
INFECTION AND IMMUNITY, Feb. 2008, p. 466–476 Vol. 76, No. 2
0019-9567/08/$08.00�0 doi:10.1128/IAI.01261-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Streptococcus pneumoniae Choline-Binding Protein E Interaction with
Plasminogen/Plasmin Stimulates Migration across the

Extracellular Matrix�

Cécile Attali, Cécile Frolet, Claire Durmort, Julien Offant,
Thierry Vernet,* and Anne Marie Di Guilmi

Institut de Biologie Structurale Jean-Pierre Ebel UMR 5075, Laboratoire d’Ingénierie des Macromolécules, 41 rue Jules Horowitz,
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The virulence mechanisms leading Streptococcus pneumoniae to convert from nasopharyngeal colonization to
a tissue-invasive phenotype are still largely unknown. Proliferation of infection requires penetration of the
extracellular matrix, which occurs by recruitment of host proteases to the bacterial cell surface. We present
evidence supporting the role of choline-binding protein E (CBPE) (a member of the surface-exposed choline-
binding protein family) as an important receptor for human plasminogen, the precursor of plasmin. The
results of ligand overlay blot analyses, solid-phase binding assays, and surface plasmon resonance experiments
support the idea of an interaction between CBPE and plasminogen. We have shown that the phosphorylcholine
esterase (Pce) domain of CBPE interacts with the plasminogen kringle domains. Analysis of the crystal
structure of the Pce domain, followed by site-directed mutagenesis, allowed the identification of the plasmino-
gen-binding region composed in part by lysine residues, some of which map in a linear fashion on the surface
of the Pce domain. The biological relevance of the CBPE-plasminogen interaction is supported by the fact that,
compared to the wild-type strain, a mutant of pneumococcus with the cbpE gene deleted (i) displays a reduced
level of plasminogen binding and plasmin activation and (ii) shows reduced ability to cross the extracellular
matrix in an in vitro model. These results support the idea of a physiological role for the CBPE-plasminogen
interaction in pneumococcal dissemination into human tissue.

Streptococcus pneumoniae is a gram-positive commensal in-
habitant of the human respiratory tract and the most common
cause of noninvasive (otitis, sinusitis, pneumonia) and invasive
(sepsis and meningitis) diseases. Pneumococcal infections are
prevalent throughout the world, accounting yearly for the
death of 1.6 million people, according to the World Health
Organization. Most pneumococcal infection patients are chil-
dren under the age of 5, the elderly, and immunocompromised
individuals (37). The current prevention strategies based on
immunogenic properties of capsular polysaccharides rely on a
23-valent and a 7-valent conjugate vaccine, even though the
latter does not offer complete serotype coverage (3, 10, 26).
Pneumococcal infection treatments are impaired by the in-
creased number of clinical strains resistant to single or multiple
antibiotherapies (11, 39). There is a pressing need for the
development of a vaccine with a wider serotype coverage spec-
trum as well as for the development of new drugs. Surface-
exposed pneumococcal proteins are considered to be good new
therapeutic target candidates for two main reasons: (i) they
play roles in colonization and/or dissemination of S. pneu-
moniae within the host organism, and (ii) their high amino-
acid-sequence conservation among serotypes may lead to new
vaccine strategies protecting all age groups against a large
spectrum of serotypes (15, 23, 24).

Hundreds of proteins are exposed on the S. pneumoniae sur-
face through different attachment modes (25, 50). The choline-
binding proteins (CBPs) bind to the phosphorylcholine of cell
wall (lipo)teichoic acids through the choline-binding domain,
which consists of 2 to 10 repeats of a 20-amino-acid sequence
(19). CBPs can fulfill a variety of functions, including cleavage of
peptidoglycan bonds (LytA, LytB, LytC, and CBPD) and prote-
olysis (CBPG) (2, 14, 21, 42, 44). A role in pneumococcal viru-
lence has been attributed for most CBPs: PspA inhibits comple-
ment activation; CBPA is a major adhesin and interferes with the
host immune response; and CBPE and CBPG are involved in
nasopharynx colonization and adherence to human epithelial
cells (22, 27, 31, 33, 36, 40, 45, 46, 52, 54).

Proteolytic cleavage of the extracellular matrix (ECM) is a
prerequisite for bacterial invasion into host tissues. For inva-
sion to occur, pathogenic bacteria must recruit host proteases,
among them the plasminogen (Plg)-plasmin system (28, 49).
On gram-negative bacteria, fimbrial and flagellar surface ap-
pendages form a major group of Plg receptors (29). Among
group A and C streptococci, the M-like protein (PAM) and the
�-enolase have been identified as Plg receptors (4, 34, 53). The
interaction of S. pneumoniae with Plg has been shown to be
mediated by the glycolytic enzymes GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) and �-enolase (5–8, 16).

Plasmin is a broad-spectrum serine protease playing central
roles in fibrinolysis, inflammation, wound healing, tissue re-
modeling, and cell migration through ECM degradation (1, 13,
28, 38). The proenzyme Plg is a single-chain glycoprotein of 92
kDa composed of five kringle modules at the N terminus of the
plasmin catalytic domain. Plg binding to fibrin, to laminin (Lm)
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(a major glycoprotein of basement membranes), and to mam-
malian cells receptors is mediated by the Plg kringle domains,
the first three of which are called Lysine-Binding Site 1
(LBS-1) (28, 38).

This report focuses on the involvement of the CBPE in the
pneumococcal virulence process (22, 52). Interactions with
ECM components and blood circulating factors were investi-
gated, and recognition of recombinant purified CBPE with
respect to Lm and Plg was observed. The CBPE-Plg interac-
tion was further characterized as being restricted to the Pce
and LBS-1 domains, and some residues of Pce involved in this
interaction have been identified. It was shown that Plg bound
to CBPE at the bacterial surface and was competent for plas-
min activation. Finally, in an in vitro model of the ECM,
CBPE-dependent bound plasmin allowed the pneumococcus
to cross the ECM. Taken together, our results suggest that
CBPE plays a role in pneumococcal dissemination into human
tissue through interaction with the Plg-plasmin system.

