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Abstract

Streptococcus suis is an important worldwide swine pathogen. In this study, we investigated the production of proteases by S. suis
serotype 2. Proteases were identified and characterized using chromogenic and fluorogenic assays and zymography. An Arg-
aminopeptidase with a molecular mass of 55 kDa was found to be both cell-associated and extracellular. Cell-associated chymotrypsin-like
and caseinase activities, belonging to the serine- and metalloprotease classes respectively, were also detected. Lastly, a dipeptidyl peptidase
IV (DPP IV) with a molecular mass of 70 kDa was detected in both whole cells and culture supernatants of S. suis serotype 2. Arg-
aminopeptidase, caseinase and DPP IV activities were detected in all strains of S. suis serotype 2 tested whereas the chymotrypsin-like
activity was only detected in European virulent strains of serotype 2. The optimum pH for all four proteases was between 6 and 8, and the
optimum temperature ranged from 25 to 42‡C. This is the first report on the production of proteases by S. suis. Further investigations will
determine the possible contribution of these proteases in the pathogenicity of S. suis serotype 2.
: 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

A variety of bacterial species are found in the upper
respiratory tract of pigs and several of them can initiate
severe infections leading to death of the animal. Strepto-
coccus suis is an important member of this group and can
also cause infections in birds, and mammals including man
[1]. S. suis includes 35 di¡erent serotypes (1^34 and 1/2),
and of these, serotype 2 is most often associated with pig
infections, particularly meningitis [1]. Some of the viru-
lence factors possibly involved in the pathogenicity of
S. suis have already been identi¢ed, such as the poly-
saccharide capsule [2,3], the muramidase-released protein
[4], the extracellular factor [4], the hemolysin (suilysin) [5]
and the receptors for immunoglobulin G [6], albumin [7]
and ¢bronectin [8]. However, the exact molecular mecha-
nisms of host invasion by this pathogen are not totally
understood.

Additional virulence determinants may be produced by
S. suis. Proteases, which are hydrolytic enzymes catalyzing
the cleavage of peptide bonds in proteins and peptides,
have been identi¢ed as critical virulence factors in numer-
ous microbial pathogens [9]. Indeed, these enzymes may
act on a variety of host proteins including serum and
tissue components thus contributing to neutralization of
the immune defense system and tissue destruction. Since
there are no data available concerning proteases produced
by S. suis, this study was aimed to identify and character-
ize proteolytic enzymes produced by this bacterium.

2. Materials and methods

2.1. Bacterial strains and growth conditions

Eight strains of S. suis serotype 2 as well as reference
strains of S. suis serotypes 1, 1/2 and 3 were used in this
study (Table 1). Bacteria were grown under aerobic con-
ditions for 18 h at 37‡C in Todd^Hewitt broth (BBL Bec-
ton Dickinson, Cockeysville, MD, USA). Cells were har-
vested by centrifugation (10 000Ug for 15 min) and
suspended in phosphate-bu¡ered saline (PBS) (50 mM,
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pH 7.2) to an optical density at 660 nm (OD660) of 2.0. The
culture supernatant was further centrifuged (10 000Ug for
30 min) to remove most residual cells. In one experiment,
bacteria obtained from the mid-exponential growth phase
(4 h) were used and prepared as above. Bacterial suspen-
sions and supernatants were used in the assays described
below.

2.2. Determination of proteolytic activities

Aminopeptidase and endopeptidase activities were mea-
sured by using chromogenic synthetic peptides labelled
with p-nitroaniline (pNa) (Table 2). Bacterial suspensions
(100 Wl) were incubated with 20 Wl of each synthetic chro-
mogenic peptide prepared at a concentration of 2 mg ml31

