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Staphylococcus aureus is a prominent human pathogen. Here we report that intact S. aureus bacteria activate
the contact system in human plasma in vitro, resulting in a massive release of the potent proinflammatory and
vasoactive peptide bradykinin. In contrast, no such effect was recorded with Streptococcus pneumoniae. In the
activation of the contact system, blood coagulation factor XII and plasma kallikrein play central roles, and a
specific inhibitor of these serine proteinases inhibited the release of bradykinin by S. aureus in human plasma.
Furthermore, fragments of the cofactor H-kininogen of the contact system efficiently blocked bradykinin
release. The results suggest that activation of the contact system at the surface of S. aureus and the subsequent
release of bradykinin could contribute to the hypovolemic hypotension seen in patients with severe S. aureus
sepsis. The data also suggest that the contact system could be used as a target in the treatment of S. aureus
infections.

Gram-positive bacteria are currently as common as gram-
negative bacteria in causing sepsis, and Staphylococcus aureus
and Streptococcus pneumoniae are the most frequently isolated
pathogens in gram-positive sepsis (5, 6, 16). These species can
give rise to septic shock, a condition with a high mortality rate
despite antibiotic treatment and improvements in intensive
care. The pathogenesis of sepsis is not fully understood. How-
ever, there appears to be a common pathway by which both
gram-negative and gram-positive bacteria induce the produc-
tion of different inflammatory mediators, such as factors of the
complement, coagulation, and contact systems, which act to-
gether with cytokines to form a complex inflammatory network
(5, 9).

The contact system consists of three enzymatic factors, fac-
tor XI (FXI), FXII, and plasma prekallikrein (PK), and the
nonenzymatic cofactor H-kininogen (HK) (24). Activation of
FXII is the initial step leading to the formation of kallikrein
and activated FXI. As a result, bradykinin (BK), a nonapep-
tide, is released from HK. BK induces vasodilatation and in-
creased microvascular permeability, effects that in part are
mediated by the secondary release of other mediators (for
instance, nitric oxide and platelet activating factor) via activa-
tion of BK receptors of the vascular endothelium. The contact
system can also be activated directly by endotoxin and micro-
bial proteinases (11, 15, 18).

When injected into animals, BK reduces peripheral vascular
resistance, leading to hypotension and elevated cardiac output
(26), and several animal studies have shown that activation of
the contact system correlates with irreversible hypotension

during sepsis (25, 26). Investigations of humans have revealed
that factors of the contact system are consumed in plasma of
patients with severe sepsis and, especially, that persistently low
levels of FXII are a bad prognostic sign (14, 21, 27, 28). A
pathogenic role for the contact system is also suggested by
observations that it can be activated by Streptococcus pyogenes,
Salmonella, and Escherichia coli through interactions between
contact factors and bacterial surface proteins (2, 3,13). In the
present work, we demonstrate that S. aureus, but not S. pneu-
moniae, activates the contact system and releases BK. More-
over, a specific inhibitor of FXII and fragments of HK were
found to efficiently block S. aureus-induced BK release in vitro.

MATERIALS AND METHODS

Strains of bacteria. Clinical isolates of S. aureus (strain 5120) and S. pneu-
moniae (strain 1508) derived from patients with septic shock were grown in brain
heart infusion (Difco, Detroit, Mich.) at 37°C overnight. Prior to plasma incu-
bation, bacteria were washed three times, resuspended in 15 mM HEPES (ICN
Biomedicals, Inc., Aurora, Ohio) containing 135 mM NaCl and 50 mM ZnCl2
(pH 7.4) (HEPES buffer), and diluted to a final concentration of 2 3 1010

CFU/ml.
Plasma sources. Fresh frozen plasma samples from healthy individuals were

obtained from the blood bank at Lund University Hospital, Lund, Sweden, and
kept frozen at 220°C until use. Plasma depleted of FXI, FXII, PK, HK, and
fibrinogen was purchased from George King Bio-Medical, Inc. (Overland Park,
Kans.). To collect plasma from patients with suspected sepsis, blood was drawn
in a sterile tube containing sodium citrate directly after blood culture sampling.
The blood was subsequently transferred directly to a plastic tube and centrifuged
at 3,000 3 g. The plasma was stored at 270°C until the BK content was deter-
mined.

