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The interactions between pathogenic bacteria and the host need to be resolved at the molecular level in order
to develop novel antiadhesive drugs and vaccines. We have previously identified strepadhesin, a novel glyco-
protein-binding activity in Streptococcus pyogenes binding to thyroglobulin, submaxillar mucin, fetuin, and
asialofetuin. The activity is known to be regulated by Mga, a regulator of streptococcal virulence factors, and
is carried by the surface-associated streptococcal cysteine protease, SpeB. In the present study, we focused on
the high strepadhesin activity in an S. pyogenes strain (NZ131rgg) lacking SpeB expression. By extracting
surface proteins from the bacteria, a new strepadhesin protein was identified, and mass spectrometric analysis
and database search identified it as a putative pullulanase. The gene was cloned, and the recombinant
pullulanase (PulA) exhibited pullulanase and starch hydrolyzing activity, as well as strepadhesin activity.
Sequencing of the pulA gene revealed an open reading frame with 3,498 bp encoding a protein of 1,165 amino
acids with a predicted molecular mass of 129 kDa. PulA exhibited properties typical for a gram-positive surface
protein with a putative signal sequence and LPKTGE cell wall anchoring motif and contained the four highly
conserved regions common to pullulanases. Mutant bacteria deficient in PulA expression showed diminished
strepadhesin activity on bacterial dot blot assay and reduced adherence to thyroglobulin immobilized on
microtiter plates. Thus, S. pyogenes strepadhesin activity is carried by a surface-bound pullulanase, which
combines glycoprotein-binding and carbohydrate-degrading activities in the same molecule.

In most infectious diseases, the initial event is the adherence
of pathogenic organisms to the host. The process is in many
cases mediated by the interaction between lectins on the sur-
face of the infectious organism and carbohydrates on the host
tissues. The interaction can be blocked by soluble carbohy-
drates, or analogous structures, recognized by the bacterial
lectins or by antibodies binding to the lectins. This approach to
prevent and treat infectious diseases, called antiadhesion ther-
apy (5, 29, 30, 52, 59, 60), is a highly promising approach in the
fight against pathogens in the era of increasing antibiotic re-
sistance. In order to develop novel antiadhesion drugs, how-
ever, we need to first characterize the interactions between
bacterial adhesins and host receptors in molecular detail.

Streptococcus pyogenes is a human pathogen that causes a
variety of diseases, such as pharyngitis, impetigo, and erysipe-
las, and also life-threatening infections, necrotizing fasciitis,
and toxic shock-like syndrome. The number of S. pyogenes
infections, especially the severe ones, has been increasing since
the beginning of the last decade (6, 12), and there are several
reports concerning the appearance of S. pyogenes strains resis-
tant to antibiotics (37, 51). This emphasizes the need for new
preventive methods and therapies against S. pyogenes infec-
tions.

Carbohydrate binding has been described in some strepto-
coccal species. In a recent report, Ryan et al. demonstrated
that group A streptococcal M protein mediates binding of the

bacterium to sialic acid residues of bovine mucin (49). Other
adhesion mechanisms involving carbohydrate receptors in-
clude the interaction between Streptococcus pneumoniae and a
variety of oligosaccharide structures (1, 2, 15, 32). Among
well-characterized interactions is the binding of the meningitis-
associated Streptococcus suis to Gal�1-4Gal and to sialic acid-
containing oligosaccharides (20, 21, 35). Streptococcus gordonii
expresses the SspB adhesin, which mediates binding to sialic
acid-containing salivary glycoproteins (16, 17). Antiadhesion
therapy with carbohydrates has proven successful in strepto-
coccal infections. Experiments in an animal model of pneumo-
coccal pneumonia have shown that oligosaccharides can inter-
fere with the establishment and progression of the infection
(25).

In previous reports we have studied the mechanism of the
binding of S. pyogenes to glycoproteins in order to better un-
derstand the molecular interactions between the bacterium
and the host. We have characterized a streptococcal “strepad-
hesin” activity that mediates binding of S. pyogenes to glycop-
roteins and is present in the majority of the strains studied (23,
24). The activity is controlled by the Mga regulator and is in
some strains mediated mainly by the surface-associated viru-
lence factor SpeB. In the present study, we have identified a
new protein carrying strepadhesin activity. It was found to be a
bacterial surface-associated streptococcal pullulanase, which
thus represents a molecule containing both glycoprotein-bind-
ing and carbohydrate-degrading activity in the same molecule.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Streptococcus pyogenes clinical isolate
A8173 (type M2) was provided by K. Kunnas, National Public Health Institute,
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Kuopio, Finland. S. pyogenes NZ131 wild-type and the speB and rgg mutant
strains were kind gifts from M. Chaussee, National Institutes of Health, Hamil-
ton, Mont. (9, 10). Streptococcal strains were grown on Todd-Hewitt (Difco)
plates or media (THY) supplemented with 0.5% yeast extract (Biokar Diagnos-
tics). Escherichia coli was grown in Luria broth. All bacteria were stored at �70°C
in growth medium containing 15% glycerol. When appropriate, antibiotics were
added to the culture media: for S. pyogenes, erythromycin at 3 �g/ml and kana-
mycin at 500 �g/ml; for Escherichia coli, kanamycin at 30 �g/ml and chloram-
phenicol at 34 �g/ml.

