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Plasminogen recruitment is a common strategy of pathogenic bacteria and results in a broad-spectrum
surface-associated protease activity. Neisseria meningitidis has previously been shown to bind plasminogen. In
this study, we show by several complementary approaches that endolase, DnaK, and peroxiredoxin, which are
usually intracellular proteins, can also be located in the outer membrane and act as plasminogen receptors.
Internal binding motifs, rather than C-terminal lysine residues, are responsible for plasminogen binding of the
N. meningitidis receptors. Recombinant receptor proteins inhibit plasminogen association with N. meningitidis
in a concentration-dependent manner. Besides binding purified plasminogen, N. meningitidis can also acquire
plasminogen from human serum. Activation of N. meningitidis-associated plasminogen by urokinase results in
functional activity and allows the bacteria to degrade fibrinogen. Furthermore, plasmin bound to N. meningi-
tidis is protected against inactivation by �2-antiplasmin.

Neisseria meningitidis can be found as a commensal in the
nasopharynges of 3 to 40% of healthy individuals (14, 52, 55,
59). Only in rare cases will this pathogen cross the epithelial
barrier of its natural habitat to cause invasive disease. Sepsis
and meningitis are the hallmark manifestations of meningo-
coccal disease, which mainly afflicts infants and adolescents
(51). Whereas the interaction of N. meningitidis with cells of
the epithelial and endothelial barriers crossed during the
course of disease has been the focus of several studies, little is
known about the components necessary for interaction with
the extracellular matrix (ECM) and distribution in tissue (19,
37, 42).

Plasminogen is the key proenzyme of the fibrinolytic system.
After plasminogen activation by specific proteases, such as
tissue-type plasminogen (tPA) activators and urokinase plas-
minogen activator (uPA), the active enzyme plasmin becomes
a broad-spectrum protease that, besides its main substrate
fibrin, can cleave vitronectin, fibronectin, and laminin, major
components of the basal laminae and ECM (48). In addition,
plasmin can activate other proteolytic enzymes, including ma-
trix metalloproteinases and latent macrophage elastase, thus
triggering further proteolytic activity, which results in the
cleavage of collagen, elastin, and proteoglycans (40).

Plasminogen binding to bacterial surfaces has been linked to
the invasiveness and pathogenicity of different pathogens (32,
33). For example, Borrelia burgdorferi requires plasminogen
derived from human blood to disseminate in its tick vector
(17). Furthermore, plasmin-coated borreliae were found to
display an enhanced capability to transmigrate endothelial cell

layers, and surface-bound plasmin activity could be shown to
enhance spirochetemia in mice (16, 17). The plasminogen ac-
tivator Pla of Yersinia pestis contributes to bacterial invasive-
ness by proteolytically activating plasminogen and localizing
plasmin activity to basement membranes, which enhances the
migration of Y. pestis through tissue (34, 57). In a similar way,
streptokinase secreted by group A streptococci activates plas-
minogen and could be shown to be a key virulence factor in
vivo (58). Binding of plasminogen to Haemophilus influenzae
and Streptococcus pneumoniae has been shown to result in
degradation of the ECM and enhanced penetration of the
bacteria (7, 22, 63).

Many of the pathogens that recruit human plasminogen to
their surfaces express a wide variety of several plasminogen
binding proteins. At least two of the B. burgdorferi plasminogen
binding proteins, OspA and the 70-kDa BPBP, have been
shown to be exposed at the bacterial surface; two receptors,
enolase and glyceraldehyde-3-phosphate dehydrogenase, have
been identified for pneumococci, and eight plasminogen bind-
ing proteins have been proposed for Candida albicans (5, 6,
16–18). The interaction between plasminogen and its receptors
is mediated by triple-disulfide-bonded kringle domains within
the plasminogen molecule that contain lysine binding sites.
Binding of plasminogen to other proteins has been reported to
involve C-terminal lysine residues or internal binding motifs
enriched with lysine residues (8, 23, 48, 65).

Historically, the observation that meningococcal meningitis
is associated with enhanced fibrinolytic activity (9) was one
argument for the hypothesis that plasminogen activation could
be involved in the pathogenesis of systemic bacterial infection.
Thereafter, binding of plasminogen to N. meningitidis and its
subsequent conversion to enzymatically active plasmin by uPA
and tPA was demonstrated (61). Binding of plasminogen can
be blocked by ε-amino capronic acid, indicating the involve-
ment of lysine binding domains (61). However, no neisserial
plasminogen receptor has yet been defined, although Scat-
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chard analysis has suggested the existence of at least two re-
ceptors. In this study, the identification and characterization of
three plasminogen binding molecules at the surface of N. men-
ingitidis are reported.

MATERIALS AND METHODS

Bacterial strains and media. Amplification of various plasmids was performed
in Escherichia coli strain DH5, with expression of recombinant proteins in E. coli
strain M15(pREP4). The N. meningitidis strains used in this study are listed in
Table 1. E. coli strains were cultured at 37°C in Luria Bertani (LB) broth or on
LB agar, and N. meningitidis was cultured at 37°C and 5% CO2 either on
gonococcal (GC) agar (BD Difco, Heidelberg, Germany) or in proteose peptone
broth (PPM�) (BD Difco) supplemented with Poly ViteX (bioMerieux, Marcy
l’Etoile, France). Bacteria were stored at �80°C in glycerol stocks. If appropri-
ate, chloramphenicol (for N. meningitidis, 7 mg/ml; for E. coli, 30 mg/ml), spec-
tinomycin (125 �g/ml; 75 �g/ml), kanamycin (100 �g/ml; 30 �g/ml), and/or
ampicillin (for E. coli, 100 �g/ml) was added to the media.