Incubation of bacteria in plasma. Bacteria were prepared as described above.
Five hundred microliters of bacterial suspensions (2 3 1010 CFU/ml) was incu-
bated with an equal volume of normal human plasma or depleted plasma on a
rotator at room temperature for 15 min unless indicated otherwise. After incu-
bation, bacteria were washed twice and resuspended in 300 ml of HEPES buffer.
The suspensions were allowed to stand at room temperature for 15 min, followed
by centrifugation at 10,000 rpm. Supernatants were collected and kept at 220°C
until the BK content was analyzed. Inhibition of the production of BK induced
by bacteria in plasma was analyzed with various inhibitors added at different
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amounts to the bacterial suspensions, followed by plasma incubation as described
above.

Protein and peptide sources. FXII-PK inhibitor (H-D-Pro-Phe-Arg-chloro-
methylketone [CMK]) was obtained from Bachem, Feinchemikalien AG, Buben-
dorf, Switzerland. Peptides HKH20 and GHG19 were synthesized in the Pro-
teinchemisches Zentrallabor of the Johannes Gutenberg University (Mainz,
Germany) (10, 12). Cysteine proteinase inhibitor E64:trans-epoxysuccinyl-L-leu-
cylamideo(4-guanidino)-butane was obtained from Sigma.

Production and purification of recombinant domain D5 of HK. For expression
of rD5, a modified pET25b expression vector (Novagen, Inc., Madison, Wis.) was
used. The primers DK3 (59-GCA GCA GTC ATG ACT GTA AGT CCA CCC
CAC ACT TCC-39) and DK4 (59-GCA GCA GGA TCC ACT GTC TTC AGA
AGA GCT TGC-39) were used to amplify a fragment encoding the D5 domain
and part of the D6 domain. The fragment was cleaved with BspHI and BamHI
and ligated to the vector, which was cleaved with NcoI and BamHI. The protein
was expressed in E. coli strain BL21(DE3). Protein production was induced by
addition of 1 mM isopropyl-b-D-thiogalactopyranoside to exponentially growing
bacteria. After 3 h of incubation, bacteria were harvested by centrifugation. The
pellet was resuspended in buffer A (50 mM phosphate, 300 mM NaCl). The
bacteria were subsequently lysed by repeated cycles of freeze-thawing. The lysate
was then centrifuged at 29,000 3 g for 30 min. The supernatant was mixed with
2 ml of Ni nitrilotriacetic acid-Sepharose (Qiagen, GmbH, Hilden, Germany)
and incubated with rotation for 1 h. The Sepharose was loaded into a column and
washed with the following combinations of buffer A: 10 ml of buffer A with 0.1%
(vol/vol) Triton X-100, 10 ml of buffer A alone, 5 ml of buffer A with 1 M NaCl,
5 ml of buffer A alone, 10 ml of 20% ethanol, 10 ml of buffer A containing 5 mM
imidazole, and 10 ml of buffer A containing 30 mM imidazole. The protein was
eluted with buffer A containing 500 mM imidazole. The identity of D5 was
verified by Western blot analysis and amino-terminal sequencing (data not
shown).

BK assays. BK contents were determined with an enzyme-linked immunosor-
bent assay (ELISA) (MARKIT-M-Bradykinin; Dainippon Pharmaceutical Co.,
Ltd., Osaka, Japan). BK was also measured indirectly with a bioassay (4) or by
analysis of HK degradation products by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblotting.

ELISA. BK in a sample and peroxidase-labeled BK were allowed to react
competitively with anti-BK antibodies (rabbit) captured in microstrip wells
coated with goat anti-rabbit immunoglobulin G (IgG) antibodies. The BK con-
centration was determined from the enzyme activity of peroxidase-labeled BK
bound to the anti-BK-antibodies (detection limit, 4.9 pg/well). A standard curve
was prepared with five BK concentrations (4.9, 19.6, 78, 313, and 1,250 pg/well).
Samples were analyzed in duplicate, and these results are expressed as picomolar
concentrations.