Materials. Bovine thyroglobulin, fetuin, asialofetuin, and submaxillary mucin,
horse myoglobin, streptavidin-horseradish peroxide (HRP), the cysteine pro-
tease inhibitor trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E64),
and human placenta laminin were purchased from Sigma. Sequencing-grade
modified trypsin was from Promega. NHC-LC biotin was obtained from Pierce,
and the biotinylated derivatives were prepared according to the instructions of
the manufacturer. Nitrocellulose membrane (0.45 �m [pore size]) was from
Schleicher & Schuell. The enhanced chemiluminescence (ECL) Western blotting
kit and Hyperfilm were obtained from Amersham. Tran35S-label was from ICN
Biomedicals, and Microbeta plates were from Wallac. Bacillus pullulanase was
from Fluka, and SpeB antiserum was from Fitzgerald. Mature SpeB was purified
from S. pyogenes T19 growth medium and was generously provided by D.
Gerlach, Friedrich-Schiller-University, Jena, Germany.

Manipulation of DNA. Plasmid DNA was prepared from E. coli with the
Qiaprep kit (Qiagen). Restriction endonucleases and polymerases were used
according to the recommendations of the manufacturers. Chromosomal DNA
from S. pyogenes was prepared as described previously (8). S. pyogenes was
transformed by electroporation by the method of Simon and Ferretti (54).
Sequencing of DNA was performed by using an automated ABI Prism DNA
sequencer, and sequences were assembled by using MacDNAsis software.

Binding assays. Bacteria grown overnight on THY media were collected by
centrifugation, washed twice with phosphate-buffered saline (PBS; 10 mM sodi-
um-phosphate buffer, 0.15 M NaCl [pH 7.4]) and serially diluted (to an optical
density at 600 nm [OD600] of 4.0 to 0.125). Aliquots of 1 �l were pipetted onto
a gridded nitrocellulose membrane and allowed to dry, and nonspecific binding
sites were saturated with 3% bovine serum albumin (BSA)–0.1% Tween 20 in
PBS at room temperature for 1 h. The biotinylated ligand was added to the
membrane in 1% BSA–0.1% Tween 20 in PBS to a final concentration of 1 �g/ml
and then incubated at room temperature for 30 min. The membrane was washed
three times with PBS, and 0.1 �g of streptavidin-HRP was added/ml to the
membrane in 1% BSA–0.1% Tween 20 in PBS, followed by incubation at room
temperature for 30 min. The membrane was washed as described above, and the
binding of the ligand was detected by ECL autoradiography. The same protocol
was used to detect the binding of glycoproteins to Western blots.

Preparation and analysis of sodium dodecyl sulfate (SDS) lysates of the
bacteria. Bacteria grown and collected as described above were suspended in
SDS-PAGE sample buffer, boiled at 95°C for 10 min, and centrifuged. The lysate
was analyzed by SDS-PAGE and Western hybridization, and the presence of
SpeB on the blots was detected with above protocol by using SpeB specific
antiserum (1:1,000) and HRP-conjugated anti-rabbit goat antiserum (1:10,000).

Preparation of NZ131rgg surface extracts and identification of the glycopro-
tein-binding protein by mass spectrometry. NZ131rgg bacteria were grown in 50
ml of THY with no agitation overnight at 37°C, collected by centrifugation,
washed in PBS, and resuspended in 0.5 ml of the same buffer. The bacterial
suspension was digested with SpeB at a concentration of 10 �g/ml for 30 min at
37°C, and the digestion was terminated by the addition of the SpeB inhibitor E64
to a final concentration of 1 �M. The bacteria were pelleted, the supernatant was
recovered, and 20 �l of the supernatant was analyzed by SDS-PAGE on a 7.5%
polyacrylamide gel and stained with silver. An identical gel was run in parallel,
transferred to nitrocellulose membrane, and probed with labeled thyroglobulin
as described above.

For identification of the thyroglobulin-binding protein, the protein was cut out
from the silver-stained gels and in-gel digested (40, 48, 53). The protein was
reduced and alkylated before digestion with trypsin overnight at 37°C. The
resulting peptides were extracted by adding 30 to 40 �l of 5% formic acid to the
digestion mixture and incubating them at 37°C for 30 min, followed by direct
desalting. Desalting was performed with �-Tips (34) containing Oligo R3-mate-
rial (PerSeptive Biosystems).

Peptide mass fingerprinting was performed with a Voyager DE PRO matrix-
assisted laser desorption ionization–time of flight instrument in the positive ion
reflector mode by using �-cyano-4-hydroxycinnamic acid as the matrix. The mass
spectra were internally calibrated with autoproteolytic trypsin fragments of
842.50 and 2,211.10 Da. Database searches were performed by using the program

MS-Fit (http://prospector.ucsf.edu), and the search criteria were 0.05 Da mass
accuracy and a minimum of five matching peptides.

