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Binding to plasminogen (Plg) enables bacteria to associate with and invade host tissues.
The cell wall protein PbsP significantly contributes to the ability of group B streptococci, a
frequent cause of invasive infection, to bind Plg. Here we sought to identify the molecular
regions involved in the interactions between Plg and PbsP. The K4 Kringle domain of the
Plg molecule was required for binding of Plg to whole PbsP and to a PbsP fragment
encompassing a region rich in methionine and lysine (MK-rich domain). These interactions
were inhibited by free L-lysine, indicating the involvement of lysine binding sites in the Plg
molecule. However, mutation to alanine of all lysine residues in the MK-rich domain did not
decrease its ability to bind Plg. Collectively, our data identify a novel bacterial sequence
that can interact with lysine binding sites in the Plg molecule. Notably, such binding did not
require the presence of lysine or other positively charged amino acids in the bacterial
receptor. These data may be useful for developing alternative therapeutic strategies aimed
at blocking interactions between group B streptococci and Plg.
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INTRODUCTION

Awide variety of bacterial species are capable of interacting with plasminogen (Plg), a process that is
thought to enhance their ability to colonize and invade host tissues (Lottenberg et al., 1994; Boyle
and Lottenberg, 1997; Lahteenmaki et al., 2001; Walker et al., 2005; Sanderson-Smith et al., 2012;
Fulde et al., 2013). Plg is produced in the liver and is released in plasma, where it reaches elevated
concentrations (around 200 mg/l or 2 mM). Lower amounts of this protein are associated with
various types of tissues, in which Plg is found predominantly on the cell surface and in the
extracellular matrix. The presence of Plg on the surface of host cells can enhance microbial
adherence, as shown using epithelial cells (Papasergi et al., 2010; Bhattacharya et al., 2012; Agarwal
et al., 2013). Moreover, soluble Plg can be recruited from plasma or exudates to microbial surfaces to
be converted to plasmin (Pl), an active form of the molecule endowed with potent protease activity
(Castellino and Ploplis, 2005). By this mechanism, surface-associated plasmin can contribute to
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degradation of the extracellular matrix and fibrin barriers,
leading to tissue disruption and hematogenous dissemination
to distant organs, such as the brain (Bhattacharya et al., 2012;
Peetermans et al., 2016).

The mature circulating form of Plg (791 amino acids, 93 kDa)
bears an Activation Peptide (AP) domain followed by 5 Kringle
domains (K1–K5, each displaying three loops and three intra-
domain disulfide bridges) and by the S1 Peptidase Domain
(SPD) at the C-terminal region (Claeys et al., 1976; Castellino
and Powell, 1981). The Kringle domains of Plg are able to
interact via their lysine-binding sites (LBS) with multiple
ligands, including host Plg receptors/targets, such as fibrin and
a2 anti-plasmin, and bacterial proteins (Castellino and
McCance, 1997; Bhattacharya et al., 2012). The Kringle LBS
interact not only with lysine residues present in Plg-binding
proteins, but also with free L-lysine and with the analogous
zwitterionic ligand ϵ-aminocaproic acid (EACA). EACA inhibits
fibrinolysis by competing with fibrin for binding to LBS in the Pl
molecule and is used to treat acute bleeding disorders. Structural
analysis of Kringle domains indicates that LBS consist of shallow
surfaces bearing a dipole in which the opposite charges are
separated by a hydrophobic region of highly conserved
aromatic residues (Tulinsky et al., 1988). LBS in Kringle
domains bind free lysine and EACA in the following order of
affinity: K1 > K4 > K5 > K2 (Lin et al., 2000; Sun et al., 2002)
while the K3 domain displays only slight lysine-binding activity.
Streptokinase and staphylokinase are extracellularly secreted
products of, respectively, Streptoccoccus pyogenes and
Staphylococcus aureus that directly bind and activate Plg
(Verhamme and Bock, 2014; Verhamme et al., 2015; Nguyen
and Vogel, 2016; Rafipour et al., 2019). Other extracellular
proteins, such as Skizzle from GBS, and surface-associated Plg-
binding bacterial products (often referred to as bacterial Plg
receptors), rely instead on external activators, such as host-
derived uPA or tPA, for conversion of bound Plg into Pl
(Wiles et al., 2010; Peetermans et al., 2016). Bacterial Plg
receptors include “moonlighting” cytoplasmic enzymes, such as
a-enolase and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Winram and Lottenberg, 1996; Pancholi and
Fischetti, 1998; Bergmann et al., 2003; Seifert et al., 2003; Boël
et al., 2005) as well as specialized lipoproteins or cell wall
proteins, such as Plg-binding streptococcal M- and M-like
proteins (Berge and Sjobring, 1993; Wistedt et al., 1995;
Ringdahl and Sjobring, 2000; Bhattacharya et al., 2012). A
common feature of bacterial surface Plg receptors is their
ability to interact with LBS, as indicated by inhibition of these
interactions using free lysine or EACA.