Cellular assay. CHO-K1 cells overexpressing B2 receptor (kindly provided by
A. Breit, Institute for Physiological Chemistry, University Mainz, Mainz, Ger-
many) were grown to confluence in 24-well plates and subsequently labeled with
myo-[2-3H]inositol with a 1-mCi/ml concentration of buffer (116 mM NaCl, 5.3
mM KCl, 0.81 mM MgSO4 z 7H2O, 1 mM CaCl2, 5 mM a-glucose, 20 mM
HEPES, 13 minimum essential medium amino acids [pH 7.4]) for 20 h. Cells
were then incubated with 10 mM LiCl at 37°C for 15 min and subsequently
stimulated with BK standard solutions (Dainippon Pharmaceutical Co., Ltd.,
Osaka, Japan) or supernatants from bacterium-plasma incubations for 10 min. In
experiments that included the B2 receptor inhibitor HOE 140 (a kind gift from
Hoechst, Frankfurt, Germany), the cells were preincubated with HOE 140 (final
concentration, 8 mM) for 10 min before LiCl was added. The reaction was
stopped by aspiration of the medium followed by the addition of 1 ml of ice-cold
10 mM formic acid (pH 3). After incubation at 4°C for 2 h, the supernatants were
added to 3 ml of 50 mM ammonium solution (pH .9). The suspensions were
applied to anion-exchange columns prepared from 0.3 to 0.5 g of Dowex AG:
1–8x, in which the hydroxide form had been exchanged to the formate form as
described by the manufacturer (Bio-Rad). Columns were eluted with 10 ml of
H2O to remove free inositol, followed by elution with 23 2 ml of 2 M ammonium
formate acid (pH 5.2) to elute the total amount of inositol phosphate. The
radioactivity present in the eluates was quantitated in a liquid scintillation
counter (LS 6000 TA; Beckman) and is expressed as disintegrations per minute.

Electrophoresis and Western blot analysis. SDS-PAGE was performed as
described by Neville et al. (20). Proteins in the supernatants from bacterium-
plasma incubations were separated on gels of 10% total acrylamide with 3%
bisacrylamide. Plasma samples diluted 1/300, untreated or treated with kaolin
(Diagnostica Stago, Asmiers, France) for 1 min, served as controls. Before
loading, samples were boiled in sample buffer containing 2% SDS and 5%
b-mercaptoethanol for 10 min. For Western blot analyses, proteins were trans-
ferred to nitrocellulose membranes (Immobilon; Millipore), as described previ-

ously (30), with a Trans Blot semidry transfer cell (Bio-Rad). Subsequently, the
polyvinylidene difluoride membranes were blocked in phosphate-buffered saline
–Tween (PBST) containing 5% (wt/vol) nonfat dry milk at 37°C for 20 min,
washed three times with PBST for 5 min, and incubated with sheep antibodies
against HK and its degradation products (1:6,000 in the blocking buffer) at 37°C
for 30 min (29). After being washed, the sheets were incubated with peroxidase-
conjugated secondary donkey antibodies against goat IgG at 37°C for 30 min.
Secondary antibodies were detected by the chemiluminescence method (19).
Autoradiography was performed at room temperature for 1 to 2 min with Kodak
X-Omat S films and Cronex Xtra Plus intensifying screens.