Recombinant-DNA techniques and meningococcal mutants. The oligonucle-
otides used in this study were purchased from Sigma-ARK (Darmstadt, Ger-
many). For cloning work, pBSII (Fermentas) and pUC4K (Amersham), and for
expression of recombinant proteins, pQE32 and pQE60 (QIAGEN) were used.
Chromosomal DNA was isolated from N. meningitidis using the Genomic-tip
system (QIAGEN, Hilden, Germany). Plasmid DNA was isolated from E. coli
using the Plasmid Mini Kit (QIAGEN). PCR products were purified with the
QIAquick PCR Purification Kit (QIAGEN). Restriction enzymes and Taq poly-
merase were purchased from NEB (Frankfurt, Germany). Newly constructed
plasmids were analyzed by DNA sequencing. Site-directed PCR mutagenesis was
performed as previously described (27). Enolase C-terminal Lys-428, DnaK
Lys-641 and Lys-642, and peroxiredoxin Lys-244 and Asn-245 were replaced by
alanine. Substitutions were verified by DNA sequence analysis.

For construction of the peroxiredoxin deletion mutant, strain MC58 �siaD was
transformed with plasmid pMW10 containing a kanamycin resistance cassette in
the open reading frame of perox. Transformation of N. meningitidis was per-
formed as previously described (25). The mutant strain was checked for expres-
sion of peroxiredoxin and the major surface markers (Opc, Opa, and pili) in
Western blots using monoclonal antibodies (MAb) SM1 (anti-class 1 pili; kindly
provided by M. Virji, Bristol, United Kingdom), 1:4,000 (vol/vol); MAb B306
(anti-outer membrane protein Opc; kindly provided by M. Achtman, Berlin,
Germany), 1:5,000 (vol/vol); and MAb 4B12/C11 (anti-outer membrane protein
Opa; kindly provided by M. Achtman, Berlin, Germany), 1:1,000 (vol/vol).

Recombinant proteins and antisera. The protein-expressing E. coli
M15(pREP4) strains were plated overnight at 37°C on LB agar. The next day, a
fresh culture was inoculated in LB broth. Expression of the His-tagged fusion
proteins was induced with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside)
(Obiogene, Heidelberg, Germany) after they reached an optical density at 600
nm (OD600) of 0.7, and growth continued at 37°C for another 5 h. Purification of
the recombinant fusion proteins was performed under nondenaturating condi-
tions according to the protocol (QIAGEN). Antisera against the purified fusion
proteins enolase, DnaK, and peroxiredoxin were raised in rabbits by using pu-
rified recombinant proteins (ImmunoGlobe Antikoerpertechnik GmbH, Him-
melstadt, Germany). In Western blots, the sera were used at 1:20,000 (vol/vol)
dilution. Horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin

G (IgG) (Dianova, Hamburg, Germany) was used as a secondary antibody for
enzyme-linked immunosorbent assay (ELISA) at 1:2,500 (vol/vol) and for West-
ern blotting at 1:30,000 (vol/vol).

Plasminogen overlay and plasmin activity assays. Binding of plasminogen to
specific proteins was detected by an overlay assay. Proteins were separated by
SDS-PAGE and blotted on a nitrocellulose membrane (Protran BA 85; Schlei-
cher & Schüll, Dassel, Germany). For detection of plasminogen binding under
nondenaturing conditions, proteins were dotted directly on nitrocellulose. The
membranes were blocked with phosphate-buffered saline–0.1% (vol/vol) Tween
20 (PBS-T) supplemented with 5% (wt/vol) nonfat dry milk overnight at 4°C.
Subsequently, the membranes were incubated with Glu-plasminogen (8 �g/ml)
(Haemochrom Diagnostica GmbH, Essen, Germany) in PBS-T for 1 h at room
temperature (RT). After the membranes were washed, an anti-human plasmin-
ogen goat antibody (Affinity Biologicals, Ancaster, Canada) was incubated in
PBS-T, 1:1,500 (vol/vol), for 1 h at RT. The second antibody, HRP-conjugated
anti-goat IgG (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 1:15,000
(vol/vol) in PBS-T, was added for 1 h at RT. For detection, an enhanced-
chemiluminiscence (ECL) kit (Amersham, Freiburg, Germany) was used. For
N-terminal sequence analysis of proteins reactive with plasminogen, these pro-
teins were transferred to a polyvinylidene difluoride membrane. Proteins show-
ing reactivity were excised from a duplicate membrane and subjected to N-
terminal sequencing.

Bacterium-bound plasmin activity was measured by proteolytic cleavage of the
chromogenic substrate S-2251 (Haemochrom Diagnostica, Essen, Germany).
Bacteria were grown on GC agar overnight. A fresh culture in PPM� was
inoculated and grown to an OD600 of 0.5. Pellets were resuspended in 100 �l of
PBS-T containing 5 �g plasminogen (Haemochrom Diagnostica, Essen, Ger-
many) and were incubated for 30 min at 37°C with shaking (200 rpm). Likewise,
bacteria were incubated with heat-inactivated human serum in different concen-
trations diluted in 100 �l PBS-T to detect the ability of meningococci to recruit
plasminogen from plasma. After three washes in PBS-T, the bacteria were
resuspended in 100 �l PBS-T containing 1.7 units uPA (American Diagnostica,
Pfungstadt, Germany) and incubated for 30 min at 37°C with shaking. Then, 100
�l of a 1:5 dilution of S-2251 in water was added for 1 h at 37°C with shaking. The
bacteria were pelleted, and the absorbance of 150 �l supernatant was measured
at 405 nm using a Titertek Multiskan. To check the influence of �2-antiplasmin
on bound plasmin activity, 0.01 unit �2-antiplasmin (Calbiochem, Merck Bio-
sciences Ltd., Darmstadt, Germany) was added to plasmin-coated bacteria, and
the bacteria were incubated for another 30 min (37°C with shaking at 200 rpm).
Measurement of plasmin activity was performed as described above.

Competitive inhibition of plasminogen binding. N. meningitidis overnight cul-
tures were suspended in PBS to an OD600 of 0.2; 25 �l (approximately 2.5 � 108

bacteria) was added to each well of a microtiter plate and incubated for 1 h at
37°C. To each well, 100 �l of 0.05% (vol/vol) glutaraldehyde solution was added
for 10 min at 37°C. The plates were washed three times with PBS, and nonspecific
binding sites were blocked with 150 �l of 1% bovine serum albumin (BSA) in
PBS for 1 h at 37°C. Twenty-five microliters of plasminogen solution (2 mg/ml
PBS) was added to each well for 1 h at 37°C. For competitive inhibition, 50-, 100-,
and 200-fold molar excess of recombinant proteins was added to the plasminogen
solution before incubation.