Amplification of the pullulanase gene. For the PCR amplification of the
pullulanase gene (pulA) primers were designed on the basis of the published S.
pyogenes M1 genomic sequence (18). Underlined sequences correspond to vector
compatible overhangs. Primers 1 (5�-GACGACGACAAGATGAAAAAGAAA
GTCAACCAAG-3�) and 2 (5�-GAGGAGAAGCCCGGTCTAATCTTTTTGG
CGCTTCAT-3�) were designed to amplify the whole gene. Primers 3 (5�-GAC
GACGACAAGATGGCTAAAACCATTGTTGGACTA-3�) and 4 (5�-GAGG
AGAAGCCCGGTTTACTTTTGGTTTGTTTTAGCTCT-3�) were designed to
amplify the sequence between nucleotides 136 and 3396 of the pullulanase gene.
This sequence lacks the parts of the gene corresponding to the putative N-
terminal signal peptide and the C-terminal membrane-spanning region and cell
wall-anchoring motif. PCR was performed by using Vent polymerase and stan-
dard conditions in a Perkin-Elmer thermal cycler.

Expression and purification of recombinant pullulanase. The pullulanase
gene was amplified from S. pyogenes NZ131 genomic DNA by using primers 3
and 4. The PCR fragment was treated with T4 DNA polymerase to create the
vector-specific compatible overhangs and annealed to pET-30 Ek/LIC expression
vector (Novagen). The plasmid was transformed into NovaBlue Singles compe-
tent cells (Novagen) and plated on Luria-Bertani (LB) agar plates containing the
appropriate antibiotic. Recombinant plasmid was purified from one clone and
transformed to the E. coli BL21(DE3)pLysS strain used in the expression of the
recombinant protein. Cells were grown in LB medium at 37°C to an OD600 of 0.8,
IPTG (isopropyl-�-D-thiogalactopyranoside) was added to a final concentration
of 1 mM, and the cells were grown for an additional 4 h at room temperature.
After centrifugation at 3,000 � g for 10 min, the supernatant was discarded and
the cell pellet was stored at �70°C. The cells were thawed on ice, and resus-
pended in 50 mM sodium phosphate buffer (pH 8.0), protease inhibitor cocktail
(Boehringer), and Benzonase (Novagen) were added, followed by incubation on
ice for 30 min. The cell lysate was separated by centrifugation, and the recom-
binant pullulanase recovered by affinity purification by using Ni-NTA matrix
(Qiagen). The purified protein was stored at 4°C.

Mutagenesis of pulA in NZ131rgg. For mutagenesis of pulA in NZ131rgg, an
internal NsiI-BamHI fragment (nucleotides 297 to 1476) of the pulA gene was
cloned into a PstI-BamHI-digested suicide vector pSF151 that does not replicate
in streptococci (57). The plasmid was electroporated into E. coli K-12 GM2163
(New England Biolabs), and transformants were selected for kanamycin resis-
tance. One clone was isolated and used for preparing the plasmid pulA-pSF151
for transformation into NZ131rgg. Then, 10 �g of the purified plasmid was
electroporated into competent bacteria as described previously (54). Recombi-
nants were selected on THY plates containing 500 �g of kanamycin and 3 �g of
erythromycin/ml. The integration of the suicide plasmid in pulA gene was con-
firmed by PCR with primers specific to pSF151 (5�-TTAGCTCACTCATTAGG
CAC-3�) and to 5� upstream region of pulA gene (5�-GGACACGGTATTAGA
GACCAAG-3�). One mutant (NZ131rgg-pulA) was chosen for further analysis.

Binding of radiolabeled streptococci to glycoproteins on microtiter plates.
Bacteria were grown in 5 ml of THY broth containing 0.15 mCi of Tran35S-label
at 37°C overnight. The bacteria were concentrated by centrifugation (3,000 � g
for 10 min at 4°C) to 1 ml of PBS, and the unbound label was removed by
centrifuging the bacteria as described above through 5 ml of 6% BSA in PBS.
Microtiter plate wells were coated with 100 �l of the ligand at a concentration of
10 �g/ml at 37°C for 2 h. The wells were rinsed with PBS and saturated with 2%
BSA–0.1% Tween 20 in PBS for 1 h at room temperature. The wells were
overlaid with 100 �l of the bacteria in 0.1% BSA–0.05% Tween 20 in PBS at a
concentration that gave an OD600 of 0.3 corresponding to ca. 0.5 � 108 CFU/ml
(determined by plating), incubated for 2 h at 37°C with gentle agitation, and
washed three times for 10 min each time with 200 �l of PBS per well. Binding of
the bacteria to wells coated with 2% BSA was used as control. Experiments were
carried out in eight parallel wells. The bound bacteria were detected by liquid
scintillation counter. The results are given as CFU, which were obtained by first
determining the counts per minute (cpm)/CFU ratios for each strain, and then
dividing the cpm by these ratios.