MATERIALS AND METHODS

Pneumococcal strains. Streptococcus pneumoniae R6 is a nonencapsulated
derivative of strain R36A (Rockefeller University). The cbpE-inactivated R6
strain was constructed using the approach described by Fadda et al. (18) by
inserting the cat cassette in the cbpE locus, leading to the deleted mutant
cbpE::cat strain. The cbpE gene inactivation does not generate a polar effect on
downstream gene expression, according to a previous report (52). Wild-type and
mutant pneumococcal strains were cultured in Todd-Hewitt broth (BD Sci-
ences). Whenever required, pneumococcal bacteria were labeled with fluorescein
isothiocyanate (FITC). Bacteria from mid-exponentially grown cultures were
washed with phosphate-buffered saline (PBS) before incubation with FITC at 1
mg/ml in PBS for 20 min at room temperature. Bacteria were extensively washed
five times with PBS before use.

Production and purification of recombinant proteins. Cloning of the pce gene
encoding the catalytic domain of CBPE in pHIS8 has been previously described
(20). Cloning of the cbpE gene, which codes for the Pce and the choline-binding
domain, was performed using the same protocol. Genomic DNA from the R6
strain of S. pneumoniae was used as a template to amplify the gene by conven-
tional PCR methodology. Subsequently, the resulting PCR product was cloned
into the pLIM01 vector (Protein’eXpert SA, Grenoble, Switzerland) that had
been modified from pQE80 by insertion of patented sequences, allowing a
ligase-independent cloning procedure. The resulting construct, pLIM01/cbpE,
encodes the CBPE protein from Glu27 to Gln627 fused to a His6 tag at the N
terminus. A tobacco etch virus protease cleavage site was inserted between the
His6 tag and the N-terminal sequence of CBPE. DNA sequencing (Genome
Express, Grenoble, Switzerland) confirmed that no mutations had been intro-
duced during PCR. The pHIS8/pce construct was employed as the template DNA
for site-directed mutagenesis (51). All the mutant constructs were subsequently
sequenced; the results showed that only expected mutations were introduced
during PCR.

An overnight culture of the Escherichia coli BL21(DE3)-CodonPlus-RIL
(Stratagene) strain transformed with the expression vectors was used for inocu-
lation with 250 ml of Terrific Broth medium (Euromedex) supplemented with
100 �g/ml of ampicillin and 34 �g/ml of chloramphenicol and was cultured at
37°C. Protein expression was induced with 1 mM isopropyl-�-D-1-thiogalactopy-
ranoside for 16 h at 15°C. After cell lysis, recombinant proteins were recovered
from the soluble fraction and loaded onto a 1-ml prepacked HisTrap HP column
(catalog no. 17–5247-01; GE Healthcare). Lysis and column equilibration were
performed using 50 mM Tris-HCl (pH 8.0)–200 mM NaCl–20 mM imidazole.
After extensive washing, recombinant proteins were eluted with 20 to 500 mM
imidazole gradient in 50 mM Tris-HCl (pH 8.0)–200 mM NaCl buffer and
subsequently dialyzed against PBS (pH 7.4) before use for biological tests. The
degree of purity of each Pce variant was checked by silver-staining of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-polyacrylamide gel
electrophoresis). Protein concentrations were determined by absorbance mea-
surement at 280 nm and by using the Bradford assay (9).

Phosphorylcholine esterase activity. Enzymatic activities of wild-type and mu-
tant Pce variants were measured using p-nitrophenyl-phosphorylcholine (pNP-
PC) (catalog no. N5879; Sigma) as the substrate at 37°C in PBS (pH 7.4) in a

total volume of 200 �l. The activity was measured by use of a Fluostar Optima
luminescence reader (BMG) to monitor the increase in absorbance at 405 nm
due to production of pNP, whose quantification as a reaction product of Pce
activity had been previously calibrated with a standard curve. The concentration
of pNP-PC ranged from 0.1 to 2 mM, and each purified protein was used at 150
nM. Values for the kinetic parameters kcat and Km were determined by fitting the
data to a Lineweaver-Burk plot.

Fluorescence-based protein thermal stability assay. Assays were performed
using an IQ5 96-well format real-time PCR instrument (Bio-Rad) over a tem-
perature range starting at 293 K (20°C) and ranging up to 362.6 K (89.6°C) with
a heating rate of 1 K min�1. Assay samples of 25 �l consisted of 3.5 �g of each
Pce variant, 5 mM TCEP [Tris(2-carboxyethyl) phosphine], and 2 �l of 5,000�
Sypro Orange solution (Molecular Probes, Eugene, OR) diluted 1/100 in water.
Excitation and emission wavelengths of SYPRO Orange are 470 nm and 570 nm,
respectively. Protein thermal unfolding curves were monitored through closed-
circuit device camera detection of changes in fluorescence for the SYPRO
Orange environmentally sensitive dye (35). To determine the inflection point of
the melting transition and thus more accurately determine the melting temper-
ature (Tm), the first derivative was calculated.