in PBS containing 10% dimethyl sulfoxide. The reaction
mixtures were incubated at 37‡C for 6 h, centrifuged to
remove cells and the A405 of the supernatant was measured
using an ELISA plate reader. To determine extracellular
proteolytic activities of S. suis, culture supernatants (85 Wl)
were incubated with 15 Wl of each synthetic chromogenic
peptide in a microtiter plate and the OD405 was deter-
mined after a 6-h incubation at 37‡C. PBS or non-inocu-
lated Todd^Hewitt broth was used as control.
Endopeptidase activity was also determined using ¢ve

self-quenched proteins labelled with £uorescein: DQ green
bovine serum albumin, DQ gelatin, BODIPY0 FL casein,
DQ collagen type I and DQ collagen type IV, all obtained
from Molecular Probes (Eugene, OR, USA). The reaction
mixtures contained 100 Wl of the bacterial suspension or
supernatant and 20 Wl of the substrate at 200 Wg ml31

(except casein at 100 Wg ml31). The incubation was carried
out at 37‡C for 6 h in darkness. After removing bacteria
by centrifugation (10 000Ug for 15 min), protein degrada-
tion was monitored with a £uorometer at an excitation
wavelength of 490 nm and emission wavelength of 520
nm. The negative controls were as described above. Assays
were done in triplicate and the meanOS.D. was calcu-
lated.

2.3. Determination of optimum pH

The Arg-aminopeptidase, chymotrypsin-like, caseinase
and dipeptidyl peptidase IV (DPP IV) activities were mea-
sured at di¡erent pH values using the following bu¡ers: 50
mM citrate bu¡er (pH 3^6), 50 mM phosphate bu¡er (pH
7), 50 mM Tris^HCl bu¡er (pH 8 and 9) and 50 mM
carbonate bu¡er (pH 10 and 11). The assays were per-
formed at 37‡C using a bacterial suspension (OD660 =
2.0) of S. suis Reims prepared in the bu¡ers listed above.
Reaction mixtures without bacteria were also incubated as
a control to correct for possible spontaneous hydrolysis of
the substrates (L-Arg-pNa for Arg-aminopeptidase, N-suc-
cinyl-Ala-Ala-Pro-Phe-pNa for chymotrypsin-like, Gly-
Pro-pNa for DPP IV, BODIPY0 FL casein for caseinase).
The incubation time was 6 h for the caseinase activity and
2 h for the chymotrypsin-like activity. For DPP IV and
Arg-aminopeptidase activities, the bacterial suspension
was diluted 1/20 in the appropriate bu¡er, and the incu-
bation was carried out for 1.5 h.

2.4. Determination of optimum temperature and stability

Arg-aminopeptidase, chymotrypsin-like, caseinase and
DPP IV activities of S. suis Reims were measured at 4,
10, 25, 37, 42, 50 and 60‡C. The stability of the proteases
was determined by preincubating the bacterial suspension
for 18 h at 380, 320, 4, 25, 37, 42 and 55‡C prior to
performing the assays at 37‡C.

2.5. Estimation of molecular mass by zymography

The cell suspension or culture supernatant of S. suis
Reims was mixed with sodium dodecyl sulfate (SDS) sam-
ple bu¡er and resolved by electrophoresis in a 10% poly-
acrylamide resolving gel containing 0.02% (w/v) H-Arg-
7-amido-4-methylcoumarin (for Arg-aminopeptidase) or
H-Gly-Pro-7-amido-4-methylcoumarin (for DPP IV) as
previously described [10]. Fluorescent bands indicating

Table 1
Characteristics of S. suis strains used in this study

Strain Serotype Origin Virulencea Geographic origin

S735b 2 Diseased pig V The Netherlands
31533 2 Diseased pig V France
Reims 2 Human, spondilodiscitis NT France
89-999 2 Diseased pig V Canada
89-1591 2 Diseased pig V Canada
94-3037 2 Human, meningitis NT Canada
94-623 2 Pig, healthy carrier AV France
90-1330 2 Pig, healthy carrier AV Canada
S428b 1 Diseased pig NT The Netherlands
2651b 1/2 Diseased pig NT The Netherlands
4961b 3 Diseased pig NT The Netherlands

aAs indicated in the literature using experimental porcine models [24^27]. V: virulent; AV: avirulent ; NT: not tested.
bReference strain.
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Table 2
Degradation of chromogenic synthetic peptides by cells and culture supernatants of S. suis serotype 2