Enzymatic activity assays. Pullulanase and amylase activities of the recombi-
nant pullulanase were determined by the dinitrosalisylic acid method (38). The
activities were measured at 37°C in a reaction mixture containing 10 mg of the
polysaccharide/ml and a suitable aliquot of pullulanase in either 25 mM sodium
citrate buffer (pH 5), PBS (pH 7), or 50 mM glycine-NaOH buffer (pH 9). The
reducing sugars formed were quantified, after the addition of dinitrosalisylic acid
reagent and boiling the sample, by measuring to absorbance of the sample at 550
nm versus sample blanks. Commercially available Bacillus pullulanase was used
as a control enzyme.
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RESULTS

Strepadhesin activity of SpeB� S. pyogenes strains. In our
previous report we found that the strepadhesin activity is car-
ried by streptococcal virulence factor SpeB (23). S. pyogenes
strains that do not express SpeB (NZ131speB and NZ131rgg)
were analyzed for their glycoprotein-binding activity compared
to the wild-type strains NZ131 and A8173. SDS lysates of the
two wild-type strains (A8173 and NZ131) clearly expressed the
zymogen form of SpeB, whereas the mutant strains
(NZ131speB and NZ131rgg) showed no expression (Fig. 1A).
Bacterial dot blot analysis for strepadhesin activity with labeled
thyroglobulin demonstrated that both wild-type strains bound
it, but the NZ131 wild-type strain bound considerably less than

the A8173 wild-type strain (Fig. 1B). The NZ131speB strain
with an insertional mutation in the speB gene, expressed as
expected weaker thyroglobulin-binding activity compared to
the wild-type strain NZ131. Unexpectedly, the NZ131rgg strain
with a mutation in the regulatory rgg gene and with no SpeB
production bound thyroglobulin with high activity. The thyro-
globulin-binding activity of NZ131rgg was similar to that of
A8173 in that it was cross-inhibited by fetuin, asialofetuin, and
submaxillary mucin and inactivated by trypsin digestion, and
thus it represented strepadhesin activity (24) (data not shown).
The results suggested that there may be in addition to SpeB
another molecule with strepadhesin activity in S. pyogenes.

Preparation of NZ131rgg surface extracts and identification
of the glycoprotein-binding protein by mass spectrometry and
database search. Streptococcal cysteine protease is known to
cleave proteins from the bacterial surface (4). In order to
extract the new molecule containing strepadhesin activity,
NZ131rgg bacteria were digested with SpeB under conditions
that allowed partial digestion. By analyzing the NZ131rgg ex-
tract by SDS-PAGE and Western blotting we were able to
identify a protein fragment that carried thyroglobulin-binding
activity (Fig. 2A). This fragment was not present in the extract
of the strain NZ131speB, which suggested that the strepadhe-
sin activity carrying fragment was upregulated in the NZ131rgg
strain. Complete SpeB digestion abolished the thyroglobulin-
binding activity of the treated NZ131rgg bacteria (Fig. 2B). The
apparent size of the binding fragment in the NZ131rgg extract
was ca. 100 kDa. This fragment was subjected to mass spec-
trometric analysis, and the obtained peptide mass fingerprint
was used to search databases. The result of the search sug-
gested that the protein carrying strepadhesin activity is a pu-
tative streptococcal pullulanase.

Expression and purification of recombinant putative pullu-
lanase. In order to confirm the finding that the putative strep-
tococcal pullulanase carries strepadhesin activity, the pullula-
nase was recombinantly expressed in E. coli. A PCR fragment
lacking the 5� end of the gene corresponding to the putative
N-terminal signal peptide, as well as the 3� end corresponding
to the C-terminal cell wall-anchoring motif and membrane-
spanning region, was generated and cloned into the E. coli
expression vector pET30 Ek/LIC. The recombinant putative
pullulanase was expressed in E. coli BL21(DE3)pLysS as a
fusion protein with N-terminal His and S tags and purified by
affinity chromatography on Ni-NTA resin. The purified protein
had a mobility corresponding to the expected molecular mass
of ca. 125 kDa of the recombinant protein (Fig. 3, left panel).

Strepadhesin activity of the recombinant putative pullula-
nase. The recombinant putative pullulanase was subjected to
SDS-PAGE and blotted to a nitrocellulose membrane. The
membrane was probed with biotin-labeled glycoproteins thy-
roglobulin, submaxillary mucin, fetuin, and asialofetuin to de-
termine whether the recombinant protein exhibited strepadhe-
sin activity. The results demonstrated that the recombinant
protein bound these glycoproteins, and thus indicated that the
pullulanase carried strepadhesin activity (Fig. 3, right panel).