Streptococcus agalactiae (also named group B Streptococcus or
GBS) is a gram-positive encapsulated bacterium that can behave
as a commensal of the human gastrointestinal and genital tracts
or as an agent of invasive infections. Clinical manifestations of
GBS disease include sepsis and meningitis in neonates and an
increasing variety of conditions in adults with predisposing
factors, in pregnant women and in the elderly (Skoff et al.,
2009; Edmond et al., 2012; Le Doare and Heath, 2013). Plg
binding and acquisition of plasmin-mediated proteolytic activity
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by GBS have a crucial role in its ability to spread hematogenously
to the brain and other organs (Magalhaes et al., 2013). Plg
binding by GBS is at least partially mediated by PbsP (standing
for Plasminogen binding surface Protein), a cell-wall-anchored
protein of 521-aa. PbsP contains an N-terminal domain, two
150-aa SSURE repeat domains (Bumbaca et al., 2004), a
methionine and lysine-rich (MK-rich) region, and a cell wall-
anchoring LPxTG motif (Buscetta et al., 2016). PbsP is involved
in hematogenous dissemination and blood brain barrier invasion
by GBS (Buscetta et al., 2016; Lentini et al., 2018) and is an
interesting vaccine candidate, because of its high degree of
conservation among GBS clinical isolates and its strong
upregulation in vivo (Cook et al., 2018; Lentini et al., 2018).
Moreover, PbsP is a multifunctional adhesin capable of also
binding vitronectin, which might contribute to its ability to
promote GBS adherence to epithelial cells (De Gaetano et al.,
2018). In view of its importance in pathogenesis, we sought in the
present study to obtain insights into the molecular regions
responsible for PbsP binding to Plg. It was found that such
interactions require a specific sequence in the MK-rich domain
of PbsP and the Kringle 4 LBS of Plg. However, the presence of
lysine or other positively charged amino acid residues in the MK-
rich region was not required for binding of this region to Plg.
These data may be useful to develop therapeutic strategies aimed
at preventing GBS interactions with Plg and to better understand
binding of bacterial receptors to Plg.
MATERIALS AND METHODS

Peptides, Recombinant Fragments
and Antibodies
The recombinant PbsP (rPbsP), SSURE domains (rSSURE-1+2
and rSSURE-2) and rMK-rich domain used in this study were
produced as described (Garibaldi et al., 2010; Papasergi et al.,
2010; Buscetta et al., 2014; Buscetta et al., 2016). The peptides
indicated as Fr1, Fr2, Fr3 and Fr4, encompassing the MK-rich
domain, were purchased from GenScript Itd (Hong Kong).

To obtain the M12K fragment and its mutated forms
designated Mut1, Mut2, Mut3 and Mut4 (Supplementary
Table 1), the corresponding oligonucleotides were obtained by
ATG:biosynthetics GmbH (Germany). After amplification with
the primers described in Supplementary Table 2, PCR products
were cloned into a Gateway pDONR221 vector (Thermo Fisher
Scientific, Waltham, Massachusetts) according to the
manufacturer’s instructions. Next, the recombinant purified
plasmids were used to obtain expression vectors pDEST15_
M12K, pDEST15_Mut1, pDEST15_Mut2, pDEST15_Mut3, and
pDEST15_Mut4. Transformed E. coli BL21 (DE3) strains were
grown to purify the peptides as fusions to Gluthatione S-
Transferase, as previously described (Buscetta et al., 2016).
Polyclonal antiserum against purified Plg was raised in rabbits
using purified human Plg as an antigen. Purification of rabbit
antibodies from sera was performed by affinity chromatography
using protein G-Sepharose columns (GE Healthcare,
Buckinghamshire, UK). Goat anti-rabbit IgG horseradish
September 2021 | Volume 11 | Article 679792
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peroxidase (HRP)-conjugated secondary antibody was purchased
from Dako Cytomation (Glostrup, Denmark). Unless stated
otherwise, all other reagents were purchased from Sigma-Aldrich
(St. Louis, Missouri).