RESULTS

BK in plasma from patients with S. aureus and S. pneu-
moniae sepsis. Plasma samples from patients with suspected
sepsis were collected at admittance to the hospital in order to
investigate whether the BK level in plasma was elevated com-
pared to those in plasma from healthy individuals. Samples
from four patients with S. aureus sepsis (patients1 to 4) and six
patients with S. pneumoniae sepsis (patients 5 to 10) were
tested for BK content by ELISA (Fig. 1). Three healthy vol-
unteers served as controls (patients 11 to 13). Patient 1 was
undergoing treatment with an angiotensin-converting enzyme
(ACE) inhibitor (captopril) at admittance to the hospital. He
was in septic shock when the plasma sample was collected and
subsequently developed severe organ failure. Patient 2 had
multiple abscesses in the gluteal region, but was not in shock.
BK levels in the plasma of these patients were 1,272 and 921
pM, respectively. The other two patients, patients 3 and 4, with
S. aureus sepsis showed slightly elevated BK levels (178 and
108 pM, respectively) compared to the controls (mean value,
69 6 9 pM). In one of the S. pneumoniae sepsis patients,
patient 7, a minor increase in plasma BK (115 pM) was ob-
served. The patients with S. pneumoniae sepsis were in stable
circulatory condition, except for patient 5, who was in septic
shock at admittance to the hospital. Despite being in septic
shock, patient 5 showed no elevated level of BK.

Degradation in vitro of HK bound to S. aureus following
plasma absorption. BK is released by proteolytic cleavage of
kininogens. To analyze in vitro whether kininogens associated
with the surface of S. aureus are also degraded, S. aureus 5120
bacteria were incubated with plasma for 15 min, washed, and

FIG. 1. BK levels in human plasma samples. Samples 1 to 4 are
from patients with S. aureus sepsis, 5 to 10 are from patients with S.
pneumoniae sepsis, and 11 to 13 are from healthy controls. The BK
levels were determined with an ELISA. Values are means of two
different determinations. The variation was ,15%.
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resuspended in buffer. After an additional incubation of 15
min, the bacteria were spun down, and the proteins in the
supernatant were separated by SDS-PAGE, transferred to ni-
trocellulose, and immunostained with antibodies against HK
and its degradation products. Plasma alone or plasma treated
with kaolin served as controls. There are two molecular mass
forms of kininogens in plasma, which result from differential
splicing of a single gene transcript. Antibodies to HK will
therefore also identify the low-molecular-mass form, L-kinino-
gen (Fig. 2, lane 1). Kaolin activates the contact system, and in
kaolin-treated plasma, HK (120 kDa) was cleaved to degrada-
tion products with molecular masses of 55 and 46 kDa, respec-
tively (Fig. 2, lane 2). The same degradation pattern, typical of
BK release, was also obtained following incubation of S. aureus
with plasma (Fig. 2, lane 3), indicating that the absorbed HK is
cleaved to release BK (plasma kallikrein does not cleave L-
kininogen). In contrast, and as previously reported (3), HK
does not interact with S. pneumoniae (data not shown).

S. aureus induces BK release in vitro. To investigate more
directly whether BK release was induced by S. aureus following
plasma incubation, different numbers of S. aureus 5120 and S.
pneumoniae B1508 bacteria, isolated from patients with septic
shock (patients 1 and 5, respectively, in Fig.1) were incubated
for 15 min with a constant volume of 50% human plasma.
Following washing, the bacteria were resuspended and incu-
bated with buffer. After an additional incubation of 15 min, the
release of BK was quantitated by ELISA. Figure 3 shows that
BK release was induced by S. aureus strain 5120 in a concen-
tration-dependent manner. When the washing of the bacteria
following plasma incubation was excluded, the amounts of BK
increased more than 10-fold. Similar results were obtained
with other isolates of S. aureus (data not shown). S. pneu-
moniae B1508 and other clinical and laboratory strains of S.
pneumoniae did not induce BK release in this assay. Also when
a constant number of S. aureus 5120 bacteria was preincubated
with different dilutions of plasma, BK was induced in a con-

centration-dependent fashion (Table 1). As shown in Table 1,
an initial incubation with plasma diluted to 6% was sufficient to
load the bacteria with contact factors resulting in a significant
BK release.