Peptidea Strain

S735 31533 Reims 89-999 89-1591 94-3037 94-623 90-1330

1b 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Substrates for aminopeptidase
L-Ala 3c 3 3 + 3 3 3 3 3 + 3 3 3 3 3 3 3 3 3 3 3 3 3 3

L-Arg +++ ++ ++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 3 ++ +++ ++ +++ +++ + +++ +++ + +++
H-Aspd 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

L-Q-Glu 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

L-Leu +++ +++ 3 +++ ++ 3 ++ ++ 3 +++ 3 3 +++ + 3 + + 3 + + 3 + ++ 3

L-Lys 3 3 3 + 3 3 + 3 3 3 3 3 3 3 3 + 3 3 + 3 3 3 + 3

L-Met 3 3 3 ++ + 3 + + 3 + + 3 + 3 3 + 3 3 + + 3 + 3 3

L-Phe ++ + 3 3 3 3 3 3 3 3 3 3 ++ 3 3 3 3 3 3 3 3 3 3 3

L-Pro 3 + 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

Substrates for dipeptidyl peptidase
Gly-Pro +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 3 +++ +++ +++ +++ +++ +++
H-Gly-Argd + 3 3 + + 3 ++ ++ 3 ++ 3 3 ++ 3 3 + + 3 + + 3 + ++ +
Substrates for endopeptidase
N-t-Boc-o-benzoyl-Ser-Gly-Arg 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

N-Benzoyl-Pro-Phe-Arg + 3 3 3 + 3 3 + 3 3 3 3 + 3 3 3 + 3 3 3 3 3 3 3

N-Succinyl-Ala-Ala-Pro-Phe +++ +++ 3 ++ ++ 3 ++ ++ 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

N-K-Benzoyl-DL-Arg 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

Succinyl-Tyr-Val-Ala-Aspd 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 + 3 3

H-Val-Leu-Lysd 3 3 3 3 3 3 3 + 3 3 3 3 3 3 3 3 3 3 3 3 3 3 + 3

Succinyl-Ala-Pro-Leu-Phed 3 3 3 + ++ 3 + +++ 3 + + 3 3 3 3 3 ++ 3 3 + 3 3 + 3

N-Succinyl-Ala-Ala-Ala 3 3 3 + 3 3 + 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

N-p-Tosyl-Gly-Pro-Lys ++ ++ 3 3 3 3 3 3 3 3 3 3 ++ 3 3 3 3 3 3 3 3 3 3 3

aConjugated to pNa.
b1: bacteria from the stationary phase of growth; 2: bacteria from the mid-exponential phase of growth; 3: culture supernatant from the stationary phase of growth.
cIntensity of degradation: A4056 0.25, 3 ; 0.259A4056 0.55, +; 0.559A4056 1, ++; 19A405, +++.
dThese products were obtained from Bachem; all others were from Sigma.
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proteolytic activity were observed under a UV transillumi-
nator. Bacterial samples were also analyzed on a 12%
polyacrylamide resolving gel containing 0.1% casein, pur-
chased from Bio-Rad Laboratories (Mississauga, ON,
Canada). After electrophoresis, the gel was treated accord-
ing to the manufacturer’s instructions. Zones of proteoly-
sis were detected following Coomassie blue staining.