Generation of a pullulanase-negative double mutant from
the NZ131rgg strain. In order to further investigate the con-
tribution of streptococcal pullulanase to the strepadhesin ac-
tivity, an isogenic pulA mutant strain was generated from the
NZ131rgg strain. An internal 1,180-bp NsiI-BamHI fragment

FIG. 1. (A) Production of SpeB by A8173 and NZ131 wild-type
bacteria and the NZ131speB and NZ131rgg SpeB-defective mutants.
Bacteria from overnight cultures were lysed in SDS-PAGE sample
buffer, and the samples subjected to SDS-PAGE and transferred to a
nitrocellulose membrane, and then the membrane was probed with
SpeB antiserum. (B) Strepadhesin activity of wild-type and SpeB-
defective mutant streptococci. A membrane containing 1-�l aliquots of
serially diluted (OD600 � 4.0 to 0.125) suspensions of A8173 and
NZ131 wild-type bacteria and the SpeB-defective NZ131speB and
NZ131rgg mutants was incubated with biotinylated thyroglobulin, and
the binding was detected with streptavidin-HRP and by ECL autora-
diography.
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of the pulA gene was cloned into pSF151, a suicide vector
incapable of replicating in streptococci, resulting in plasmid
pulA-pSF151. The plasmid was electroporated in NZ131rgg,
and a mutant, designated NZ131rgg-pulA, was chosen for fur-
ther experiments (Fig. 4A). Genomic DNA was extracted from
the bacteria, and PCR amplification was performed to verify
the integration of the plasmid into the pulA gene in NZ131rgg-
pulA genome (Fig. 4B). Primers specific for pSF151 plasmid
and 5� upstream region of pulA gene were used in the exper-
iment. A fragment of the expected size (ca. 1.6 kb) could be
amplified from NZ131rgg-pulA but not from NZ131rgg, a find-
ing which indicated integration of the suicide plasmid into the
pulA gene in NZ131rgg-pulA genome.

The strepadhesin activity of NZ131rgg-pulA bacteria was
studied on nitrocellulose membrane (Fig. 4C). The binding of

thyroglobulin, submaxillary mucin, fetuin, and asialofetuin to
the double-mutant bacteria was clearly reduced compared to
the parental strain NZ131rgg. This demonstrated that the
streptococcal putative pullulanase is a carrier of strepadhesin
activity.

Binding of radiolabeled streptococci to glycoproteins on mi-
crotiter plates. From the results of the bacterial dot blot assays
above, it is clear that immobilized NZ131 wild-type and mutant
strains exhibit differential binding to liquid-phase glycopro-
teins. In order to study whether the bacteria are able to bind to
ligands immobilized on a solid surface, we examined the ad-
hesion of radiolabeled NZ131 wild-type and mutant strepto-
cocci to thyroglobulin on microtiter plate wells. The number of
NZ131rgg bacteria adhered to wells coated with thyroglobulin
was markedly larger than the number of NZ131 wild-type bac-

FIG. 2. (A) Binding of thyroglobulin to SpeB extracts of the rgg mutant strain NZ131rgg. Bacteria were digested with 10 �g of SpeB/ml at 37°C
for 30 min, and the digestion was terminated by adding the SpeB inhibitor E64 to a concentration of 1 �M. The extract was subjected to
SDS-PAGE on a 7% gel and then stained with silver. A parallel sample transferred to nitrocellulose membrane was probed with biotinylated
thyroglobulin to identify strepadhesin activity. An extract of strain NZ131speB is shown as a control. The molecular weights (MW) in thousands
are indicated on the left. (B) Effect of SpeB treatment on the strepadhesin activity of NZ131rgg. Bacteria were either kept on ice (0°C), incubated
in PBS at 37°C, or treated with SpeB at a concentration of 100 �g/ml at 37°C for 4 h to totally abolish the strepadhesin activity. The binding of
thyroglobulin to 1-�l aliquots of bacterial suspension (OD600 � 4.0) on nitrocellulose membrane was detected as described for Fig. 1B.
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teria (Fig. 5). Moreover, the NZ131rgg-pulA strain defective in
putative pullulanase adhered less than did NZ131rgg. The
binding of the NZ131rgg-pulA bacteria was, however, higher
than the binding of the wild-type bacteria, which suggests that
there may be additional molecules involved in the binding of
the glycoproteins.

In addition, we investigated the binding activities of the
bacteria to human laminin and found that the adhesion of the
rgg and rgg-pulA mutants was three to four times that of the
wild-type strain. However, there was no difference in the binding
between the mutants, which suggested that the laminin-binding
activity is independent of the putative streptococcal pullulanase.

Sequence of putative pullulanase. The whole putative pul-
lulanase gene (pulA) was amplified from the genomic DNA by
using the Vent polymerase and then subjected to sequencing in
order to acquire the pulA nucleotide sequence of the strain
under investigation (NZ131). The sequence revealed an open
reading frame (ORF) with 3,498 bp encoding a protein of 1,165
amino acids with a predicted molecular mass of 129 kDa (Fig.
6). A putative N-terminal signal sequence with 45 amino acids
was predicted by using SignalP V1.1 software (http://www
.cbs.dtu.dk/services/SignalP/). At the C terminus, an LPKTGE
cell wall-anchoring motif was present, followed by a hydropho-
bic membrane-spanning region (39). The deduced amino acid
sequence contained the four highly conserved regions (I, II,
III, and IV) common to pullulanases and forming the catalytic
domain. These sequence data have been submitted to the
EMBL database under accession number AJ488940.