Kinetics of S. aureus-induced BK release. To study the ki-
netics of contact system assembly, 1010 CFU/ml were preincu-
bated with 50% plasma (final concentration) for different time
periods. Following washing and 15 min of incubation in buffer,
bacteria were spun down, and the amount of BK in the super-
natants was determined. The results demonstrate very rapid
assembly at the surface of S. aureus. Already after 1 min of
preincubation with plasma, the level of BK released reached a
plateau (Fig. 4A). In a second set of experiments, plasma and
bacteria were incubated for 15 min and washed. Bacteria were
then left in buffer for different periods of time, before the
supernatants were collected and analyzed. In this case, the
concentration of BK peaked at 15 to 30 min. (Fig. 4B). The
data show that the contact system following a rapid initial
assembly is activated at the bacterial surface over a sustained
time period.

BK released in plasma following incubation with S. aureus is
biologically active. CHO-K1 cells overexpressing BK B2 recep-
tors were used to analyze whether the BK released as a result
of incubation of S. aureus with plasma was functional. In this

FIG. 2. Cleavage of HK at the surface of S. aureus. S. aureus (1010

CFU/ml) was incubated with human plasma (final concentration, 50%)
for 15 min. Subsequently, bacteria were washed, resuspended in buffer,
incubated for another 15 min, and spun down. The resulting superna-
tant and plasma (nontreated or kaolin treated) were then subjected to
SDS-PAGE (10% polyacrylamide gel), and the separated proteins
were transferred to Immobilon filters and probed with antibodies to
HK. Lanes: 1, normal plasma; 2, kaolin-treated plasma; 3, proteins
absorbed from plasma by S. aureus.

FIG. 3. S. aureus induces BK release in human plasma. Various
numbers of S. aureus or S. pneumoniae bacteria were incubated with
human plasma (final concentration of 50%) for 15 min. Bacteria were
washed and resuspended in buffer. Following another incubation pe-
riod of 15 min, bacteria were pelleted, and the BK content of the
resulting supernatants was determined with an ELISA. Plasma alone
was the negative control. Values are means 6 standard deviations (n 5 3).

TABLE 1. Induction of BK release by S. aureus (1010 CFU/ml) in
various dilutions of human plasma

Plasma concn (%) BK concn (pM)a

3................................................................................ 100 6 30
6................................................................................ 421 6 195

12................................................................................ 1,859 6 731
25................................................................................ 3,408 6 576
50................................................................................ 4,200 6 602

a BK concentration was determined with an ELISA. Values are means 6
standard deviations (n 5 3).
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assay, binding of BK to the B2 receptors induces the release of
inositol phosphate (4), and Fig. 5A shows a typical standard
curve obtained when different amounts of BK were added to
the transfected cells. In Fig. 5B, bacteria were preincubated
with plasma, and the effect of bacterially absorbed plasma
proteins on the release of inositol phosphate by the CHO-K1
cells was measured in the presence or absence of the B2 re-
ceptor inhibitor HOE 140. In the presence of HOE 140, none
of the samples induced inositol phosphate release above the
background level, whereas in the absence of HOE 140, S.
aureus, but not S. pneumoniae, caused a significantly increased
release. In contrast, when nontransfected CHO-K1 cells were
used in identical experiments, the S. aureus samples induced
inositol phosphate release at the background level only (data
not shown). In summary, the results show that BK released at
the surface of S. aureus following plasma incubation is biolog-
ically active.

BK release in contact factor-depleted plasma. The involve-
ment of different contact factors in S. aureus-induced BK re-
lease was investigated with plasma depleted of contact factors.
In contrast to normal plasma, S. aureus preincubated with
plasma lacking FXII, PK, or HK did not trigger the release of

BK (Table 2). FXI activation occurs after the activation of
FXII and PK, and preincubation with FXI-depleted plasma did
result in BK release. The reason why this release was higher
than with normal plasma is unclear. The amount of BK in-
duced by preincubation with fibrinogen-depleted plasma was
the same as that for normal plasma.