2.6. E¡ect of protease inhibitors

Inhibitors known to be speci¢c to the di¡erent classes of
proteases were used to determine the nature of chymotryp-
sin-like, caseinase, Arg-aminopeptidase and DPP IV activ-
ities of S. suis Reims. The inhibitors, their speci¢city and
the concentration used are presented in Table 3. Except
for caseinase activity, the e¡ect was determined in a reac-
tion mixture containing 100 Wl of the culture supernatant
(for DPP IV and Arg-aminopeptidase) or the bacterial
suspension (for chymotrypsin-like), 10 Wl of the chromo-
genic synthetic peptide (4 mg ml31) and 10 Wl of the in-
hibitor. The incubation was carried out as described
above. For the caseinase activity, the e¡ect of inhibitors
was evaluated using the zymography procedure since in-
hibitors were found to interfere in the £uorimetric assay.
Inhibitors were added to the development bu¡er during
the incubation. The inhibition of proteolysis was estimated
qualitatively after Coomassie blue staining, by comparing
with control samples in the absence of inhibitors. Assays
were run in triplicate.

3. Results

Hydrolysis of chromogenic synthetic peptides by eight
strains of S. suis serotype 2 is reported in Table 2. An Arg-
aminopeptidase activity was detected in bacterial suspen-
sions and culture supernatants of all strains. Generally,
bacterial cells collected at the stationary phase of growth

showed stronger activity than those harvested in the mid-
exponential phase of growth. A cell-associated Leu-amino-
peptidase activity was also detected. A strong glycyl-prolyl
protease activity, also named dipeptidyl peptidase IV or
DPP IV, was detected in bacterial suspensions and culture
supernatants of all strains of S. suis serotype 2, except for
strain 94-3037 which did not show this activity in the
supernatant. Lastly, a cell-associated chymotrypsin-like
activity was found only in European virulent strains of
S. suis serotype 2 (S735, 31533, Reims). Other weak activ-
ities were detected in some strains of S. suis serotype 2
(Table 2). Fig. 1 reports the degradation of £uorophore-
labelled proteins by bacterial cells of S. suis serotype 2.
Casein was hydrolyzed extensively by seven out of eight
strains. On the other hand, collagen (type I and IV), gel-
atin and serum albumin were degraded poorly or not at
all. None of the £uorophore-labelled proteins were de-
graded by the culture supernatants.
The strongest proteolytic activities identi¢ed (Arg-ami-

nopeptidase, DPP IV, chymotrypsin-like and caseinase)
were further characterized using the strain S. suis Reims
serotype 2. Optimum temperature for Arg-aminopeptidase
activity was in the range of 25^37‡C (Fig. 2A). The opti-

Table 3
E¡ect of protease inhibitors on Arg-aminopeptidase, DPP IV and chymotrypsin-like activities of S. suis Reims

Inhibitora Speci¢city Concentration (mM) Inhibition of activity (%)

Arg-aminopeptidaseb DPP IVc Chymotrypsinb

AEBSF Serine 2 34O 1d 9O 0 81O 16
DPP IV inhibitor I Serine 0.1 NTe 81O 3 NT
TLCK Cysteine/serine 0.1 88O 4 5O 0 20O 4
E-64 Cysteine 0.01 34O 1 6O 0 5O 0
o-Phenanthroline Metallo 10 36O 6 36O 1 43O 2
EDTA Metallo 10 7O 2 0O 0 0O 5
Diprotin A Metallo 0.05 3 O 0 86O 3 NT
Pepstatin A Aspartic 0.01 NT 0O 0 2O 0

aAEBSF: aminoethyl-benzene sulfonyl £uoride hydrochloride; DPP IV inhibitor I: dipeptidyl peptidase inhibitor I; TLCK: N-tosyl-lysine-chloromethyl-
ketone; E-64: N-(trans-epoxysuccinyl)-L-leucine-4-guanidinobutylamide; EDTA: ethylene diamine tetraacetic acid.
bSupernatant as a source of protease activity.
cBacterial suspensions as a source of protease activity.
dMean of three assays O S.D.
eNT: not tested.