Bound plasminogen was detected by ELISA. An anti-human plasminogen-
goat antibody (Affinity Biologicals, Ancaster, Canada) at 1:500 (vol/vol) in
PBS-1% BSA was incubated for 1 h at 37°C. The second antibody, HRP-conju-
gated anti-goat IgG (Sigma-Aldrich Chemie GmbH, Steinheim, Germany),
1:7,500 (vol/vol) in PBS-1% BSA, was incubated for 45 min at 37°C. For detec-
tion, 50 �l ABTS [2,2��-azinobis(3-ethylbenzthiazolinesulfonic acid)] substrate
solution (Roche, Mannheim, Germany) was added to each well, and the absor-
bance at 414 nm was measured using a Titertek Multiskan after 10 min and
20 min.

Quantification of plasminogen receptors. Meningococci were grown overnight
on GC agar. The next day, a fresh culture was inoculated in PPM� and grown to
an OD600 of 0.5. Fifty microliters (1 � 107 bacteria) of a fresh culture of N.
meningitidis was adjusted to an OD600 of 0.2 with PPM�, and aliquots were
placed in each well of a microtiter plate and incubated for 3 h at 37°C and 5%
CO2. A standard of 1 pmol, 0.3 pmol, 0.1 pmol, 30 fmol, 10 fmol, and 3 fmol of
the respective protein was provided in parallel. After incubation, the wells were
fixed with PBS-3.7% formaldehyde (vol/vol) for 5 min at RT. After the plates
were washed with PBS, nonspecific binding sites were blocked with PBS-
0.05%Tween-5% nonfat dry milk (blocking buffer) for 30 min at 37°C. The rabbit
antisera against the plasminogen receptor proteins were added at 1:200 in block-
ing buffer for 1.5 h at 37°C. After two washes with PBS-0.05% Tween, the second
antibody, HRP-conjugated goat anti-rabbit IgG (Dianova, Hamburg, Germany),
was added at 1:2,500 in blocking buffer for 1 h at 37°C. Subsequently, the plates

TABLE 1. Meningococcal strains and mutants used in this study

Strain Parental strain Genotype Serogroup Reference

MC58 Wta B 20
3240 MC58 �siaD 31
3697 3240 �siaD �perox This study
3077 MC58 �siaD �siaD �lgtA 49
3272 3240 �siaD �pgm 31
3604 3240 �siaD �rfaF 31
H44/76 Wt B 28
Z2491 Wt A 14
2120 Wt C 64
171 Wt W-135 15
172 Wt Y 15
a14 Wt None (cnl) 13

a WT, wild type.
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were washed three times with PBS-0.05% Tween and twice with PBS alone.
Finally, 50 �l of ABTS substrate solution was added to each well, and the
absorbance at 414 nm was measured using a Titertek Multiskan after 5 min, 10
min, and 15 min.

Electron microscopy. A culture of the unencapsulated N. meningitidis strain
3240 was grown overnight and suspended to an OD600 of 1.0 in PBS, and 100 �l
(1 � 109 bacteria) of this bacterial solution was centrifuged with a Cytospin
centrifuge on glass slides. Subsequently, the meningococci were fixed with 3.7%
formaldehyde-20% saccharose in PBS for 30 min at RT, leading to osmotic
swelling of the periplasmic space. The slides were washed three times with PBS,
blocked with PBS-0.5% BSA for 5 min at RT, and incubated for 1 h at RT with
the rabbit antiserum diluted 1:2,000 (vol/vol) in PBS-0.5% BSA. After three
washes in PBS for 5 min each time, the slides were incubated for 1.5 h at RT with
an anti-rabbit IgG antibody linked to 12-nm gold particles (Dianova, Hamburg,
Germany) and diluted 1:20 (vol/vol) in PBS-0.5% BSA. The slides were washed
again three times for 5 min each time and fixed with 2.5% glutaraldehyde in PBS
for 45 min at 4°C. The slides were then postfixed in 2% osmium tetroxide, stained
with 0.5% uranyloacetate, dehydrated in graded alcohols, and finally embedded
in Lowicryl K4M 812 overnight. Electron micrographs were taken with Zeiss
EM900 and EM10 microscopes.

For detection of surface-bound plasminogen, meningococci were incubated
with 50 �g/ml plasminogen for 30 min at 37°C with shaking and washed three
times with PBS before they were centrifuged on the glass slides. The procedure
was the same as described above. A goat anti-human plasminogen antibody
(1:150 in PBS-0.5% BSA; Affinity Biologicals, Ancaster, Canada) was used as the
first antibody, and a mouse anti-goat IgG antibody linked to 12-nm gold particles
(Dianova, Hamburg, Germany) was used as a second antibody in a 1:20 dilution.

Confocal microscopy. For confocal microscopy, meningococci that had been
preincubated with plasminogen were fixed on glass slides in methanol for 5 min.
The respective antisera (1:1,000) and a secondary tetramethyl rhodamine iso-
thiocyanate-labeled anti-rabbit antibody (1:300) were used for staining of me-
ningococcal enolase, DnaK, and peroxiredoxin. Stained specimens were
mounted in Fluoprep (bioMerieux, Nürtingen, Germany) and examined using a
Zeiss LSM500 confocal microscope with a minimized pinhole for layer thick-
nesses below 1 �m.