Recombinant assay of binding of Pce to mammalian proteins. Solid-phase
binding assays were performed to measure binding of Pce to different proteins.
White 96-well microtiter plates (catalog no. 655074; Greiner Bio One) were
coated with 1 �g each of collagen IV, fibronectin, fibrinogen, Lm, and Plg
(catalog no. C5533, F3879, L2020, and P5661 [Sigma] and catalog no. 1051-407
[Boehringer]) and bovine serum albumin (BSA) as a control (catalog no. R369D;
Promega) in 100 �l PBS at 4°C overnight. Saturation was performed by adding
200 �l of PBS–2% BSA per well for 1 h. His-tagged Pce (200 pmol) was added
to each well, and the mixture was incubated for 2 h. Three washes were per-
formed for a total period of 30 min using 200 �l of PBS–0.03% Tween. His-
tagged bound Pce was detected by adding 100 �l of horseradish peroxidase-
conjugated anti-His antibody (catalog no. A7058; Sigma) (1:1,000 dilution) in
PBS–0.03% Tween 20–0.2% BSA per well for 1 h. Four washes with 200 �l
PBS–0.03% Tween 20 were performed. ECL solution (catalog no. RPN2209; GE
Healthcare) (100 �l) was added to each well, and chemiluminescence was mea-
sured using a multiwell luminescence reader (Fluostar Optima; BMG).

Ligand blotting overlay assay. A mixture of Plg (33 pmol), LBS-1 (catalog no.
P1667; Sigma) (20 pmol), and BSA (33 pmol) was electrophoresed on 10% or
12.5% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes,
which were subsequently saturated with PBS containing 0.3% Tween 20–5% milk
(blocking buffer). Membranes were then incubated with 1 �M of purified Pce or
CBPE in blocking buffer for 1 h. Successive 1-h incubations were conducted with
anti-Pce antibody and horseradish peroxidase-conjugated anti-rabbit antibody
(catalog no. A0545; Sigma), both diluted 1:10,000 in the blocking buffer, before
chemiluminescence detection with enhanced chemiluminescence.

SPR measurements. Surface plasmon resonance (SPR) measurements were
performed using a Biacore X instrument (Biacore AB, Uppsala, Sweden). Plg
(1.5 �g) or LBS-1 (2.5 �g) was covalently immobilized to the dextran matrix of
a CM5 sensor chip via the primary amine groups (amine coupling kit; Biacore
AB). The carboxymethylated dextran surface was activated by the injection of a
mixture of 0.2 M N-ethyl-N�-(diethylamino-propyl)carbodiimide and 0.05 M
N-hydroxysuccinimide. Ligands were injected in 10 mM sodium acetate buffer
(pH 4.0). Activation time, ligand concentrations, and contact time were adjusted
according to the desired extent of immobilization. The remaining N-hydroxysuc-
cinimide esters were blocked by the injection of 1 M ethanolamine hydrochloride
(pH 8.5). All immobilization steps were performed at a flow rate of 10 �l/min.
Immobilization levels for Plg and LBS-1 were 1,879 and 2,101 resonance units
(RU), respectively, for binding assays and 8,440 RU and 9,205 RU, respectively,
when conditions of limitation of mass transport were required. No protein was
immobilized on the control flow cell that underwent the activation and blocking
steps.

The active concentrations of bound CBPE and Pce were determined using
high-density Plg and LBS-1 sensor chips. These experiments were done under
conditions of mass transport limitation, because the rate of mass transport is
directly proportional to the ligand concentration such that when the rate of mass
transport is limiting, the rate of ligand binding to the surface provides a direct
measure of the ligand concentration and the signal is independent of the analyte-
ligand affinity at the surface (12). Various concentrations of CBPE and Pce were
injected during 1 min at flow rates ranging from 10 to 30 �l/min. Theoretical
calibration curves relating the initial slope to the concentration of CBPE or Pce
were established with BIAsimulation software (Biacore AB) and were used to
calculate the concentration of protein in the samples.

Binding assays were performed at 25°C in PBS buffer (pH 7.4) containing
0.005% (vol/vol) P20 surfactant. CBPE and Pce were injected at different con-
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centrations ranging from 10 nM to 8 �M at a flow rate of 30 �l/min. In all
experiments, association and dissociation phases ran for 120 s. The surface was
then regenerated with pulses of guanidinium chloride ranging from 0.1 M up to
1 M. Control sensorgrams were automatically subtracted from those obtained
with immobilized Plg and LBS-1.

Binding inhibition experiments were carried out using increasing concentra-
tions of a lysine analog, 6-amino hexanoic acid (6-AHA) (catalog no. A7824;
Sigma).

Bacterium-Plg binding assay. Solid-phase binding assays were performed to
measure binding of the R6 strain and the cbpE::cat mutant strains to Plg. Black
96-well microtiter plates (catalog no. 655077; Greiner Bio One) were coated with
1 �g of Plg or BSA in PBS at 4°C overnight. Following two washes with PBS, the
wells were blocked with 100 �l of PBS–1% BSA for 1 h. Identical washes were
performed, and 5·107 or 5·108 CFU of R6 and cbpE::cat FITC-labeled bacteria in
PBS–0.2% BSA were added to the wells for 2 h at 37°C. After five washes with
PBS, FITC fluorescence (excitation wavelength, 490 nm; emission wavelength,
520 nm) was measured on a multiwell fluorescence reader (Fluostar Optima;
BMG).

Plasmin activity assay. Different amounts of R6 and cbpE::cat strains (5·107 or
5·108 CFU) or 20 �g of BSA (as a negative control) was added to transparent
96-well microtiter plates (catalog no. 675801; Greiner Bio One), and efficient
deposition was ensured by low-speed centrifugation (5 min at 300 � g) before a
1-h incubation. After three washes with PBS, wells were blocked with 100 �l
PBS–1% BSA for 1 h. In each well, 2 �g of Plg was added in a 50-�l reaction
volume and incubated for 2 h at 37°C. After four washes with PBS, 50 �l of 50
nM streptokinase (catalog no. S8026; Sigma) was added and the mixture was
incubated for 30 min. After four washes with PBS, the plasmin chromogenic
substrate N-(p-Tosyl)-Gly-Pro-Lys 4-nitroanilide acetate salt (catalog no. T6140;
Sigma) (500 �M) was added in a final volume of 50 �l and incubated for 30 min
at 37°C. Absorbance at 406 nm was measured using a multiwell Fluostar Optima
spectrophotometer. In order to estimate the amount of plasmin activity gener-
ated on the surface of the bacteria, the maximal plasmin activity (used as positive
control) was measured in a final volume of 50 �l in a test tube as follows: 2 �g
of Plg was incubated with 25 �l of 100 nM streptokinase for 30 min before
addition of 25 �l of 1 mM plasmin substrate and subsequent incubation for 30
min at 37°C before absorbance was read.