Comparison of the putative pullulanase amino acid se-
quence with the published S. pyogenes genomic sequences (3,
18, 55) and with the unpublished sequence from S. pyogenes
sequencing group at the Sanger Institute (http://www.sanger
.ac.uk/Projects/S�pyogenes/) revealed that it is highly con-
served with 97% homology among the sequences. The com-
parison showed that there are 35 amino acids scattered along
the sequence showing polymorphism among the five sequences
(Fig. 6). They all contained the four identical catalytic domains
and the LPKTGE motif. In addition, the catalytic domains
were identical to S. pneumoniae pullulanase SpuA and S. aga-

lactiae putative pullulanase catalytic domains. In other bacte-
ria, the pneumococcal pullulanase and the putative pullulanase
of S. agalactiae are the closest homologues to S. pyogenes pul-
lulanase, with 52 and 63% homology, respectively (7, 19, 58).

Identification of the putative pullulanase as a genuine pul-
lulanase enzyme. The pullulanase activity of the recombinant
putative pullulanase was measured by using the dinitrosalisylic
acid method. An aliquot of the enzyme was incubated with
pullulan or starch at different pH values (pH 5, 7, and 9), and
the liberated reducing sugars were quantified after addition of
the dinitrosalisylic acid reagent and boiling of the sample by
determining the absorbance of the sample at 550 nm. The
pullulanase showed highest pullulan hydrolyzing activity at neu-
tral pH and a weaker activity at pH 9 (Fig. 7A). At pH 5 the
pullulanase was only slightly active against pullulan. In addition to
the pullulan hydrolyzing activity, streptococcal pullulanase also
showed starch-degrading activity, which was also highest at neu-
tral pH. Therefore, streptococcal pullulanase can be considered
as a neutral amylopullulanase. The control enzyme, Bacillus pul-
lulanase, showed highest pullulan-degrading activity at pH 5, in
accordance with its nature as an acidic pullulanase.

Thyroglobulin did not inhibit the enzymatic activity of pul-
lulanase (Fig. 7B). Instead, there was a slight increase in the
activity, but a similar increase caused by albumin suggested
that this was due to an unspecific stabilizing effect of the added
proteins. This demonstrates that thyroglobulin does not inter-
fere with the enzymatic activity of pullulanase and thus sug-
gests that the glycoprotein-binding and the enzymatic activities
are independent of each other. In addition, pullulanase did not
cleave glycogen, nor was pullulan-degrading activity inhibited
by this polysaccharide (Fig. 7B). The recombinant protein lost
pullulanase activity upon freezing and thawing and was there-
fore stored at 4°C, at which temperature it remained active for
months.

DISCUSSION

In previous studies we identified a novel glycoprotein-bind-
ing activity in S. pyogenes binding to thyroglobulin, submaxil-

FIG. 3. Binding of glycoproteins to recombinant putative pullulanase. Recombinant putative pullulanase was subjected to SDS-PAGE on a 7%
gel and stained with Coomassie or transferred to nitrocellulose membranes. The membranes were probed with the glycoproteins indicated or with
myoglobin (negative control) or S protein (positive control). The molecular weights (MW) in thousands are indicated on the left.
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lary mucin, fetuin, and asialofetuin (23, 24). The activity, called
strepadhesin activity, was found to be present in the majority of
strains studied representing different M types and various in-
fection foci. The strepadhesin activity of the M2 strain A8173
was demonstrated to be regulated by the virulence factor reg-
ulator Mga. In subsequent experiments, we were able to iden-
tify a molecule carrying strepadhesin activity to be a bacterial-
surface-associated streptococcal cysteine protease, SpeB. We

describe here the identification of another strepadhesin activ-
ity-carrying molecule, streptococcal pullulanase.

The occurrence of more than one molecule displaying sim-
ilar biological activity is not unusual. As an example of this,
there are several adhesins described in various S. pyogenes
strains mediating adhesion to fibronectin. These include
among others protein F (SfbI) (22, 56), protein F2 (26), fi-
bronectin-binding protein FBP54 (14), SfbII/serum opacity

FIG. 4. (A) Strategy for mutagenesis of the streptococcal putative pullulanase gene, pulA. An internal pulA fragment comprising the nucleo-
tides 297 to 1476 was cloned into the suicide plasmid pSF151, generating plasmid pulA-pSF151. The plasmid was electroporated into NZ131rgg,
and the transformants were screened for homologous recombination by plating the bacteria on THY-kanamycin-erythromycin agar plates.
(B) PCR analysis of the pulA region of the genomic DNA from NZ131rgg and NZ131rgg-pulA. Primers a and b (see Materials and Methods) were
used to amplify a 1.6-kb fragment from the NZ131rgg-pulA genome to verify the integration of pulA-pSF151 into the correct location. (C) Binding
of thyroglobulin, submaxillary mucin, fetuin, and asialofetuin to dilution series of NZ131rgg and NZ131 rgg-pulA mutant strains.
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factor (31, 45), 28-kDa fibronectin-binding protein (13), and
PFBP (47). Therefore, it is not unexpected that S. pyogenes
strepadhesin activity is mediated by more than just one mole-
cule, which may vary among strains. The receptor structure for
strepadhesin in host tissues and the binding specificity of the
activity in terms of the molecular details is yet unknown. The
apparently broad binding specificity toward different glycopro-
teins is, however, not unusual among bacterial adhesins. For
example, antigen I and II adhesins of oral streptococci mediate
binding to a wide variety of molecules, such as salivary agglu-
tinin, collagen, laminin, and fibronectin, and also to other
microorganisms of the oral cavity without any apparent spec-
ificity toward a single molecular determinant (28, 36, 43, 44,
50).