Plasminogen and Kringle Domains
Human plasma was obtained from healthy volunteers with
informed consent and permission of the ethical board of the
University of Pavia (permit no. 19092013). After centrifugation,
the plasma fraction was frozen in aliquots and stored at −20°C
(Pietrocola et al., 2016). Plasminogen was purified from
plasma by affinity chromatography on a Lys-Sepharose
column (Deutsch and Mertz, 1970). Kringle 1–3 (P1667)
and Kringle 1–4 (MBS634949) were purchased from Sigma-
Aldrich and MyBiosource (San Diego, California), respectively.
Mini-Plg (residues Val442-Asn790) was obtained by digestion
of Plg with porcine pancreatic elastase (Sigma-Aldrich), as
previously described (Váli and Patthy, 1982; Christensen and
Mølgaard, 1992).

ELISA, Dot and Western Blot Assays
Binding of Plg or its fragments to recombinant proteins (rPbsP,
rSSURE-1+2, rSSURE-2, rMK-rich, M12K, Mut1, Mut2, Mut3
and Mut4) was determined by ELISA, dot and Western blot
assays as described (Pietrocola et al., 2016). For ELISA assays,
microtiter wells were coated a 4°C with equimolar amounts of
rPbsP or PbsP fragments. Blocking of the wells was done for 1h
at room temperature (RT) with 200 µl of 4% bovine serum
albumin (BSA, Sigma-Aldrich) in PBS, followed by the addition
of Plg, K 1-3, K 1-4 or Mini-Plg. The plates were then incubated
with rabbit polyclonal anti-Plg (1:2000 in PBS 0,1% BSA) and anti-
rabbit horseradish peroxidase-conjugated IgG (diluted 1:10000 in
PBS 0,1% BSA). Plates were developed with o-phenylenediamine
dihydrochloride (OPD) and the absorbance (490 nm) was
determined using an ELISA plate reader. For competitive ELISA,
plates were coated and blocked as above and incubated for 1h at
RT with rPbsP or PbsP fragments in the presence of the indicated
inhibitors. In selected experiments, plates were sensitized with
rPbsP or its fragments, probed with Plg, K 1-3, K 1-4 or Mini-Plg
and developed, with rabbit polyclonal anti-Plg, followed by anti-
rabbit horseradish peroxidase-conjugated IgG.
RESULTS

The Kringle 4 Domain of Plg Is Required
for Binding to PbsP
In order to identify the molecular regions involved in
interactions between PbsP and Plg, we analyzed the binding of
isolated recombinant PbsP domains to different Plg fragments by
ELISA. In these assays we used the whole PbsP protein, the MK-
rich domain and 2 different SSURE domain fragments (rSSURE-
1+2 and rSSURE-2; Figure 1A). These products were
immobilized on plates and probed with the whole Plg protein
or three different Plg fragments encompassing Kringle 1 to 3,
Kringle 1 to 4 and Mini-Plg (Figure 1B). Under these conditions,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
the MK-rich domain bound Plg almost as efficiently as the whole
PbsP protein (Figure 1C). In contrast, the SSURE domains
showed only moderate, albeit significant, binding to Plg.
Notably, both the MK-rich domain and whole PbsP bound the
Plg fragment encompassing Kringle 1 to 4, but not other
fragments, indicating that the Kringle 4 domain is required for
PbsP-Plg interactions. To further study the role of the MK-rich
domain, we tested the ability of the isolated MK-rich fragments
to compete with whole PbsP for binding to Plg. The whole
protein was adsorbed onto microtiter plates and Plg binding was
assessed in the presence of inhibitors. As shown in Figure 1D,
the addition of the MK-rich domain produced a dose-dependent
inhibition in the binding of Plg to PbsP and could almost
completely abrogate such binding at the highest doses, while
rSSURE-1+2 was only partially effective as an inhibitor.
Collectively these data indicate that the Plg-binding ability of
PbsP predominantly resides in its MK-rich domain and requires
the Kringle 4 domain.