Fig. 1. Degradation of £uorophore-labelled proteins by cells of S. suis
serotype 2. Mean of three assaysO S.D.
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mum pH for activity was 6 while the activity decreased
signi¢cantly but remained stable between pH 7 and 9 (Fig.
2B). Data from Fig. 2C indicate that the activity is poorly
stable during storage. Forty percent of activity was lost
after storage at 4‡C for 18 h, whereas less than 10% of
activity was recovered following storage at 25‡C for the
same period. To further characterize the Arg-aminopepti-
dase, the e¡ect of selected potential inhibitors was eval-
uated (Table 3). TLCK inhibited 88% of the activity found
in the culture supernatant. AEBSF, o-phenanthroline and
E-64 also caused some inhibition (34^36%). Analysis of

the culture supernatant by zymography revealed the pres-
ence of one band with an Arg-aminopeptidase activity and
having a molecular mass of 55 kDa (Fig. 3). Cell-associ-
ated and extracellular Arg-aminopeptidase activities were
also detected in S. suis serotypes 1, 1/2 and 3 (data not
shown).
The optimum incubation temperature for DPP IV activ-

ity was 42‡C, although more than 90% of activity was
obtained at 37‡C (Fig. 2A). The optimum pH for DPP
IV activity was between 7 and 9 (Fig. 2B). The DPP IV
activity was very stable and retained 90% of its activity
following treatment at 45‡C for 18 h (Fig. 2C). However,
it was totally destroyed after heating at 56‡C for the same
period. The activity was inhibited by more than 80% by
diprotin A and the DPP IV inhibitor I. Analysis of a bac-
terial cell lysate by zymography revealed the presence of
one band possessing DPP IV activity and having a molec-
ular mass estimated at 70 kDa (Fig. 3). As for Arg-amino-
peptidase, DPP IV was also present in bacterial suspen-
sions and culture supernatants of S. suis serotypes 1, 1/2,
and 3 (data not shown).
The optimum temperature for the chymotrypsin-like ac-

tivity was 42‡C (Fig. 2A). More than 60% of the activity
was still observed when the assay was carried out at 55‡C.
The optimum pH was 7 and the activity signi¢cantly de-
creased at pH 6 and 8 (Fig. 2B). The activity was relatively
stable to treatment at 45‡C for 18 h (Fig. 2C). Incorporat-
ing AEBSF into the assay mixture resulted in an 81% in-
hibition of activity, suggesting that the protease responsi-
ble for the chymotrypsin-like activity is a member of the
serine group (Table 3). Bacterial cells, but not the super-
natant, of serotypes 1/2 and 3 also showed chymotrypsin-
like activity (results not shown). Since the protease respon-
sible for this activity was irreversibly inhibited by SDS, the
molecular mass of the protease could not be estimated by
zymography.
The optimum temperature for the caseinase activity was

42‡C (Fig. 2A). The caseinase activity was optimum at pH
7 and appeared to be slightly higher at acidic than at basic
pH (Fig. 2B). The protease was poorly stable at temper-
atures higher than 37‡C (Fig. 2C). The protease responsi-
ble for the caseinase activity showed a molecular mass of

Fig. 3. Estimation of molecular mass of Arg-aminopeptidase (gel A), DPP IV (gel B) and caseinase (gel C) activities of S. suis Reims by SDS^PAGE
and zymogram analyses.

Fig. 2. E¡ect of di¡erent conditions on the Arg-aminopeptidase (8),
DPP IV (F), chymotrypsin-like (R) and caseinase (U) activities of
S. suis Reims. For each activity, the highest value obtained was given a
value of 100%. Mean of three assays O S.D. The e¡ects on incubation
temperature (A), reaction pH (B) and storage temperature (C) were
tested.
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36 kDa as determined by zymography (Fig. 2A). The ef-
fect of inhibitors on caseinase activity was evaluated by
the zymography technique since several of the inhibitors
interfered in the £uorogenic assay. The caseinase activity
was inhibited by o-phenanthroline suggesting that it be-
longs to the metalloprotease class (data not shown). The
caseinase activity was also detected in bacterial suspen-
sions S. suis serotypes 1, 1/2 and 3 (data not shown).

