of the
present study was to test this idea by replacing His340 with an
alanine residue.

Site-directed mutagenesis was used to create a mutant cys-
teine protease with the His340Ala amino acid replacement (7,
25). The mutagenesis was conducted using a previously de-
scribed recombinant plasmid that encodes a His-tagged 40-
kDa zymogen. The following synthetic oligonucleotides were

used: SG13-FOR (59-TGTCGGTAAAGTAGGCGGAGCAG
CCTTTGTTATCGATGGTGC-39) and SG2-REV (59-GCAC
CATCGATAACAAAGGCTGCTCCGCCTACTTTACCGA
CA-39). The procedure resulted in construction of plasmid
pGM-16, which was used for the expression of the His340Ala
mutant protein. Automated DNA sequence analysis confirmed
that the gene had been cloned in the correct reading frame and
lacked spurious mutations. The recombinant protein made
from this plasmid will have a 23-amino-acid His tag located at
the amino terminus.

Recombinant His340Ala mutant protein was purified from
Escherichia coli BL21 (Stratagene, La Jolla, Calif.) containing
pGM-16 after isopropyl-b-D-thiogalactopyranoside induction,
cell lysis with a French press, and chromatography with a
Ni-nitrilotriacetic acid resin column (7). Recombinant proteins
without the His tag were made by cleaving the His tag from the
column-bound protein with approximately 1,000 U of recom-
binant TEV (rTEV) protease per 3 mg of bound fusion protein
(7). The resulting mutant zymogen molecules contain two ad-
ditional amino acid residues at the amino terminus.

The protein was concentrated to 0.5 ml with Centrisep 3 or
Centrisep 10 concentrators (Amicon, Beverly, Mass.), recon-
stituted to 3.0 ml with phosphate-buffered saline (pH 7.4)
(PBS), and desalted with either desalting columns (Econopac
10 DG columns; Bio-Rad) or by dialysis against PBS with
Slide-A-Lyser cassettes (Pierce, Rockford, Ill.). The Cys192Ser
mutant mature form of the streptococcal protease was ob-
tained from the 40-kDa Cys192Ser mutant zymogen after
cleavage with trypsin (7, 28). These Cys192Ser mutant proteins
were used as controls in several assays. Sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie brilliant blue staining showed that the recombinant
His340Ala protein was expressed and purified as a stable zy-
mogen (Fig. 1).

Wild-type 28-kDa streptococcal cysteine protease was puri-
fied to apparent homogeneity from the culture supernatant of
strain MGAS1719, as described previously (12).

The purified mutant 40-kDa His340Ala zymogen and 28-
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kDa mature form were then assayed for their ability to degrade
bovine casein embedded in an agarose gel matrix (13). No
proteolytic activity against this substrate was identified,
whereas wild-type streptococcal protease was very active in this
assay (data not shown).

We next tested the ability of the 28-kDa His340Ala mutant
to cleave human FN. The mutant protein and wild-type mature
protease were incubated with human FN overnight, and the
reaction products were analyzed by SDS-PAGE and Western
immunoblot staining as described previously (7, 8). The
Cys192Ser and His340Ala mutants lacked detectable protease
activity, whereas wild-type mature streptococcal cysteine pro-
tease degraded FN to several lower-molecular-weight products
(Fig. 2).

Previous investigators (4, 5, 15, 19) have shown that purified
wild-type cysteine protease can cleave the 40-kDa zymogen to
generate a 28-kDa mature form. We next tested if the
His340Ala mutant zymogen was processed by wild-type 28-
kDa streptococcal protease. Active protease was incubated at
37°C for 30 min with purified Cys192Ser or His340Ala zymo-
gens at molar ratios of 1:10 (7). The digestion products were

analyzed by SDS-PAGE and Coomassie brilliant blue staining.
The His340Ala mutant zymogen was processed to a 28-kDa
product that comigrated with wild-type mature streptococcal
cysteine protease (Fig. 3). These results indicated that the
His340Ala mutant zymogen retained the appropriate structure
at the processing site to allow efficient cleavage by active strep-
tococcal protease.