Flow cytometry. For flow cytometric analyses, the IgG fraction of the anti-
sera and corresponding preimmune sera was purified by protein A-Sepharose
chromatography following standard protocols. Log-phase meningococci were
incubated with shaking either with 5 �g plasminogen (in PBS-T; 30 min;
37°C), followed by anti-plasminogen antibody (2 �g/ml IgG in PBS with 0.5%
BSA; 45 min; 37°C), or with the affinity-purified sera (2 �g/ml IgG in PBS
with 0.5% BSA; 45 min; 37°C). Preimmune sera and isotype-matched anti-
bodies were used as controls. After being washed twice with PBS, the corre-
sponding second antibody, fluorescein isothiocyanate (FITC)-conjugated an-
ti-rabbit IgG, 1:150; FITC-conjugated anti-mouse IgG, 1:100 (vol/vol); or
FITC-conjugated anti-goat IgG, 1:100 in 100 �l BSA-PBS, was added for
another 45 min at 37°C with shaking (200 rpm). Subsequently, the bacteria
were washed twice with PBS, and 200 �l 3.7% formaldehyde was added for
fixation (	20 min at 4°C). Analysis was performed in a FACScalibur (Becton-
Dickinson, Heidelberg, Germany) by counting 5,000 events and analyzed
using CellQuest software. Subsequent evaluation of the received data was
performed with WinMDI version 2.8.

Degradation of fibrinogen. Meningococci were preincubated with plasmin and
plasminogen as described above, and 1 � 108 cells were incubated for up to 2 h
at 37°C with 10 �g human fibrinogen (Calbiochem, Läufelfingen, Germany) in a
final volume of 100 �l of PBS-T. Degradation was followed by plasminogen in
the presence of 1.7 units of uPA, and the reaction was stopped with 20 �l of
SDS-containing 5� sample buffer. The bacteria were sedimented, the superna-
tant was boiled for 10 min, and 15-�l samples were separated by SDS-PAGE,
followed by transfer of the proteins to a nitrocellulose membrane (Protran BA
85; Schleicher & Schüll, Dassel, Germany) using a wet blotting system. The
membranes were blocked by incubation with PBS-T supplemented with 5%
(wt/vol) nonfat dry milk overnight at 4°C prior to incubation with goat antiserum
to human fibrinogen, 1:2,500 (vol/vol) (ICN, Ohio). Detection of fibrinogen
peptides was carried using an HRP-conjugated anti-goat antibody, 1:7,500 (vol/
vol), as described above, followed by detection with the ECL kit (Amersham,
Freiburg, Germany).

Statistical analysis. Statistical analysis was performed with Microsoft Excel. A
two-tailed Student’s t test was used to calculate significance values. All experi-
ments were performed in triplicate unless otherwise stated and were repeated at
least three times.

RESULTS

Identification of enolase, DnaK, and peroxiredoxin as me-
ningococcal plasminogen binding proteins. Plasminogen bind-
ing of N. meningitidis strain MC58 (serogroup B, ST-32 com-
plex) was shown in flow cytometric analyses and immunogold
labeling of surface-associated plasminogen after incubation of
the bacteria with plasminogen and labeling with an anti-plas-
minogen antibody (data not shown). Both approaches clearly
demonstrated that significant amounts of plasminogen bind to
this strain, as has been described for other N. meningitidis
isolates (61). In order to screen for meningococcal plasmino-
gen binding proteins, plasminogen overlay assays were per-
formed. Whole bacterial lysates of strain MC58 were separated
by SDS-PAGE, blotted to a nitrocellulose membrane, and
incubated with human plasminogen. After the membranes
were washed, plasminogen binding was detected with a specific
antibody (Fig. 1). In several independent assays, six meningo-
coccal plasminogen binding proteins were detected. In control
assays without plasminogen, no signals could be detected, even
after prolonged exposure of the film (Fig. 1). The pattern of
the putative plasminogen receptors was highly conserved in
strains from different clonal lineages and serogroups A, B, C,
W-135, and Y, as well as cnl (capsule null locus) strains (data
not shown). Putative plasminogen binding proteins of N. men-
ingitidis strain MC58 were excised from the blot, extracted, and
subjected to N-terminal sequencing. Using the databases avail-
able for the complete genome sequence of MC58, three pro-
teins were identified as DnaK, enolase, and peroxiredoxin.
Three other proteins could not be identified unequivocally
(approximate molecular masses, 27 kDa, 35 kDa, and 80 kDa).
Enolase, DnaK, and peroxiredoxin were recombinantly ex-
pressed, blotted, and subjected to the same plasminogen over-
lay assay as the total cellular lysate (Fig. 1). Indeed, the re-
combinant proteins were identical in size to the putative
plasminogen receptors (Fig. 1). Antisera against the three pu-
tative receptors used in Western blots of total bacterial lysates
also detected protein bands of the same size (data not shown).

FIG. 1. Plasminogen binds to several meningococcal proteins. A
representative plasminogen overlay assay is shown for strain MC58.
Lane 1, silver staining of the total protein extract; lane 2, plasminogen
overlay assay; lane 3, negative control without the addition of plasmin-
ogen; lane 4, recombinant meningococcal enolase; lane 5, recombinant
meningococcal DnaK; lane 6, recombinant meningococcal peroxire-
doxin. At least six meningococcal proteins binding to plasminogen can
be identified in the overlay assay. Three of them could be identified by
N-terminal sequencing as enolase, DnaK, and peroxiredoxin. The
other bands have not yet been identified unequivocally.
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Using equimolar amounts of the recombinant proteins in the
overlay assays, DnaK was consistently found to bind less plasmin-
ogen than peroxiredoxin, which itself showed lower plasminogen
binding capacity than enolase. Assessment of plasminogen bind-
ing with nondenatured receptor proteins was performed in a
modified plasminogen overlay assay. Dilutions of recombinant
proteins, buffered in PBS, were dotted directly on a membrane.
Incubation with plasminogen and detection were performed as
described above for the overlay assays. In contrast to different
plasminogen binding capacities of denatured receptor proteins,
nondenatured enolase, DnaK, and peroxiredoxin recruited ap-
proximately equal amounts of plasminogen (Fig. 2A). No binding
of plasminogen to dotted albumin was detected, excluding non-
specific binding of plasminogen to dotted proteins.