Free L-Lysine Inhibits Interactions
Between Plg and the MK-Rich Domain
In order to identify the molecular regions involved in PbsP-Plg
interactions, we next investigated the involvement of LBS sites in
binding of the MK-rich fragment to Plg by testing the inhibitory
effects of soluble L-lysine. To this end, Plg binding to
immobilized PbsP or its fragments was tested in the presence
of soluble L-lysine or its analog EACA, which is frequently used
to probe the interactions between LBS and Plg-binding proteins
(Lin et al., 2000). Under these conditions, both free lysine and
EACA produced a dose-dependent inhibition of Plg binding to
the MK-rich fragment (Figure 2A). In contrast, alanine (a non
charged amino acid) and arginine (a charged amino acid), used
as controls, were totally ineffective. As expected, similar results
were obtained when assessing the ability of lysine and EACA to
inhibit Plg binding of whole PbsP (Figure 2B). Collectively these
data suggest that LBS are involved in interactions between Plg
and the MK-rich domain of PbsP.

A C-Terminal Fragment of the MK-Rich
Domain Is Sufficient for Binding to Plg
In view of the significant Plg-binding activities of the MK-rich
domain of PbsP, further studies focused on the mechanisms of
such interactions. In order to identify the minimal region of the
MK-rich domain that still maintains reactivity with Plg, we
produced truncated forms of this domain. First we produced
an N-terminally truncated form (designated Fr1) spanning
amino acids S444 to N484, and a shorter fragment (designated
Fr2) spanning the remaining part of the domain (N423 to T443;
Figure 3A). When tested by ELISA and dot blot analysis, Fr1
fully retained the ability of the entire MK-rich domain to bind
Plg, while Fr2 was inactive (Figures 3B, D). Next, we produced a
truncated form of Fr1, designated Fr4, (K469-N484) lacking the 25
N-terminal amino acids and Fr3, the complementary fragment,
spanning the 25 N-terminal amino acids (S444-A468). As shown
in Figures 3C, D, neither of these fragments bound Plg
to any extent. In addition, assays using Fr2, Fr3 and Fr4 as
September 2021 | Volume 11 | Article 679792
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inhibitors indicated that none of these fragments inhibited
binding of Plg to the MK-rich domain (Figure 3E). In
contrast, as expected, Fr1 showed strong inhibitory activities
under the same conditions (Figure 3E). These results indicate
that the 21 N-terminal amino acids (N423 to T443) of the MK-rich
region are not required for Plg binding and that Fr1, but not
shorter fragments, recapitulates the ability of the MK-rich
domain to bind Plg.

Lysine Residues in the MK-Rich Domain
Are Not Involved in Plg Binding
Previous studies have demonstrated that terminal or internal
lysine residues in a number of bacterial Plg receptors are required
for optimal interactions with Plg (Bergmann et al., 2001; Derbise
et al., 2004; Wiles et al., 2010; Moreau et al., 2017; Nagarajan
et al., 2019). In view of the ability of L-lysine to inhibit
interactions between the MK-rich domain and Plg, as shown
above, we hypothesized that LBS in the Plg molecule interact
with one or more of the lysine residues that are abundantly
present in the MK-rich domain. To verify this hypothesis, we
produced several mutated forms of the MK-rich domain in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
which different lysine residues were replaced by alanine
(Supplementary Table 1). Next, we used these mutated forms
to assess their binding to Plg by ELISA andWestern blot analysis.
Surprisingly, none of the mutated forms showed decreased
binding to Plg as compared with the corresponding fragment
bearing all lysine residues and designated as M12K (Figures 4A,
C). In particular, an MK-rich fragment in which all lysine
residues were replaced by alanine (rMut4) bound Plg as
efficiently as the wild-type form of the molecule (Figures 4A,
C). Next, it was of interest to ascertain whether the rMut4
fragment in which all lysine residues were replaced by alanine
could still be inhibited by free lysine in its interactions with Plg.
Figure 4B shows that this was indeed the case, since both L-
lysine and EACA inhibited Plg binding by the rMut4 fragment.
These data indicate that lysine residues in the MK-rich region are
not required for interactions between this region and the LBS in
the Plg molecule.