The wild-type 40-kDa zymogen undergoes autocatalytic
truncation under reducing conditions (4, 5, 19). To test
whether reducing conditions would stimulate the transforma-
tion of the zymogen to a 28-kDa mature form, 5 mg of the
mutant His340Ala zymogen was treated with 10 mM 2-mer-
captoethanol for 30 min at room temperature. The samples
were analyzed by SDS-PAGE and Coomassie brilliant blue
staining (7, 25). The results showed that the His340Ala mutant
was not autocatalytically processed (data not shown).

Many cysteine proteases have a catalytic triad of amino acid
residues that participate in enzyme active-site formation (10,
14). For example, crystal structure analysis and site-directed
mutagenesis studies have demonstrated that the active site of
papain (the canonical cysteine protease) consists of Cys25,
His159, and Asn175 (10, 30). By showing that replacement of
His340 inactivates the group A Streptococcus cysteine protease,
our results add to knowledge about structure-activity relation-
ships in this virulence factor. After this work was completed
and while the manuscript was in review, the crystal structure of
the 40-kDa SpeB zymogen form was solved at 1.6 Å (9). The
crystal structure confirmed that His340 is the critical active site
His residue (Fig. 4). Interestingly, the crystal structure also
demonstrated that SpeB is unusual among cysteine proteases
in that it lacks a catalytic triad, having instead a Cys192-His340
interaction.

Inasmuch as the streptococcal cysteine protease has
emerged as an area of considerable research interest in recent
years (1–3, 7, 8, 11–13, 16, 17, 20–23, 27–29), it will be impor-
tant to identify additional amino acid residues that participate
in biomedically relevant functions. For example, additional
site-specific mutagenesis studies may help to identify amino
acid residues that participate in interaction with host molecules
such as integrins (28). Our studies may also provide insight into
the structure-activity relationships of related proteases, for ex-

FIG. 1. SDS-PAGE analysis and Coomassie brilliant blue staining of mutant
cysteine protease made by E. coli. Lanes: 1, molecular mass standards of the sizes
indicated at the left; 2, purified recombinant His340Ala zymogen with His tag; 3,
purified recombinant His340Ala zymogen with His tag removed with rTEV
protease; 4, purified recombinant Cys192Ser zymogen with His tag; 5, purified
recombinant Cys192Ser zymogen with His tag removed with rTEV protease; 6,
purified recombinant Cys192Ser 28-kDa mature form.

FIG. 2. SDS-PAGE and immunoblot staining showing lack of human FN
cleavage by the 28-kDa His340Ala mutant made by E. coli. Lanes: 1, molecular
mass standards of the sizes indicated at the left; 2, FN without incubation; 3, FN
incubated without streptococcal mutant enzyme; 4, FN incubated with His340Ala
mutant protein; 5, FN incubated with Cys192Ser mutant protein (control); 6, FN
incubated with 28-kDa wild-type streptococcal cysteine protease purified from
strain MGAS 1719.

FIG. 3. Processing of purified recombinant His340Ala mutant zymogen by
wild-type streptococcal cysteine protease. Active purified streptococcal protease
was incubated at 37°C for 30 min with purified mutant zymogen at a molar ratio
of 1:10. The samples were analyzed by SDS-PAGE, and the products were
visualized by staining with Coomassie brilliant blue. Lanes: 1, molecular mass
standards of the sizes indicated at the left; 2, purified wild-type streptococcal
cysteine protease; 3, purified Cys192Ser mutant zymogen; 4, purified Cys192Ser
mutant zymogen incubated with wild-type streptococcal cysteine protease; 5,
purified His340Ala mutant zymogen; 6, purified His340Ala mutant zymogen
incubated with wild-type streptococcal cysteine protease.
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ample, those made by the peridontal pathogen Porphyromonas
gingivalis (26).
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