The increased amount of streptococcal pullulanase on the
surface of the Rgg-deficient strain NZ131rgg and the increased
strepadhesin activity could be due to at least two cellular mech-
anisms. An obvious explanation would be that in this strain the
lack of secretion of SpeB, which is known to cleave proteins
from the bacterial surface, results in decreased shedding of
pullulanase and thereby in increased strepadhesin activity.
However, in this case one would expect increased strepadhesin

FIG. 5. Binding of radiolabeled streptococci to glycoproteins on
microtiter plates. The plates were coated with 10 �g of thyroglobulin,
human laminin, or BSA/ml, and the adhesion of radiolabeled NZ131
wild-type and the rgg and rgg-pulA deficient mutant streptococci was
detected with a liquid scintillation counter (see Materials and Meth-
ods). The results are given as mean values � the standard deviation of
eight parallel wells.

FIG. 6. Deduced amino acid sequence of PulA. The putative N-terminal signal sequence with 45 amino acids and the C-terminal cell
wall-anchoring motif LPKTGE are underlined. The four conserved regions common to pullulanases are underlined and are indicated by numerals
I, II, III, and IV. The amino acids polymorphic between the NZ131, SF370 (18), MGAS8232 (55), MGAS315 (3), and Manfredo strains
(http://www.sanger.ac.uk/Projects/S�pyogenes/) are indicated in boldface.
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activity also in the speB mutant strain NZ131speB, but this is
not the case. In addition, the bacterial surface protein extract
prepared from NZ131speB had no strepadhesin reactivity in
Western blots, neither were there any pullulanase-sized frag-
ments, as judged by silver staining of SDS-PAGE gels (Fig.
2A). Another possibility is that the increase in surface-associ-
ated pullulanase is due to an increase in the expression of the
protein. In addition to the positive influence on speB expres-
sion, Rgg is known to either up- or downregulate the expres-
sion of several streptococcal genes (11). Therefore, the most
plausible explanation for the increased strepadhesin activity in
NZ131rgg strain is that pullulanase is upregulated in the ab-
sence of Rgg activity.

The biological role of an enzyme-degrading pullulan, a poly-
saccharide consisting mainly of maltotriose units joined
through �1-6 linkages, on the surface of a S. pyogenes is not
clear. Pullulanase may hydrolyze potential carbon sources to
be used as energy by the bacteria, but since pullulan is a
carbohydrate not encountered by S. pyogenes in its natural
habitat, this seems unlikely. However, the streptococcal pullu-
lanase carries also starch-degrading activity, which could be
used by the bacterium during the colonization of the nasopha-
ryngeal epithelium. Based on the structural similarities be-
tween pullulan and glycogen, where the glucose units are sim-

ilarly linked by �1-4 bonds with branches formed by �1-6
bonds, one could assume that streptococcal pullulanase could
have a role in the glycogen-degradation. However, we did not
observe any cleavage of glycogen by pullulanase (Fig. 7B).
Another possibility could be that glycogen has pullulanase-
inhibiting activity, but we did not detect any such activity ei-
ther.

The surface association of enzymes that are normally cyto-
solic or extracellular or that have no known function in the
bacterial metabolism has been reported increasingly during the
last few years. In an earlier study we described the surface
localization of streptococcal cysteine protease, an enzyme nor-
mally secreted outside the bacterium, mediating streptococcal
adherence to glycoproteins (23). The bacterial cytosolic en-
zymes GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
and �-enolase have been found as bacterial surface constitu-
ents (41, 42). GAPDH, also called streptococcal surface dehy-
drogenase, has been shown to bind fibronectin, lysozyme, and
the cytoskeletal proteins myosin and actin and may therefore
have a role in the colonization or subsequent steps of infection
(41). The surface �-enolase was shown to exhibit strong plas-
minogen-binding activity (42). We show here that S. pyogenes
expresses on its surface an enzyme with no obvious enzymatic
role in the streptococcal life cycle but which supports the
adhesion of the pathogen to solid surfaces coated with a ligand
molecule.

The presence in S. pyogenes genome of an ORF with homol-
ogy to known pullulanases has been reported, but the identity
of the putative enzyme as a genuine pullulanase or other prop-
erties of the protein encoded by this ORF was not addressed
(27). Reid et al. (46), by searching streptococcal genomes for
putative surface proteins based on the presence of the LPXTG
motif or on the homology of the sequences with known viru-
lence-associated proteins, identified putative streptococcal pul-
lulanase as a possible surface protein. These authors expressed
fragments of such proteins and found antibodies to a fragment
of the pullulanase in sera of healthy and S. pyogenes-infected
subjects. We have expressed the whole surface-exposed region
of streptococcal pullulanase and found antibodies specific to
pullulanase in the sera of patients who have had S. pyogenes
infections (unpublished result). These findings indicate that
streptococcal pullulanase is expressed also in vivo. These re-
sults, in addition to the close sequence homology among pul-
lulanases from different S. pyogenes strains, also suggest strep-
tococcal pullulanase as a vaccine candidate.