Soluble receptors competitively inhibit binding of plasmin-
ogen to meningococci. To provide experimental evidence for
the binding specificities of the identified putative meningococ-
cal plasminogen binding proteins with plasminogen, recombi-
nant enolase, DnaK, and peroxiredoxin were used as compet-
itors in an N. meningitidis plasminogen binding assay. Binding
of plasminogen to meningococci was performed in the pres-
ence of different concentrations of soluble recombinant recep-
tor molecules, and the amounts of surface-bound plasminogen
were determined by ELISA (Fig. 3). Plasminogen binding to N.
meningitidis was inhibited by all three competitors. In contrast,
addition of albumin, a serum protein with a broad but nonspe-
cific binding capacity for other proteins, resulted in only a
small reduction of the plasminogen binding capacity compared
to the experiments performed without the addition of an in-
hibitor (Fig. 3). Inhibition of plasminogen binding was depen-
dent on the concentrations of the soluble receptors enolase,

DnaK, and peroxiredoxin. A 100-fold molar excess of the re-
ceptors resulted in an inhibition of 70% or more (P � 0.01).
Inhibition efficiencies were comparable for the three assayed
receptors. To unequivocally confirm the roles of the three
identified meningococcal plasminogen binding proteins in
plasminogen acquisition by N. meningitidis, construction of de-
letion mutants was attempted. However, several attempts did
not lead to successful construction of mutants that were defi-
cient for enolase or DnaK. As meningococci contain only one
copy of the genes encoding enolase and DnaK, these proteins
are likely to be essential for bacterial viability, as has been
shown previously for other pathogens, including S. pneumoniae
(8). In contrast, a deletion mutant for peroxiredoxin was con-
structed by insertion of an antibiotic resistance cassette. Plas-
minogen binding of this mutant was quantified by measuring
the bound plasmin activity after activation of plasminogen with
uPA. Plasmin activity was determined via cleavage of the plas-
min-specific chromogenic substrate S-2251. In an independent
approach, plasminogen binding of MC58 �perox was quanti-
fied in an ELISA and compared to that of the parental strain.
However, no difference in plasminogen binding or plasmin
activity could be detected between the �perox mutant and its
parental strain, suggesting that peroxiredoxin alone is not es-
sential to acquire bound plasmin activity at the meningococcal
surface (data not shown).

Plasminogen-receptor interaction depends on sequence and
structural motifs. C-terminal lysine residues have been de-
scribed as major binding sites for plasminogen. However, re-
cent results indicate that in some bacterial plasminogen recep-
tors, C-terminal lysine residues are not involved in complex
formation. In contrast, internal lysine-rich domains are critical
for the interaction between plasminogen and these receptors
(7, 8, 23). Meningococcal enolase and DnaK contain lysine
residues at the C termini of the proteins, whereas peroxire-
doxin contains a lysine residue in its penultimate C-terminal
position. To assess the contribution of the C-terminal lysine
residues to plasminogen binding, the C-terminal lysine residue
of enolase was replaced by alanine, the two C-terminal lysine
residues of DnaK were replaced by two alanines, and the

FIG. 2. Binding of plasminogen does not depend on C-terminal
lysine residues. The recombinant proteins His-6–enolase (Eno), His-
6–peroxiredoxin (Perox), and His-6–DnaK (DnaK) (A) and the re-
spective Lys-negative variants (B) were dotted directly on a membrane
to assess plasminogen binding of the native proteins by overlay assays.
Three, 1, and 0.3 �g of each protein were applied for the dot blot. In
this native binding assay, no difference in binding capacity could be
detected between the recombinant receptors (A) and their C-terminal
lysine-depleted variants (B), indicating that internal binding motifs are
responsible for plasminogen recognition. No significant signal could be
detected for albumin (A).

FIG. 3. Soluble recombinant receptor proteins competitively in-
hibit plasminogen binding to N. meningitides. Microtiter wells were
coated with 4 � 106 bacteria (strain MC58 �siaD), and plasminogen
(11 pM) was added to individual wells with increasing amounts of the
recombinant receptor proteins enolase (E), DnaK (D), and peroxire-
doxin (P) for 30 min at 37°C. The recombinant proteins were used in
50-fold (550 pM), 100-fold (1.1 nM), and 200-fold (2.2 nM) molar
excess over plasminogen. Plasminogen binding to bacteria without
inhibitor was set to 100%. Albumin (B), which displays nonspecific
binding capacities to a large number of proteins, was used as a negative
control. *, P � 0.001. The error bars indicate standard deviations.
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C-terminal Lys-Asn dipeptide of peroxiredoxin was replaced
by two alanines. The plasminogen binding capacities of wild-
type and mutant proteins were assessed in plasminogen overlay
assays after SDS electrophoresis. Under these conditions, the
binding capacities of the mutant DnaK and peroxiredoxin were
decreased. In contrast, no effect could be observed for enolase
(data not shown). To investigate the role of C-terminal lysine
residues for in vivo relevant binding of the native proteins to
plasminogen, dot blots were performed with nondenatured
wild-type and mutated recombinant receptors (Fig. 2B). In
contrast to the overlay assay, binding of plasminogen to the
lysine-depleted plasminogen receptors was not affected under
these conditions. All mutated receptors bound plasminogen as
well as the wild-type proteins did. This indicates that internal
binding motifs, rather than the C-terminal lysine residues, are
important for plasminogen recruitment by the meningococcal
receptor proteins.