4. Discussion

Proteolytic enzymes have been identi¢ed as important
virulence factors in a number of microbial pathogens [9].
To our knowledge, there has been no report concerning
the production of proteases by S. suis serotype 2 and their
potential contribution in virulence. In this study, four ma-
jor proteolytic activities (Arg-aminopeptidase, DPP IV,
chymotrypsin-like and caseinase) were detected and par-
tially characterized. These activities were produced not
only by S. suis serotype 2 but also by the other serotypes
tested (1, 1/2 and 3).
The Arg-aminopeptidase of S. suis was found to be both

extracellular and cell-associated and showed a molecular
mass of approximately 55 kDa. In bacteria, arginine resi-
dues released by the action of Arg-aminopeptidases on
peptides may be catabolized via the arginine deiminase
pathway resulting in the production of ATP and other
essential metabolic precursors [11]. Streptococcus gordonii
has also been reported to produce an extracellular Arg-
aminopeptidase [12]. It was hypothesized that the Arg-
aminopeptidase of S. gordonii could cleave the arginine
residues at N-termini of substance P and bradykinin
thus inactivating their biological function [12]. This inac-
tivation could result in the uncontrolled contraction of
smooth muscle at the infection site and a change in local
vascular permeability. This phenomenon may also apply
to S. suis and further studies are needed to evaluate this
hypothesis.
A strong cell-associated caseinase activity was detected

in all strains of S. suis serotype 2. This caseinase activity
may have a nutritional function and can also participate in
the maturation of precursors as demonstrated in other
bacteria [13]. For instance, the caseinase of Aeromonas
salmonicida participates in the processing of a hemolysin
precursor produced by this bacterium [13]. Since S. suis
also produces a hemolysin [5], the caseinase activity may
play a similar role in its maturation.
A cell-associated chymotrypsin-like activity, belonging

to the class of serine proteases, was detected only in viru-
lent European strains of serotype 2 from human and pig
origins. A similar speci¢city was also noted for the suilysin
(hemolysin) which was detected in most of the virulent
European strains of serotype 2 and only in some of the
Canadian ones [14]. One should not exclude the possibility
that the other strains produce chymotrypsin-like activity

but at a level not detectable in our assay. Further studies
are required to investigate the pathogenic role(s) of the
chymotrypsin-like activity. Recently, Fernandez-Espla et
al. [15] reported the puri¢cation of a cell wall-anchored
chymotrypsin-like enzyme from Streptococcus thermophi-
lus. Interestingly, this protease shares several characteris-
tics (serine protease, substrate speci¢city, optimum pH
and temperature) with the S. suis chymotrypsin-like activ-
ity identi¢ed in this study.
A DPP IV activity was found in the culture supernatant

and on the cell surface of S. suis. The optimum activity
observed at pH 8 corresponds to that of other DPP IV
and homologues previously characterized [16]. Inhibitors
speci¢c for DPP IV (diprotin A and DPP IV inhibitor I)
were highly e¡ective in inhibiting the DPP IV activity of S.
suis. This activity is also present in mammals on activated
T cells (CD26) and in a soluble form in plasma where it
regulates bioactive peptides like neuropeptide Y and cyto-
kines [17,18]. Various species of Lactococcus [19], Lacto-
bacillus [20] and Streptococcus [20,21] have been found to
possess this activity and the genes have been cloned and
characterized. The DPP IV of Porphyromonas gingivalis is
considered a virulence factor since a mutant lacking this
activity did not cause as much damage as the wild-type
strain in an animal model [22,23]. Further studies are
needed to evaluate the potential contribution of DPP IV
in virulence of S. suis.
In this study, four novel proteases produced by the

swine pathogen S. suis serotype 2 have been identi¢ed
and characterized. As shown in other bacterial pathogens,
these proteases may help S. suis to meet nutritional re-
quirements, to neutralize the host defense system and to
contribute to tissue invasion and destruction. Further
analysis will have to be done to determine their physio-
logical and pathological functions.
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