In vitro ECM transmigration assay. A solution of reconstituted basement
membranes from mouse Engelbreth Holm Swarm sarcoma cells (catalog no.
326234; Matrigel BD Sciences) was diluted 1/10 in ice-cold Dulbecco’s modified
Eagle’s medium (DMEM); 150 �l was layered on a 3-�m transparent membrane
insert (catalog no. 662630; Greiner Bio One) and allowed to gel for 1 h at 37°C.
FITC-labeled R6 or cbpE::cat mutant strains (1·108 CFU in 100 �l of DMEM)
were incubated with or without 10 �g of Plg for 1 h at 37°C. After one wash,
bacteria were resuspended in DMEM and added to the upper compartment of
the transwell whereas the lower compartment contained 700 �l of DMEM
supplemented with 10% bovine calf serum. Addition of Plg activator was not
necessary, since Matrigel contains approximately 4.7 IU/mg of activators (32),
leading to a final concentration of 0.47 IU/mg in our experiments. The culture
chambers were incubated at 37°C with 5% CO2. FITC fluorescence present in
the lower compartment was read at different time intervals using a Fluostar
Optima fluorimeter.

Statistical analyses. Error bars correspond to standard errors of the means.
The statistical significance of the differences obtained in group comparisons was
determined by a Student’s t test. A P value � 0.01 was considered statistically
significant.

RESULTS

CBPE binds to Plg. The interactions between CBPE and var-
ious mammalian proteins commonly recognized by pathogenic
bacteria have been tested to investigate the role of this pneumo-
coccal surface-exposed protein in the virulence process. The
recombinant purified catalytic domain Pce was tested for inter-
actions in a solid-phase binding assay with various ECM compo-
nents and blood circulating factors (Fig. 1A). The results show
that Pce binds to Lm and Plg whereas responses to collagen IV,
fibronectin, and fibrinogen are not significantly different from
those seen with BSA, the negative control (Fig. 1A).

Due to the important role played by the eukaryotic host’s Plg
system in bacterial pathogenicity (28), we have selected the

CBPE-Plg interaction for a detailed analysis. Ligand blot over-
lay assays were used to confirm the interaction (Fig. 1B). Plg,
which migrates on an SDS gel as a single polypeptide chain of
92 kDa, was blotted onto a nitrocellulose membrane which was
incubated with purified recombinant proteins CBPE and Pce.
Both proteins recognize immobilized Plg, while no signal was
observed with BSA (67 kDa), a nonrelated protein (Fig. 1B,
panels a and b). Using the same approach, we observed that
the LBS-1 region, i.e., the three first kringle domains of Plg,
was also recognized by both CBPE and Pce (Fig. 1B, panel c,
lanes 1 and 2, respectively). These results indicate that CBPE
and Plg interact through their Pce and LBS-1 domains, respec-
tively.

SPR experiments also confirmed the interactions between
CBPE and Pce and between Plg and LBS-1 (Fig. 2). Binding of
Pce and CBPE to Plg (Fig. 2A and B) and LBS-1 (Fig. 2C and
D) was concentration dependent, and the sensorgrams are
simple exponentials showing curvature in the association phase
and signal decay in the dissociation phase. Since these data do
not fit to the simple 1:1 interaction model proposed by the
BIAevaluation software, calculation of kinetic parameters was
not pursued (41). However, in order to evaluate the relative
affinities of the interactions, we compared the individual bind-
ing profiles. The data were normalized, taking into account the
differences of the molecular weights of the analytes and the
different levels of ligand immobilization. Rmax was calculated
by using the equation:

(immobilized ligand RU) � (analyte molecular weight)/

(ligand molecular weight)

and the binding response was expressed as the percentage of
the differential response/calculated Rmax (Fig. 2E, F, G, and
H). The end point of the association phase was chosen to
compare the binding responses. The binding of CBPE or Pce
to Plg is 5 or 10 times higher than to LBS-1, respectively (Fig.
2E and F). When comparing the binding level of CBPE and
Pce to Plg and to LBS-1, in both cases only a very small binding
difference is observed (Fig. 2G and H). Taken together, the
SPR experiments indicate that the LBS-1 region is recognized
by both CBPE and Pce proteins and that the strongest inter-
actions are established between CBPE and Plg through the Pce
domain.

SPR experiments are usually designed to calculate kinetic
parameters. The sensorgrams presented in this article fulfill
biosensor criterion expectations (41). However, despite various
trials to optimize experimental conditions and controls (i.e.,
surface binding capacity after regeneration procedure and de-
termination of active concentrations), no mathematical data fit
could be obtained with the 1:1 simple interaction model pro-
posed by the BIAevaluation software. Even though satisfying
statistics for Chi2 values were obtained with complex interac-
tion data fit models, these were not employed in the absence of
independent experimental evidence for a complex model of
interaction.