A remarkable feature of the MK-rich region is the abundant
presence of methionine, which accounts for 26% of all amino
acid residues (Figure 3A). Since methionine is a nonpolar amino
acid, we hypothesized that hydrophobic interactions are involved
A B

DC

FIGURE 1 | The Kringle 4 domain of Plg is required for binding to PbsP. (A), Schematic representation of recombinant Plasminogen binding surface Protein (PbsP)
and its derived recombinant fragments. (B), Structure of human Glu-Plasminogen and its fragments: AP domain, K 1-3 encompassing Kringle 1 to 3, K 1-4
encompassing Kringle 1 to 4 and Mini-Plg encompassing Kringle 5 and S1 Peptidase Domain (SPD). (C), ELISA for selective binding of PbsP and its fragments to
Plg and its derivatives. An equimolar amount of rPbsP and its derived fragments (250 nM) was immobilized on the surface of microtiter wells, and their binding was
tested with Plg, K1-3, K1-4, or Mini-Plg (100 nM). Complexes were detected with polyclonal anti-Plg antibodies followed by HRP-conjugated goat anti-rabbit IgG.
(D), Selective inhibition of PbsP-Plg interactions. Competitive ELISA assays were done with immobilized rPbsP (250 nM) to which Plg (100 nM) was added in the
presence of increasing concentrations of rSSURE-1+2 or rMK-rich fragments. BSA (bovine serum albumin) was used as a control inhibitor. Inhibition ability is shown
as percentage. Data are means ± SD from three independent experiments conducted in duplicate. *p <0.05 as determined by Wilcoxon rank sum test analysis.
September 2021 | Volume 11 | Article 679792
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in binding of the MK-rich region to Plg LBS, which contain
pockets of hydrophobic residues. To explore the possible
involvement of methionine residues in binding of the MK-rich
region to Plg, we tested the effects of increasing concentrations of
free L-methionine on this interaction. The presence of
methionine at 50 mM or higher concentrations significantly,
albeit partially, inhibited binding of the rMut4 fragment to Plg
(Figure 5), suggesting the possible involvement of methionine
residues in such binding.
DISCUSSION

Our previous studies have indicated that the cell wall protein
PbsP significantly contributes to the ability of GBS to bind
plasminogen and acquire plasmin-dependent protease activity
(Buscetta et al., 2016). In vivo, PbsP plays a major role in brain
invasion by GBS, a process that is at least partially mediated by
surface plasmin activity (Buscetta et al., 2016; Lentini et al.,
2018). Therefore, better understanding of the molecular
mechanisms by which PbsP binds plasminogen may lead to
the development of adjunctive methods to control GBS disease.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
In the first part of our present study we sought to identify the
molecular region of Plg involved in binding to PbsP. It was found
that such binding was inhibited by free L-lysine suggesting the
involvement of LBS in one or more Kringle domains of Plg. In
this respect, our data resemble observations conducted with a
wide variety of other bacterial Plg receptors, whose interactions
with Plg are lysine- or EACA-inhibitable (Lahteenmaki et al., 2001;
Bergmann et al., 2011; Bhattacharya et al., 2012; Sanderson-Smith
et al., 2012; Peetermans et al., 2016). However, relatively few studies
have investigated the specific type of LBS or Kringle domain
involved. Plg-binding M proteins from Streptococcus pyogenes
selectively interact with K2, which contains a low-affinity LBS
(Wistedt et al., 1998; Fu et al., 2008), while SCM, an M-like
protein from Streptococcus canis, binds the K5 of Plg and Mini-
Plg (Fulde et al., 2011). The LenA protein from Leptospira
interrogans was found to bind to a Plg fragment spanning K1 to
K3 (Verma et al., 2010). To our knowledge, specific binding of
bacterial receptors to the K4 domain of Plg has not been
previously reported.