It is at present not understood, why a carbohydrate-degrad-
ing enzyme such as pullulanase occurs at the streptococcal
surface. Enzymatic roles of S. pyogenes pullulanase other than
hydrolysis of potential carbon sources are not known. It might
cleave some (as-yet-uncharacterized) host carbohydrates,
thereby contributing to penetration of the tissues. To this end,
we have previously found in rat tissues a developmentally reg-
ulated 1-4-linked glucose polymer, the identity or possible gly-
cogen nature of which could not be determined (33). Glucose
is also a common finding in the monosaccharide analysis of
tissue-derived glycoproteins, although it is usually regarded as
an external contaminant. Modification of host glycogonjugates
by a carbohydrate-degrading enzyme may lead to removal of
binding sites or to the uncovering of more internal binding sites
of the bacteria. Pullulanase could also exert its activity toward

FIG. 7. (A) Enzymatic activity of PulA. An aliquot of the recom-
binant enzyme was incubated in a reaction mixture containing 10 mg of
pullulan or starch/ml in either sodium citrate buffer (pH 5), PBS (pH
7), or glycine-NaOH buffer (pH 9) for 10 min at 37°C The hydrolysis
of the polysaccharides was quantified by the dinitrosalisylic acid
method. Commercially available Bacillus pullulanase (0.03 U) was
used as a control enzyme. (B) Enzymatic activity of pullulanase toward
glycogen and effect of thyroglobulin and albumin on the pullulan-
degrading activity of PulA at pH 7. Recombinant PulA was incubated
in a reaction mixture containing either 10 mg of pullulan or glycogen/
ml. In the inhibition assays, pullulan was used as the substrate, and
thyroglobulin or BSA was added to the reaction at a concentration of
0.1 mg/ml.
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carbohydrates on the bacterial surface of itself or of other
bacteria.

In summary, we described here the identification of strep-
tococcal pullulanase, a novel cell surface-associated molecule
that carries strepadhesin activity in addition to polysacchari-
dase activity. Although several carbohydrate-degrading roles
can be envisioned for pullulanase, the enzymatic function of
the protein remains obscure in terms of in vivo substrate spec-
ificity. Therefore, from the viewpoint of the evolution of strep-
tococcal virulence, it is possible that S. pyogenes has acquired
the gene coding for pullulanase not because of the enzymatic
activity but because of the advantage gained through the stre-
padhesin activity it encodes.
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33. Krusius, T., J. Finne, J. Kärkkäinen, and J. Järnefelt. 1974. Neutral and
acidic glycopeptides in adult and developing rat brain. Biochim. Biophys.
Acta 365:80–92.

34. Kussmann, M., E. Nordhoff, H. Rahbek-Nielsen, S. Haebel, M. Rossel-
Larssen, L. Jakobsen, J. Gobom, E. Mirgorodskaya, A. Kroll-Kristensen, L.
Palm, and P. Roepstroff. 1997. Matrix-assisted laser desorption/ionization
mass spectrometry sample preparation techniques designed for various pep-
tide and protein analytes. J. Mass Spectrom. 32:593–601.

35. Liukkonen, J., S. Haataja, K. Tikkanen, S. Kelm, and J. Finne. 1992. Iden-
tification of N-acetylneuraminyl �233 poly-N-acetyllactosamine glycans as
the receptors of sialic acid-binding Streptococcus suis strains. J. Biol. Chem.
267:21105–21111.

36. Love, R. M., M. D. McMillan, and H. F. Jenkinson. 1997. Invasion of
dentinal tubules by oral streptococci is associated with collagen recognition
mediated by the antigen I/II family of polypeptides. Infect. Immun. 65:5157–
5164.

37. Martin, J. M., M. Green, K. A. Barbadora, and E. R. Wald. 2002. Erythro-
mycin-resistant group A streptococci in schoolchildren in Pittsburgh.
N. Engl. J. Med. 346:1200–1206.

38. Miller, G. L., R. Blum, W. E. Glennon, and A. L. Burton. 1960. Measurement
of carboxymethylcellulase activity. Anal. Biochem. 1:127–132.

39. Navarre, W. W., and O. Schneewind. 1994. Proteolytic cleavage and cell wall
anchoring at the LPXTG motif of surface proteins in gram-positive bacteria.
Mol. Microbiol. 14:115–121.

40. Nyman, T. A., S. Matikainen, T. Sareneva, I. Julkunen, and N. Kalkkinen.
2000. Proteome analysis reveals ubiquitin-conjugating enzymes to be a new
family of interferon-alpha-regulated genes. Eur. J. Biochem. 267:4011–4019.
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