Since ligand binding to the kringle domains of Plg usually
involves lysine residues, this possibility was investigated in the
CBPE system. We employed SPR to measure the binding of
CBPE and Pce to immobilized Plg and LBS-1 in the presence
of different concentrations of 6-AHA, a lysine analog (29)
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(Table 1). The RU responses reached at the end of the asso-
ciation phase were used to calculate the relative levels of in-
hibition. A 6-AHA dose-dependent inhibition of CBPE and
Pce binding to Plg was observed, with the level of inhibition
reaching 74% and 73%, respectively, when a 200:1 ratio of
6-AHA:protein was employed (Table 1). Higher inhibition val-
ues were measured when LBS-1 was challenged, since binding
of Pce and CBPE was inhibited by up to 98% and 95%, re-
spectively (Table 1). These observations suggest that the rec-
ognition between CBPE and Pce and between Plg and LBS-1
is mediated by lysine residues.

Identification of the Plg binding site harbored by the Pce
domain. We then set out to identify with respect to Pce the
lysine residues involved in binding to Plg/LBS-1 by mutating a
series of lysine residues. Initial attempts to do alanine scanning
resulted in mutated proteins that were insoluble; therefore, we
decided to mutate selected lysine residues into glutamate res-
idues. This replacement was selected on the basis of a proce-
dure involving conserving of the lateral chain length while
altering the side chain charge. Analysis of the three-dimen-

sional structure of Pce (20) allowed us to exclude solvent-
inaccessible lysine residues (i.e., lysines 134 and 250) as well as
those whose accessibility is impaired by the vicinity of the
choline-binding domain (lysines 84, 96, 156, 308, and 330). In
addition, isolated exposed residues such as lysines 32, 102, 135,
238, and 296 were not considered due to the observation that
the Plg binding sites are notably formed by clusters of lysine
residues (43) (Fig. 3A).

Initially, single- and double-mutated proteins of the Lys 221-
Lys 222 and Lys 201-Lys 202 pairs were constructed. Mutations
at sites 221 and 222 yielded insoluble proteins, while those at
sites 201 and 202 generated molecules whose properties of
binding to Plg were unchanged in comparison with wild-type
Pce properties (data not shown). Subsequently, lysine residues
217, 245, 259, 263, 267, 284, and 319, which are clustered and
form a solvent-exposed linear patch (Fig. 3A), were mutated
either alone or in combination.

All the recombinant mutant proteins were expressed in E.
coli in soluble form and purified by nickel affinity chromatog-
raphy. Thermal stability measurements and phosphorylcholine

FIG. 1. Binding of soluble CBPE variants to immobilized Plg by solid-phase binding assay and ligand blot overlay assay. (A) His-tagged Pce
(200 pmol) was incubated for 2 h on 1 �g each of proteins (collagen IV, fibronectin, fibrinogen, Lm, Plg, and BSA) coated on 96-well plate. Pce
binding was quantified by chemiluminescence reading after extensive washes and incubation with horseradish peroxidase-conjugated anti-His
antibody. This assay was performed twice in triplicate wells; data representing the results of a representative experiment are shown. The Lm and
Plg values were significantly different from the BSA values as indicated (*, P � 0.01). (B) Plg (33 pmol), BSA (33 pmol), and LBS-1 (20 pmol)
were subjected to electrophoresis on 10% or 12.5% SDS-polyacrylamide gels and transferred to a nitrocellulose membrane. Panel a, lane 1,
immobilized Plg; lane 2, immobilized BSA (1 �M CBPE overlay). Panel b, lane 1, immobilized Plg; lane 2, immobilized BSA (1 �M Pce overlay).
Panel c (immobilized LBS-1), lane 1, 1 �M CBPE overlay; lane 2, 1 �M Pce overlay. The molecular mass values (in kilodaltons) are represented
at the left of each Western blot.
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FIG. 2. SPR measurements of CBPE/Pce interactions with Plg/LBS-1. Plg and LBS-1 were coated on a Biacore CM5 sensor chip; CBPE and
Pce were the analytes (flow rate, 30 �l/min; injected volumes of 60 �l). Data represent overlays of sensorgrams resulting from the injection of
different concentrations of recombinant CBPE and Pce over immobilized Plg and LBS-1 as follows: Pce (50 nM to 2 �M) over Plg (A); CBPE (10
nM to 250 nM) over Plg (B); Pce (200 nM to 8 �M) over LBS-1 (C); CBPE (80 nM to 1 �M) over LBS-1 (D). The blank run was subtracted from
each sensorgram. (E, F, G, and H) SPR results showing binding of CBPE or Pce to immobilized Plg or LBS-1 were compared. Data are expressed
as percentages of the Rmax calculated as follows: (differential response [Resp. Diff.]/calculated Rmax) � 100. The Rmax was calculated as follows:
(immobilized ligand RU) � (analyte molecular weight)/(ligand molecular weight).
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esterase activity tests were performed for all variants in order
to assess proper folding and stability (Table 2). The fluores-
cence-based thermal stability assay distinguishes folded and
unfolded proteins through recognition of exposed hydrophobic
areas (17, 35). Consequently, the unfolding process is moni-
tored as a function of temperature, with the Tm value being
defined as the midpoint of the folded protein-unfolded protein
transition. Small differences were observed for all Pce mutants
compared to the wild-type protein, which undergoes a minor
transition at 46°C and a major unfolding stage at 64°C (Table
2). The observed Tm values are still within the range of stability
measured for protein of mesophyl organisms and are unlikely
to affect substantially the behavior of the mutated proteins. We
have also measured the kinetic parameters of all the Pce vari-
ants by use of the pNP-PC substrate (Table 2). Some signifi-

TABLE 1. SPR inhibition experimentsa

6-AHA:protein
molar ratio

Inhibition of
Pce binding

to immobilized
Plg (%)

Inhibition of
CBPE binding
to immobilized

Plg (%)

Inhibition of
Pce binding

to immobilized
LBS-1 (%)

Inhibition of
CBPE binding
to immobilized

LBS-1 (%)

10:1 20/31 20/39 65/73 67/73
30:1 43/46 44/44 86/82 82/85
50:1 56/65 49/51 90/85 84/87
100:1 67/68 58/64 93/94 91/92
200:1 74/72 74/74 100/95 97/92

a Pce (800 nM and 8 �M) and CBPE (250 nM and 2 �M) were injected with
various concentrations of 6-AHA corresponding to molar inhibitor:protein ratios
of 10:1, 30:1, 50:1, 100:1, and 200:1 over immobilized Plg or LBS-1. The results
are expressed as percentages of inhibition of the binding measured in the ab-
sence of competing 6-AHA. The percentage values obtained from the results of
two independent experiments are reported as paired data.