We found here that PbsP and its MK-rich region bound to a
polypeptide encompassing the K1-4 Plg domains but not to a
shorter fragment encompassing K1-3, indicating that the K4
domain is required for binding. It is likely that this requirement
reflects direct binding of the MK-rich region to the K4 domain
rather than indirect effects of the K4 domain in changing the
conformation of K1-3 in a way that promotes binding of these
domains to Plg. In fact, Kringles are considered functionally and
structurally independent domains that are highly stabilized by
internal bonds, including disulfide bridges (Mulichak et al., 1991;
De Vos et al., 1992). However, further studies involving isolated
Kringle domains will be needed to formally demonstrate binding
of the MK-rich region to K4. Collectively our data and those of
previous investigations suggest a high degree of specificity in the
binding to distinct LBS of the various bacterial proteins studied
thus far, likely reflecting considerable differences in the Plg-
binding motifs of the various receptors.

In the second part of our study we sought to identify the
molecular region(s) of PbsP involved in binding to Plg. In
agreement with previous studies (Buscetta et al., 2016), we
found that both the SSURE domains and the MK-rich domain
(i.e. a PbsP region rich in methionine and lysine) were capable of
binding Plg and that the latter domain was highly efficient in this
activity. By testing various fragments of the MK-rich domain, we
identified a 49 amino-acid-long sequence, designated Fr1, that
could largely recapitulate the Plg-binding ability of whole PbsP.
Fr1 constitutes the major portion of the MK-rich domain and
spans a region in which methionine and lysine residues make up
21 and 17%, respectively, of the entire amino acid sequence. The
presence of positively charged amino acids, such as lysine, in the
context of hydrophobic residues, such as methionine, is a
common feature of Plg binding motifs (Peetermans et al.,
2016). Moreover, lysine residues in these motifs are often
crucially required for the ability of either host- or pathogen-
derived proteins to bind Plg (Miles et al., 1991; Ponting et al.,
1992; Bergmann et al., 2001; Derbise et al., 2004; Wiles et al.,
2010; Bhattacharya et al., 2012; Sanderson-Smith et al., 2012;
A

B

FIGURE 2 | Free L-lysine inhibits interactions between Plg and the MK-rich
domain. (A, B), Selective inhibition of rMK-rich/rPbsP-Plg interactions.
Competitive ELISA assays were done with immobilized rMK-rich or rPbsP
(250 nM) to which Plg (100 nM) was added in the presence of increasing
concentrations of e-aminocaproic acid (EACA) or L-lysine (Lys). L-alanine (Ala)
and L-arginine (Arg) were used as negative controls. Inhibition ability is shown
as percentage. Data are means ± SD from three independent experiments
conducted in duplicate.
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Moreau et al., 2017; Nagarajan et al., 2019). For these reasons we
hypothesized that one or more of the lysine residues of this
domain mediated such interactions. Surprisingly, however, this
was not the case, since mutant forms of the MK-rich domain
lacking one or all lysine residues fully retained the ability to bind
Plg, as shown here by direct binding or inhibition studies. These
data are reminiscent of recent studies in which mutagenesis of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
lysine residues to alanine resulted in minimal or no inhibition in
Plg binding activity. For example, loss of lysine residues in the
internal nonapeptide of a1 and a2 repeats of the M-like proteins
of S. pyogenes did not decrease its Plg binding affinity. However,
Plg binding was abolished by mutagenesis of arginine and
histidine residues, despite the presence of lysine residues
(Sanderson-Smith et al., 2006; Sanderson-Smith et al., 2007;
A

B

D E

C

FIGURE 3 | A C-terminal fragment of the MK-rich domain is sufficient for binding to Plg. (A), Schematic representation and sequence of truncated forms of MK-rich
domain. (B, C), Binding of MK-rich and its truncated forms to Plg. Recombinant MK-rich and its derived fragments (250 nM) were immobilized on the surface of
microtiter wells, and their binding was tested with increasing concentrations of Plg. Bound Plg was detected with rabbit antibodies to human Plg followed by HRP-
conjugated goat anti-rabbit IgG. (D), Dot blot analysis of MK-rich/fragments-Plg interactions. Increasing concentrations of rMK-rich or its fragments were spotted
onto the nitrocellulose membranes and probed using 1mg of Plg, which were detected using anti‐Plg antibodies. GST was used as negative control. Shown are data
from one representative experiment of two producing similar results. (E), Selective inhibition of MK-rich-Plg interactions. Competitive ELISA assays were done with
immobilized rMK-rich (250 nM) to which Plg (100 nM) was added in the presence of increasing concentrations of Fr1, Fr2, Fr3 and Fr4. Inhibition ability is shown as
percentage. Data are means ± SD from three independent experiments conducted in duplicate.
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Sanderson-Smith et al., 2012). Therefore it appears that the
absence of lysine residues can be compensated for by the
presence of other positively charged amino acids such as
arginine or histidine within Plg binding motifs in these
bacterial Plg receptors. It should be noted, however, that the
MK-rich region of PbsP does not contain positively charged
amino acids other than lysine. Therefore our data showing
robust, lysine-inhibitable interactions between Plg and a
mutated MK-rich fragment lacking all lysine residues provide
an unusual example of an LBS ligand devoid of positively
charged amino acid residues. We speculate that methionine
residues in the MK-rich region of PbsP engage in hydrophobic
interactions with aromatic residues in the in the LBS pocket of
the K4 domain. Our data showing partial inhibition of these
interactions in the presence of free L-methionine are compatible
with this possibility.