Plasminogen binding proteins are expressed at the menin-
gococcal surface. The bacterial plasminogen receptors that
have been characterized so far immobilize plasminogen at the
bacterial surface and endow bacteria with a surface-associated
proteolytic activity. To characterize the surface accessibilities
of the putative meningococcal plasminogen receptors, antisera
were raised against recombinantly expressed meningococcal
enolase, peroxiredoxin, and DnaK. The specificities of the an-
tisera were confirmed in immunoblots using recombinant pro-
teins and total bacterial lysates. Each antiserum identified a
unique band in a total-protein lysate of N. meningitidis that was
identical in size to the bands detected in plasminogen overlay
assays. In contrast, no signals could be detected for N. menin-
gitidis with the respective preimmune sera in ELISA or by
fluorescence microscopy (data not shown). In crude outer
membrane preparations of N. meningitidis, all three putative
plasminogen receptors were clearly detectable using the anti-
sera (data not shown), although the majority of the proteins
were found in total cellular lysates, as would be expected from
proteins primarily present in the cytosol. To further corrobo-
rate the surface accessibility of peroxiredoxin, DnaK, and
enolase, flow cytometric analyses were performed using the
purified IgG fraction of the rabbit antisera, followed by FITC-
labeled anti-rabbit IgG for detection. The corresponding IgG
fractions from preimmune sera were used as negative controls,
and detection of Opc, a highly abundant outer membrane
protein, was used as a positive control. For all three putative
receptors, low but significant levels of surface-exposed protein
could be detected (Fig. 4). In contrast, on the �perox deletion
mutant, only signals near background levels were detectable.
In the control experiments, large amounts of Opc were de-
tected on strain MC58 (Fig. 4), whereas no Opc could be
detected on an Opc deletion mutant (data not shown). Trans-
mission electron microscopy with immunogold labeling was
used to visualize the surface association of the putative plas-
minogen receptors (Fig. 5). All three proteins could be de-
tected on the surfaces of intact meningococci. In contrast, no
labeling was detected using the preimmune sera from the same
animals used for antibody production instead of the antisera.
Coaccessibility of bound plasminogen and receptor molecules
was demonstrated by confocal microscopy. On the surfaces of
meningococci preincubated with plasminogen, each of the
three receptors and plasminogen were labeled by immune

staining and detected by confocal microscopy (Fig. 6). The
resolution of confocal microscopy did not allow detection of
colocalization of plasminogen and receptor molecules on a
molecular scale but gave evidence for the presence of enolase,
DnaK, and peroxiredoxin at least in the vicinity of plasminogen
on the outer membranes of meningococci. The surface acces-
sibility of meningococcal enolase, peroxiredoxin, and DnaK
was further investigated by ELISA. Using a molar standard of
recombinant proteins in the ELISA, the number of surface-
displayed receptor molecules per meningococcal cell was esti-
mated to be 9,560 
 2,322 molecules of peroxiredoxin, 502 

139 of enolase, and 199 
 31 of DnaK, confirming the results
of fluorescence-activated cell sorter analyses. Thus, with sev-
eral independent experimental approaches, the surface acces-
sibility of the meningococcal plasminogen receptors was dem-
onstrated.

Capsule and LPS influence binding of plasminogen to N.
meningitidis. Outer membrane-associated proteins of N. men-
ingitidis are shielded from recognition by host factors via a
polysaccharide capsule. In addition, the outer membrane of N.
meningitidis contains large amounts of negatively charged lipo-
polysaccharide (LPS), which can also affect the interaction of
meningococci with the host. To test whether capsule expres-
sion prevents plasminogen binding, wild-type serogroup B
strain MC58 was compared with an isogenic capsule deletion
mutant, MC58 �siaD, in plasminogen binding assays. The
binding capacity of the unencapsulated strain was enhanced to
about 140% of that of the wild-type isolate (plasminogen bind-
ing of strain MC58 �siaD, 146 
 21% compared to strain
MC58; P � 0.001). This indicates that although expression of
the capsule leads to slightly reduced binding, it does not pre-
vent plasminogen from coming into contact with the meningo-
coccal receptors. To examine the influence of the LPS on
plasminogen binding, different meningococcal mutants ex-
pressing truncated LPS carbohydrate moieties were used in
plasminogen binding and subsequent plasmin activity assays.
Interestingly, truncation of the alpha chain alone by inactiva-

FIG. 4. Flow cytometric analysis shows that meningococcal enolase
(eno), DnaK, and peroxiredoxin (perox) are present at the bacterial
surface. Bacteria were labeled with the IgG fraction of the rabbit
antisera raised against the three proteins. IgG fractions from preim-
mune sera were used as negative controls. Significantly higher signals
were detected with IgG fractions from sera than with IgG fractions
from preimmune sera (P � 0.01). The values are mean fluorescence
intensity times the percentage of labeled bacteria from three indepen-
dent experiments 
 the standard deviation. Signals measured on
�perox show background levels detected by the anti-peroxiredoxin IgG
fraction. Opc served as a control for an abundant meningococcal
surface protein. Significantly more peroxiredoxin than enolase or
DnaK was detected (P � 0.01).
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tion of the gene lgtA or pgm did not impair binding of plas-
minogen. In contrast, truncation of all three sugar chains in the
�rfaF mutant significantly enhanced binding of plasminogen
and plasmin activity in unencapsulated MC58 mutants (plas-
minogen binding of MC58 �siaD �rfaF, 202% compared to
MC58 �siaD; P � 0.001). Similar results were obtained for
encapsulated strains, although the net effect of LPS was lower
in the presence of the meningococcal capsule (plasminogen
binding of MC58 �rfaF, 123% compared to MC58; P � 0.01).
Therefore, only substantial truncations of meningococcal LPS
can increase plasminogen binding, and this effect occurs mainly
in unencapsulated variants of N. meningitidis.

Plasminogen is recruited to the N. meningitidis surface from
human serum and is protected against inactivation after con-
version to plasmin. To assess the functional relevance of the
meningococcal in vitro capacity for plasminogen binding, the
recruitment of plasminogen from human serum was investi-
gated. Meningococci acquired comparable quantities of sur-
face-bound plasmin activity after pretreatment with purified
plasminogen or after incubation with human serum and con-
secutive activation with uPA (Fig. 7A). Therefore, plasmino-
gen can be recruited to the meningococcal surface from serum.
Identical results were obtained with human saliva, which also
contains considerable amounts of plasminogen. These data