FIG. 3. Lysine residues of Pce domain involved in Plg binding. (A) Key lysine residues on the Pce domain involved in Plg binding are
represented on a Pce structure. Lysine residues not analyzed due to protein insolubility are colored orange and shown as lines. Mutated lysines
which did not influence the Plg binding are shown in blue and as sticks. Lysine residues defining the linear cluster of the Plg binding site are figured
in magenta and shown as sticks (Protein Data Bank entry 1WRA). (B) Pce mutants binding to immobilized Plg was measured by SPR and
solid-phase binding assays. Pce proteins (500 nM) were injected over immobilized Plg (flow rate, 30 �l/min; injected volumes of 60 �l) in the SRP
experiments. Binding of wild-type (WT) Pce to Plg at the end of the association phase was defined as 100%. In the solid-phase binding assays, 200
pmol of His-tagged wild-type and mutant Pce was incubated for 2 h on Plg coated onto a 96-well plate. Binding of wild-type Pce to Plg was defined
as 100%. The solid-phase binding assay was performed three times in triplicate wells. The standard error was derived from the results of three
independent experiments. Plg binding values of Pce mutants were significantly different from that of wild-type Pce (100%) as indicated (*, P �
0.01). N-term, N terminus; C-term, C terminus.
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cant differences were observed, likely originating from a charge
effect resulting from interaction between the mutated residues
(Lys to Glu) and the positively charged choline substrate (20).
In conclusion, all individual lysine replacements for glutamate
in Pce that were investigated maintained the overall protein
structure.

The binding response of the Pce variants was tested with
immobilized Plg by SPR and by solid-phase binding assays; the
data were expressed as percentages of the wild-type Pce value,
and the results show that these independent, distinct tech-
niques gave similar responses (Fig. 3B). Single-point mutations
of lysines 245, 263, and 284 gave rise to an increase in the level
of Plg binding to 280% for Lys245Glu and 200% for
Lys263Glu and Lys284Glu (average values as obtained using
both techniques). These observations suggest that glutamate
residues introduced at position 245, 263, or 284 of Pce stabilize
its interaction with Plg (Fig. 3B). Three mutations induced a
decrease in Plg binding: Lys259Glu and Lys267Glu Pce mu-
tants bound Plg with 80% of the wild-type efficiency, while
Lys319Glu displayed much larger reductions of 50% and 21%
as detected by SPR and solid-phase binding assays, respec-
tively. Double Pce mutants bound Plg at 70% compared with
wild-type protein results, while the triple mutant Lys259Glu/
Lys267Glu/Lys319Glu displayed 30% of Plg binding capa-
bility. These results support the idea of a role for lysine
residues 259, 267, and 319 in the Plg recognition by Pce
(Fig. 3A).

Native CBPE exposed at the surface of the pneumococcus is
a Plg receptor. The specific binding of FITC-labeled strain R6
and the specific binding of cbpE-deleted pneumococcus to Plg
were compared using a solid-phase binding assay. Increasing
bacterial concentrations led to a dose-dependent binding to
Plg for R6 but not when Plg was replaced by BSA as a negative
control (Fig. 4A). Incubation with 5·108 CFU led to a level of
mutant binding reduced by half compared to the wild-type
binding (Fig. 4A). As expected, binding to Plg was not totally
abolished in the cbpE mutant strain, as other pneumococcal
surface proteins are known to interact with Plg (5).

Plg bound through CBPE at the pneumococcal surface can
be activated into plasmin. An assay dedicated to the measure-

ment of plasmin activity was set up in order to check whether
bacterium-associated Plg could be activated into plasmin. Dif-
ferent amounts of FITC-labeled R6 or cbpE mutant strains
were coated on 96-well plates. Plg was added, and streptoki-
nase was used to activate Plg into plasmin, whose enzymatic
activity was measured using a synthetic substrate (Fig. 4B). The

FIG. 4. Binding of Plg to pneumococcus and activation into plas-
min. (A) FITC-labeled R6 wild-type cells (gray bars) and cbpE::cat
mutant cells (black bars) (5·107 and 5·108 CFU) were incubated for 2 h
at 37°C on 1 �g of Plg (black bars) or BSA (gray bars) coated onto
96-well plates. After five washes, the fluorescence of FITC was mea-
sured. All experimental point determinations were repeated eight
times in each single assay, and four independent binding assays were
performed. The standard error was derived from the results of the four
independent experiments. The Plg binding values of the cbpE mutant
strain were significantly reduced compared to the values of the paren-
tal strain R6 as indicated (*, P � 0.01). (B) R6 wild-type cells (gray
bars) and cbpE mutant cells (black bars) (5·107 and 5·108 CFU) were
deposited on 96-well plates and incubated with 2 �g of Plg for 2 h at
37°C. Streptokinase was added, and the proteolytic activity was mea-
sured at 406 nm after addition of the plasmin substrate. The positive
control value obtained when 2 �g of Plg was activated into plasmin in
a test tube by use of streptokinase in the absence of bacteria was
defined as the 100% activity. The absorbance value of the negative
control (20 �g of BSA instead of bacteria) was subtracted from the
reading absorbance values obtained under the different tested condi-
tions. The plasmin activity assay was performed three times, and each
point determination was repeated eight times in each assay. The stan-
dard error was derived from the results of three independent experi-
ments. The absorbance values reflecting plasmin activity on the cbpE
mutant strain were significantly reduced compared to the values of the
plasmin activity on the parental R6 strain as indicated (*, P � 0.01).
OD, optical density.