Inhibition of S. aureus-induced BK release. In the activation
of the contact system, FXII activation is an early and crucial
step. An inhibitor (HD-Pro-Phe-Arg-CMK) of the serine pro-
teinases FXII and PK was therefore added to the mixture of
plasma and bacteria. This reagent efficiently blocked the in-
duction of BK in a concentration-dependent manner, whereas
the negative control, the specific cysteine proteinase inhibitor
E64, did not influence BK generation (Fig. 6). The nonenzy-

FIG. 4. Kinetics of BK release induced by S. aureus in human
plasma. (A) Bacteria were incubated (1010 CFU/ml) with 50% human
plasma for different time periods. After washing, bacteria were resus-
pended in buffer and incubated for 15 min. (B) Bacteria (1010 CFU/ml)
were incubated with 50% plasma for 15 min, washed, resuspended in
buffer, and incubated for different time periods. In both panels A and
B, bacteria were spun down and the BK content in supernatants was
measured with an ELISA. Values are means 6 standard deviations
(n 5 3).

FIG. 5. Incubation of S. aureus in plasma induces the release of
functional BK. (A) Different amounts of BK were added to CHO-K1
cells, and the release of 3H-labeled inositol phosphate was expressed as
disintegrations per minute (DPM). (B) Samples from preincubations
of plasma with buffer (1:1 [background]) or from preincubations of the
indicated numbers of bacteria with plasma (final concentration of
50%) were added to CHO-K1 cells in the presence or absence of the
BK B2 receptor inhibitor HOE 140 (8 mM). The release of inositol
phosphate was measured. Values are means 6 standard deviations
(n 5 3).

TABLE 2. Induction of BK release by S. aureus (1010 CFU/ml) in
protein-deficient plasma

Plasma BK concn (pM)a % of control concn

Normal (control) 2,272 6 739 100
FXII depleted 114 6 52 5
PK depleted 68 6 40 3
HK depleted 136 6 48 6
FXI depleted 4,589 6 737 202
Fibrinogen depleted 2,022 6 638 89

a BK content of the supernatants was measured with an ELISA. Values are
means 6 standard deviations (n 5 3).

3880 MATTSSON ET AL. INFECT. IMMUN.



matic cofactor HK is composed of a heavy chain and a light
chain, including domains D1 to D4 and D5 and D6, respec-
tively. Domain D5 contains binding sites for zinc and for cel-
lular and negatively charged surfaces (8, 10). D5 and its pep-
tide fragments HKH20 (comprising the cell binding region)
and GHG19 (the zinc binding region) were separately incu-
bated together with S. aureus and human plasma. D5 and
HKH20 both inhibited BK release in a concentration-depen-
dent manner, whereas GHG19 had no effect (Fig. 6). The
results suggest that the inhibitory effect of D5 and HKH20 is
due to competition with HK binding to the bacterial surface.

DISCUSSION

Several previous investigations have demonstrated that ac-
tivation of the contact system contributes to the pathophysiol-
ogy of sepsis (24). It has also been shown that staphylococcal
cell wall preparations in a mixture of purified FXII, PK, and
HK activate PK into kallikrein, whereas intact S. aureus bac-
teria did not have this effect (15). However, with a different
approach, more recent studies have established that the con-
tact system can be assembled and activated at the surface of
significant human pathogens, such as E. coli, Salmonella, and
Streptococcus pyogenes (2, 3,13). The present investigation also
shows that intact S. aureus can induce BK release in the plasma
environment in vitro in a time- and concentration-dependent
manner. In contrast, BK release was not induced by S. pneu-
moniae in vitro. Because of the short half-life of BK (see
below), it is not possible to exclude that BK is released in vivo
during S. pneumoniae sepsis. Sepsis is a multifactorial condi-
tion, and other mechanisms are probably more important in S.
pneumoniae-caused sepsis.

Most infections with S. aureus and other bacteria inducing
BK release are uncomplicated, suggesting that the release of
BK normally is local and without systemic effects. A local

release of BK leading to increased vascular permeability and
leakage of plasma into the site of infection will provide growing
bacteria with nutrients and should also promote the dissemi-
nation of the infection. Host-microbe relationships are gener-
ally well balanced and based on a multitude of molecular
interactions. A given mechanism can sometimes appear advan-
tageous to both parts, and the increase in vascular permeability
by BK could be beneficial to the host as well by facilitating the
recruitment of granulocytes to the infectious focus.