FIG. 5. Transmission electron micrographs of N. meningitidis strain MC58 �siaD demonstrate that enolase (A), DnaK (B), and peroxiredoxin
(C) are present at the surface of N. meningitidis. Magnification of single gold particles (right) clearly shows association with the outer membrane
(OM), which has been dissociated from the inner membrane by osmotic swelling. Enolase, DnaK, and peroxiredoxin were detected with rabbit
antisera and a gold-labeled anti-rabbit mouse monoclonal antibody. No signals were detected with the preimmune sera. The arrows indicate gold
particles in the lower magnification.
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indicate that no inhibition of plasminogen binding to N. men-
ingitidis and subsequent activation by uPA occurs in human
serum. To confirm the biological activity of bacterium-bound
plasmin, degradation of fibrinogen was examined after pre-
treatment of plasminogen-coated unencapsulated meningo-
cocci with urokinase. Degradation was illustrated in an immu-
noblot using anti-fibrinogen antibodies (Fig. 7B). After 30 min,
the amount of detectable intact fibrinogen was markedly de-
creased. After 120 min, only traces of fibrinogen had sustained
plasmin-mediated degradation. In control experiments, no
degradation was detected after the incubation of fibrinogen
with bacteria in the absence of plasminogen. In addition, in
control experiments in which the N. meningitidis-associated
plasminogen was not activated by uPA, no fibrinogen degra-
dation could be observed. Identical results were obtained with
the encapsulated strain MC58. In vivo, plasmin activity is subtly
controlled by plasmin antagonists like �2-antiplasmin. How-
ever, whereas free plasmin is rapidly inactivated by �2-antiplas-
min, plasmin activity resulting from receptor-bound plasmino-
gen is protected against inactivation. To test, whether binding
of plasminogen to N. meningitidis also results in protection of
activated plasmin against �2-antiplasmin, plasmin-coated bac-
teria were incubated with �2-antiplasmin. Whereas the activity
of free plasmin was completely abolished by �2-antiplasmin in
control experiments, a large percentage of N. meningitidis-
associated plasmin activity was protected against inactivation
(Fig. 7C). Degradation of fibrinogen by N. meningitidis-associ-
ated plasmin was not inhibited in the presence of �2-antiplas-
min, whereas degradation of fibrinogen by free plasmin was
completely abolished in the presence of �2-antiplasmin (data
not shown). Therefore, plasminogen recruitment can equip N.
meningitidis with proteolytic activity that is no longer con-
trolled by serum antagonists.

DISCUSSION

Many pathogenic bacteria have been shown to recruit host
plasminogen to their surfaces, thereby acquiring a broad-spec-
trum proteolytic activity. Known plasminogen receptors com-
prise proteins as heterogeneous as fimbriae (47), glycolytic
enzymes (5, 6, 46), and adhesion proteins (4). In this report,
three proteins of N. meningitidis have been shown to act as
plasminogen receptors. Although at least two of them (enolase

and DnaK) are considered to be primarily cytoplasmic, the
availability of enolase, DnaK, and peroxiredoxin at the sur-
face of N. meningitidis has been documented by flow cytome-
try, immune electron microscopy, confocal microscopy, and
ELISA. Enolase, a 46-kDa glycolytic enzyme, is highly con-
served in prokaryotes and eukaryotes. Even though no signal
peptide for secretion or localization to the outer membrane
has yet been identified, enolases of bacteria and eukaryotic
cells have been shown to be localized in the outer membrane
(11, 21, 43, 56, 60). Indeed, the recruitment of plasminogen to
cellular surfaces by enolase seems to be a conserved pattern in
different cells, including bacteria, fungi, and eukaryotic cells (5,
36, 38, 41, 46). A recent proteomic analysis identified enolase
and DnaK as components of outer membrane vesicles derived
from serogroup B N. meningitidis (24). DnaK is a protein of 67
kDa that belongs to the heat shock protein 70 family (10). The
members of this family function as chaperones involved in the
folding and transport of proteins within the cell. DnaK has
been shown to be present at the cellular surfaces of H. influ-
enzae after heat shock and confers binding to sulfated glyco-
lipids on this pathogen (26). In Listeria monocytogenes, DnaK
is also associated with the bacterial surface and has been im-
plicated in plasminogen recruitment (54). Peroxiredoxin, a
small protein of 24 kDa, is characterized by domains that are
common in reducing enzymes and electron transporters (Pfam
domains: glutaredoxin and AhpC-TSA). A peroxiredoxin ho-
mologue in Escherichia coli has been suggested to be localized
at the cell envelope (3, 44). Screening for potential vaccine
candidates against Bacillus anthracis revealed peroxiredoxin as
a surface-associated protein (1).

The presence of primarily cytoplasmic proteins that lack
known secretion signals at bacterial surfaces seems to be com-
mon in different species. The prerequisites for secretion of
these proteins are not yet understood. In S. pneumoniae, it has
been suggested that enolase released by frequently occurring
autolysis of the bacteria can be recruited to the surfaces of
intact bacteria (5). However, no similar mechanism could be
detected for any of the meningococcal plasminogen receptors
described in this study, although autolysis occurs at high levels
in the naturally competent species N. meningitidis (data not
shown). A recent genetic approach in C. albicans indicated that
in this pathogenic yeast, sequence motifs within the first 169

FIG. 6. Enolase (A), DnaK (B), and peroxiredoxin (C) were detected on the surfaces of meningococci preincubated with plasminogen.
Receptor molecules were detected by the respective rabbit antisera and a tetramethyl rhodamine isothiocyanate-labeled anti-rabbit antibody
(magenta). Plasminogen was detected with a goat anti-plasminogen antibody (1:1,000) and a FITC-labeled rabbit-anti-goat antibody (1:500) (blue).
The arrows indicate overlapping of receptor and plasminogen staining (light magenta).
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amino acids of enolase are sufficient for secretion of the pro-
tein (36). Furthermore, no proteolytic cleavage seems to be
involved in the secretion process, except perhaps the removal
of the N-terminal methionine (36, 54). Given the high degree
of conservation of molecules like enolase and DnaK in the
protein sequence, it is intriguing to speculate that there might
be a yet-unknown signal for protein export that has been con-
served over a long period in evolution (45).