TABLE 2. Kinetic parameters and thermal stability of the Pce
variant proteinsa

Protein Tm (°C) Km (mM) kcat (s�1)

Wild type 46/64 0.631 5.11
K217E 44/64 0.608 6.38
K245E 44/67 0.106 1.28
K259E 44/65 0.795 6.38
K263E 42/66 0.470 6.38
K267E 43/65 0.608 6.38
K284E 44/63 0.278 1.91
K319E 43/64 0.743 5.11
K259E/K319E 43/62 0.222 3.83
K267E/K319E 40/64 0.743 6.38
K259E/K267E 38/62 0.8 11.49
K259E/K267E/K319E 46/64 0.608 8.94

a Tm values were determined from a protein thermal stability assay using 3.5
�g of protein and 5 mM TCEP, with SYPRO orange as the environmentally
reporter dye. PCho esterase activity measurements were performed using PBS
(pH 7.4) at 37°C, and data were fitted using the Michaelis-Menten equation and
the Lineweaver Burk plot from which Km and kcat values were determined.
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results indicate that Plg bound at the surface of the R6 paren-
tal strain can be activated into plasmin, reaching up to 60% of
the maximum expected plasmin activity (Fig. 4B). When the
cbpE mutant was assayed, the plasmin activity generated was
reduced by at least 50% compared with the wild-type pneu-
mococcal strain results (Fig. 4B). These experiments show that
about half of the plasmin activity associated with the S. pneu-
moniae surface is mediated by the interaction of CBPE with
Plg. In the course of these experiments, no conversion of Plg
into plasmin was detected in the absence of streptokinase,
indicating that S. pneumoniae does not express a functional
endogenous Plg activator (data not shown).

Plg/plasmin bound to CBPE stimulates pneumococcus
transmigration through the ECM. Degradation of ECM by the
plasmin bound to the surface of pneumococcus was monitored
using Matrigel, a commercially reconstituted basement mem-
brane composed of Lm, collagen, heparan sulfate, and nido-
gen. Semipermeable transwell membranes were coated with
Matrigel, and FITC-labeled pneumococcal cells were added in
the upper compartment in the presence or absence of Plg.
Activation of Plg in plasmin was unnecessary, since Matrigel
harbors Plg activators (32). The migration kinetic of the bac-
teria across Matrigel was measured by monitoring, over time,
bacterial fluorescence in the lower compartment. We verified
in a control experiment that FITC is not released from the
bacterial surface upon activation of Plg in plasmin. Therefore,
the level of fluorescence in the lower compartment reflects the
number of bacteria. The fraction of bacteria migrating across
Matrigel was calculated as the ratio of the fluorescence level
measured in the lower compartment to the level of the fluo-
rescence present in the upper compartment at the beginning of
the experiment (Fig. 5). In the presence of Plg, the wild-type
R6 strain crossed the reconstituted basement membrane more

rapidly than the cbpE mutant: 50% of wild-type bacteria
reached the lower compartment in about 5 h compared to
about 13 h for the mutant strain (Fig. 5). In addition, the rate
of transmigration by the mutant strain bound to Plg was similar
to that of the R6 strain in the absence of Plg (Fig. 5). These
results demonstrate that plasmin linked to the pneumococcal
surface stimulates migration across the reconstituted basement
membrane, likely by cleaving ECM components.

DISCUSSION

S. pneumoniae is the main causative agent of respiratory
infections leading yearly to the death of about 1.6 million
people. Due to the significant levels of drug resistance devel-
oped by this human pathogen, the need of new antibiotics
and/or vaccines is pressing. Surface-exposed proteins, which
play multiple roles in the virulence process, are considered
potential target candidates, and their therapeutical validation
requires structural and functional characterization.

In this report, we show that CBPE is the first member of the
choline-binding protein family characterized as a receptor for
human Plg/plasmin. Interaction between the Pce domain of
CBPE and Plg involves lysine residues, as shown in vitro using
a lysine analogue molecule. Mutagenesis experiments support
the idea of a role in the interaction with Plg for three neigh-
boring lysines (319, 259, and 267) pointing in the same direc-
tion and aligned on the surface of Pce (20). The geometry of
this lysine alignment appears to be significant, as lysines 201
and 202 and lysine 217, located away from and misaligned with
respect to the linear cluster, respectively, do not contribute to
the interaction. Surprisingly, we observed that the presence of
glutamate in place of Lys245, Lys263, and Lys284 increased Plg
recognition, suggesting that negative charges may be involved

FIG. 5. Pneumococcus transmigration across Matrigel. FITC-labeled R6 and cbpE mutant strains (1·108 CFU in 100 �l of DMEM) were
incubated with or without 10 �g Plg. After washes, bacteria were added to the upper well of the transwells whose membranes were coated with
Matrigel. The culture chambers were incubated at 37°C with 5% CO2, and FITC fluorescence levels in the lower well were read at time intervals
to monitor bacteria Matrigel penetration. The percentage of bacteria capable of degrading Matrigel was calculated as the ratio between the
fluorescence measured in the lower compartment and total bacterial fluorescence. Filled symbols, wild-type R6 strain; empty symbols, cbpE-deleted
mutant; solid lines, with Plg; dashed lines, without Plg. The assay was performed three times using triplicate wells.
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in the interaction, as described for the pneumococcal enolase.
Indeed, mutations of the charged residues in the binding motif
of the internal nonapeptide, alone or in combination with the
lysine residues, abolished the enolase-based Plg binding prop-
erty of the bacteria (8). Another example concerns the Plg-
binding group A streptococcal M protein (PAM) Plg binding
site: the three-dimensional structure of the complex formed
with the recombinant kringle-2 domain of human Plg was
solved previously (43). Structural study combined with a site-
directed mutagenesis approach identified arginine, histidine,
and glutamate, in addition to the expected lysine, as key resi-
dues mediating high-affinity binding of PAM to Plg (43, 48).
Similar results were observed with the group A streptococcal
M protein-related protein Prp, which binds Plg via arginine
and histidine residues additionally to lysine residues (47).