The half-life of BK is short (measured in seconds) in vivo,
and the bacterial concentrations in the blood during sepsis are
far from those of the in vitro experiment performed in this
study. Still, two out of four patients with S. aureus sepsis had
significantly increased levels of plasma BK compared to
healthy controls or patients with S. pneumoniae sepsis. BK is
degraded by kininases such as ACE, and it is interesting that
patient 1 (Fig. 1), who developed a severe septic shock with
multiorgan dysfunction, was being treated with captopril, an
ACE inhibitor, when admitted to the hospital. The other pa-
tient with high levels of plasma BK (patient 2, Fig. 1) had
multiple abscesses in the gluteal region, and samples from the
abscesses also showed high BK concentrations (600 pM). The
notion that local release of BK could promote spreading of an
infection is supported by a recent publication that shows that in
experimental infections in mice, BK release at the focus of
Vibrio vulnificus infections facilitated intravascular dissemina-
tion (17). The aim of analyzing BK in patient plasma was to
investigate whether BK levels were increased in sepsis patients,
since earlier studies mainly have analyzed the consumption of
contact factors. In order to draw any conclusions, plasma sam-
ples from a larger group of patients must be collected, and a
series of plasma samples taken at different time points from
the same patient should be analyzed.

In Salmonella and E. coli surface-associated fibrous proteins,
thin aggregative fimbriae (7) and curli (22), respectively, are

FIG. 6. Inhibition of S. aureus-induced BK release. S. aureus bacteria (1010 CFU/ml) were incubated for 15 min with plasma in the absence
(100% of control) or presence of a peptide inhibitor of FXII-PK (HD-Pro-Phe-Arg-CMK), domain D5 of HK, or peptides derived from D5
(HKH20 and GHG19). E64, a specific cysteine proteinase inhibitor, served as a negative control. After washing and incubation with buffer (15
min), the bacteria were spun down, and the BK content in the supernatant was determined. Values are means 6 standard deviations (n 5 3).
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responsible for the assembly and activation of the contact sys-
tem (3, 13), whereas in Streptococcus pyogenes, the M proteins,
a family of a-helical, coiled-coil, fibrous surface proteins (23),
play a similar role (1, 2). Current studies in our laboratory
suggest that in the case of S. aureus, surface proteins do not
seem to contribute to the interactions with contact factors.
Thus, the release of BK in plasma was rather higher when
surface protein-rich strains of S. aureus were pretreated with
proteolytic enzymes (E. Mattsson et al., unpublished observa-
tions). It could be that surface proteins of S. aureus, in contrast
to those of Salmonella, E. coli, and Streptococcus pyogenes, do
not provide the negatively charged surfaces that are required
for interactions with contact factors, especially HK and FXII,
but rather mask other structures interacting with the contact
system. For instance, S. aureus has a high negative net surface
charge related to teichoic and lipoteichoic acid (31). The focus
of ongoing investigations is to reveal the nature of the surface
structure or structures of S. aureus responsible for the activa-
tion of the contact system.

The experiments performed with plasma deficient in various
contact-phase proteins show that the BK release induced by S.
aureus results from activation of the contact system (Table 2)
and not from a direct cleavage of HK by staphylococcal pro-
teinase V8 (18). Previous studies have demonstrated that con-
sumption of FXII is a bad prognostic sign in sepsis (14, 21, 27,
28), and in a baboon model of E. coli sepsis, antibodies to FXII
inhibited irreversible hypotension and prolonged survival (25).
A major finding of this work is that an FXII inhibitor and
fragments of HK block the generation of BK. The inhibition of
BK release by the D5 and HKH20 peptides is probably due to
competition at the bacterial surface with HK-binding struc-
tures. Such inhibitors and inhibitors of FXII could hypotheti-
cally be used to treat infections in which the contact system is
activated.
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