The results presented strongly suggest the existence of in-
ternal plasminogen binding sites, as all three receptors showed
interaction with plasminogen independent of the C-terminal
lysine residues in their native form. Similar findings have been

documented for pneumococcal enolase, which also has a
9-amino-acid internal plasminogen binding motif (FYDKER
KVY) (8). Sequence homology searches of the meningococcal
receptors showed only weak similarities to the pneumococcal
plasminogen binding peptide, although several lysine-rich mo-
tifs could be found. Alternatively, plasminogen can bind to
arginine and histidine residues, as shown for a group A strep-
tococcal M-like surface protein (50) and a PAM-related pro-
tein (53). This also might explain plasminogen binding inde-
pendent of C-terminal lysine residues. Flow cytometric
analyses have shown that all three receptors are present at the
meningococcal surface, but at low levels. However, it is well
known from other bacterial pathogens that plasminogen re-
ceptors can be present at the cell surface at very low levels, as
plasminogen is highly abundant in many body fluids (serum
concentrations, �1.6 to 2 �mol/liter, roughly corresponding to
100 to 200 mg/liter) (2, 12, 35, 39). The presence of pneumo-
coccal enolase, which has been shown to act as the major
plasminogen receptor of S. pneumoniae, at the surfaces of
these bacteria has been studied in detail (29). Comparing these
data, N. meningitidis plasminogen receptors are present at the
meningococcal surface in at least the same quantity as pneu-
mococcal enolase (29). The overall number of enolase, DnaK,
and peroxiredoxin molecules was calculated in a quantitative
ELISA to be approximately 10,000. Although several aspects,
including polymerization of the proteins in vivo, could not be
considered in this estimation, the calculated number of recep-
tors is roughly in agreement with the data of Ullberg et al., who
calculated between 13,000 and 26,000 receptor molecules per
meningococcus (61), especially as the overlay assay suggests
the presence of further plasminogen binding proteins in N.
meningitidis. As attempts to identify these factors directly from
the overlay assay have failed so far, other approaches will be
necessary for their identification.

The contribution of the single identified meningococcal re-
ceptor to plasminogen recruitment by this pathogen is deter-
mined by different variables. Availability at the cell surface, the
number of exposed molecules, and the number of binding
epitopes per molecule are the crucial factors, whereas due to
the high concentration of plasminogen in human serum, the
affinity of the receptors is likely to be of minor importance. In
this context, it is noteworthy that the meningococcal capsule,
although diminishing surface plasminogen, prevents neither
plasminogen recruitment nor surface-associated plasmin activ-
ity in N. meningitidis. Identical results have been obtained for
pneumococci (5), indicating sufficient access of plasminogen to
the receptor molecules through the capsular polysaccharide. In
contrast to gram-positive S. pneumoniae, meningococci possess
an outer membrane that contains large amounts of LPS. Me-
ningococcal LPS has been shown to inhibit receptor-mediated
interaction of meningococci with eukaryotic cells (31). In ad-
dition, it has been demonstrated that a lack of repetitive O
antigen is essential for plasminogen activation by Y. pestis and
Salmonella enterica serovar Typhimurium (30). Similarly, in N.
meningitidis, plasminogen binding can be increased by modifi-
cation of the LPS carbohydrate moiety. However, only sub-
stantial truncations lead to a significant increase of plasmino-
gen binding, whereas alterations in the alpha chain of
meningococcal LPS, which can occur naturally due to phase

FIG. 7. (A) N. meningitidis can recruit plasminogen activity directly
from human serum. MC58 �siaD was incubated with either purified
plasminogen (PLG), 30% human serum (HS) (41) diluted in PBS, or
100% human serum washed and activated with uPA. Plasmin activity
was measured at 405 nm by degradation of the chromogenic substrate
S-2251. The activity detected after incubation with purified plasmino-
gen was set to 100%. (B) N. meningitidis-associated plasminogen can
cleave fibrinogen after activation by uPA. Purified fibrinogen was in-
cubated with either N. meningitidis alone (lane 1), plasmin (lanes 2 and
3), plasminogen-coated meningococci (lane 4), or plasminogen-coated
meningococci that were subsequently activated with uPA (lanes 5 to 7).
Fibrinogen degradation was detected in an immunoblot at different
time points (indicated in minutes at the bottom of each lane). (C) N.
meningitidis-associated plasmin activity is protected against inactiva-
tion by �2-antiplasmin. Plasmin activity was measured by S-2251 deg-
radation in the absence or presence of �2-antiplasmin. Lane 1, plas-
min; lane 2, plasmin plus �2-antiplasmin (activity in relation to lane 1);
lane 3, N. meningitidis-associated plasmin; lane 4, N. meningitidis-as-
sociated plasmin plus �2-antiplasmin (activity in relation to lane 3), �,
P � 0,001. The error bars indicate standard deviations.
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variation, do not seem to influence plasminogen recruitment or
activation.

Invasive meningococcal disease is initiated by a transloca-
tion of virulent N. meningitidis beyond the epithelial barrier of
the nasopharynx, which is the initial locus of colonization. The
mucosal cells of the nasopharynx are covered by a layer of
mucus (ECM) composed of a heterogeneous mixture of gly-
coproteins (mucins, collagens, elastin, fibronectin, and lami-
nin) and proteoglycans (chondroitin sulfate proteoglycan and
heparin sulfate proteoglycan). Some of these ECM proteins
also constitute the basal laminae and subepithelial tissue,
which support all epithelial and endothelial borders. The deg-
radation of ECM components and the activation of collage-
nases by plasmin can support colonization of the oropharynx
and may support meningococci in colonizing the deep crypts of
the tonsils. A similar strategy has been suggested for C. albi-
cans, which also colonizes the mucosal epithelia (18). In addi-
tion, N. meningitidis has been shown to interact with compo-
nents of the ECM, thus promoting integrin-mediated adhesion
and invasion (62). Therefore, surface recruitment of plasmin
by N. meningitidis might contribute not only to cell surface
accession and the establishment of intimate adhesion by de-
grading several of the ECM components but also to a release
of these components from the ECM network, which can then
lead to invasion of the bacteria. The proteolytic inactivation of
complement factors and antibodies is another possible mech-
anism by which surface-bound plasmin may support bacterial
survival on mucosal surfaces and in the blood, especially as
outer membrane vesicles, which can be shed in high numbers
by N. meningitidis during infection, contain at least two of the
identified plasminogen receptors (24). To further determine
the effects of surface-bound plasmin on meningococcal colo-
nization and invasion, more complex cell culture models will be
required. Investigation of such models will provide new knowl-
edge about the ways in which N. meningitidis colonizes and
invades its human host.
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