The identification of the internal nonapeptide Plg binding
site in the pneumococcal enolase was performed by use of
spot-synthesized peptides, and the minimal Plg-binding motif,
acting as a linear peptide, was determined previously (8). The
crystal structure of pneumococcal enolase showed, a posteri-
ori, that the C-terminal lysines are buried within the oligomer
and are thus unlikely to be involved in Plg recognition whereas
the internal nonapeptide is exposed at the surface and could be
accessible to Plg (5, 8, 16). In this work, a different approach
was used to identify residues involved in the Pce-Plg binding
site as follows: (i) lysine residues were investigated, as the
binding on LBS-1 was abrogated by the lysine analog 6-AHA;
and (ii) analysis of the three-dimensional structure of Pce
identified solvent-accessible lysine residues which, in addition,
were aligned in a cluster (20, 43). This screening procedure
identified some residues involved in the interaction of CBPE
with Plg and, more importantly, mapped the Pce structural
region whose charged residues, likely to participate in the
interaction with Plg, need to be further investigated.

Two pneumococcal proteins, enolase and GAPDH, have
been previously described as Plg receptors. The affinity values
for enolase and GAPDH, as measured by SPR using the het-
erogenous ligand model, were KD1 (equilibrium dissociation
constant 1) 	 0.55 nM to KD2 	 86.2 nM and KD1 	 0.43 �M
to KD2 	 0.16 nM, respectively, indicating a lower affinity of
GAPDH for Plg (5–8).

Genetic deletions of enolase and GAPDH genes are not
possible because of their essential roles in pneumococcus me-
tabolism. Therefore, we took advantage of the dispensability of
CBPE to analyze the relevance of Plg interaction with the
surface of the bacteria. Indeed, Plg binds to the native surface-
exposed CBPE in a manner suitable for subsequent activation
into plasmin. In addition, we have observed that both Plg
binding and plasmin activation were reduced by about half in
the absence of the cbpE gene, confirming the effect of other
surface proteins in these processes. Indeed, when the enolase
Plg internal binding site was mutated in S. pneumoniae D39,
Plg binding was reduced to about 50% compared to the results
seen with the wild type (8). Because independent inactivation
of Plg binding properties of enolase or CBPE led to a 50%
reduction of Plg binding, it is likely that these two proteins are
the dominant Plg receptors at the pneumococcus surface.
However, in addition to GAPDH, enolase, and now CBPE,
other pneumococcal proteins could be involved in Plg binding,
as overlay experiments detected eight proteins (5). Plg recog-

nition by S. pneumoniae most probably depends on several
receptors whose expression may be regulated by factors such as
tissue localization, infection stage, and host immune response.

CBPE harbors phosphorylcholine esterase activity which re-
moves the phosphorylcholine residues from cell wall teichoic
acid and lipoteichoic acid. Consequently, in the cbpE-deleted
strain, a higher level of phosphorylcholine residues might in-
crease the level of CBPs exposed on the surface of the bacteria.
It is difficult to predict the consequences of these alterations of
the phosphorylcholine and CBP molecular landscape at the
pneumococcal surface for the capture of Plg and for the re-
sulting interactions with the extracellular matrix and cell sur-
faces.

Pneumococcus transmigration across the basement mem-
brane in an in vitro model was specifically stimulated when the
bacterial surface was loaded with Plg/plasmin, and this effect
required the cbpE gene. Transmigration likely results from
hydrolysis of the Matrigel ECM components by plasmin. A
similar observation has been reported by Bergmann et al. (7),
by whom plasmin, associated to pneumococcus, was shown to
degrade the ECM in an enolase-dependent manner. Our ob-
servation of a slower penetration through the ECM in the
absence of CBPE-mediated surface-bound Plg/plasmin may
suggest that endogenous pneumococcal surface or secreted
proteases such as IgA, PrtA, the heat shock serine protease
HtrA, and the putative zinc metalloproteinase ZmpB may par-
ticipate cooperatively in the process.

Our results support the idea of a role for the CBPE-Plg/
plasmin complex on the pneumococcus surface in the progres-
sion and the dissemination of the bacteria into the human host.
The capture by the pneumococcus surface of Plg from the
plasma and subsequent maturation in the active protease plas-
min may facilitate the migration of bacteria through tissue
barriers, such as the epithelium and endothelium layers, via
degradation of the ECM. Furthermore, CBPE may interact
with the ECM through Lm, as we have shown that it binds to
this component of the ECM. This observation is reminiscent of
the laminin-binding property of enterobacterial fimbriae,
which also function as a Plg receptor (30).

The multiplicity of virulence factors associated with pneu-
mococcus that interact with the Plg/plasmin system (enolase,
GAPDH, and CBPE) necessitates a deeper understanding of
the pneumococcus-Plg relationship. Future work will address
the question of the selective advantage during host coloniza-
tion and infection of the Plg/plasmin system recruitment and
of the relevance of the various receptors for host tissue local-
ization and invasion.
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