In conclusion, we identified here a novel bacterial sequence
that can interact with the LBS of Plg even in the absence of
lysine or other positively charged amino acids. These data may
be useful to devise alternative therapeutic strategies to prevent
Plg-mediated invasion of host tissues by GBS and other
bacterial pathogens.
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FIGURE 4 | Lysine residues in the MK-rich domain are not involved in Plg
binding. (A), Binding of M12K and its mutated forms to Plg. Recombinant
M12K and its mutated forms (250 nM) were immobilized on the surface of
microtiter wells, and their binding was tested with increasing concentrations
of Plg. Bound Plg was detected with rabbit anti-Plg antibodies and HRP-
conjugated goat anti-rabbit IgG. (B), Selective inhibition of Mut4-Plg
interactions. Competitive ELISA assays were done with immobilized rMut4
(250 nM) to which Plg (100 nM) was added in the presence of the indicated
concentrations of (EACA) or L-lysine (Lys). L-alanine (Ala) and L-arginine (Arg)
were used as negative controls. Inhibition ability is shown as percentage.
Data are means ± SD from three independent experiments conducted in
duplicate. (C), Western blot analysis of binding to Plg of M12K and its
mutated forms. Recombinant M12K or its mutated forms were loaded onto
SDS-PAGE (5µg/lane), transferred to nitrocellulose membrane and probed
with Plg (1µg/ml). Bound Plg was detected using a primary polyclonal anti-Plg
antibody followed by secondary HRP-conjugated goat anti-rabbit IgG. GST
was used as negative control. Numbers indicate the molecular mass of
protein standards in kDa. Shown are data from one representative experiment
of two producing similar results.
FIGURE 5 | Free L-methionine inhibits interactions between Plg and the MK-
rich domain. Selective inhibition of the interactions between Plg and the rMut4
fragment that lacks all of the lysine residues present in the MK-rich fragment.
Competitive ELISA assays were done with immobilized rMut4 fragment (250
nM) to which Plg (100 nM) was added in the presence of increasing
concentrations of L-methionine (Met). L-leucine (Leu) was used as a negative
control. Inhibition ability is shown as percentage. Data are means ± SD from
three independent experiments conducted in duplicate. *p < 0.05 as
determined by Wilcoxon rank sum test analysis.
September 2021 | Volume 11 | Article 679792

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Coppolino et al. Lysine Independent Plasminogen-Ligand Interactions
AUTHOR CONTRIBUTIONS

FC, LR and GP conducted most of the experiments and analyzed
data. Other experiments were conducted by GL, GG and RG. CB
and GT contributed to the study design, wrote the paper and
revised the final version of the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

The work was funded in part by the PRIN (Programma di
Ricerca Scientifica di Rilevante Interesse Nazionale) grant
2017M8R7N9_002 from the Ministero dell’Università and
Ricerca Scientifica (MIUR) of Italy and by FFABR (Fund For
Basic Research Activities) 2017 and 2019 from the University of
Messina. Additional funding was provided by a grant for PhD
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
student (PON n° DR_36_TRAN_PON_IND_1) at Doctoral
School in Translational Molecular Medicine and Surgery,
Department of Biomedical, Dental and Imaging Sciences,
University of Messina, Messina, Italy.
ACKNOWLEDGMENTS

We thank Dr. Patrick Trieu-Cuot from Institute Pasteur, Paris,
France, for helpful discussion and suggestions.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.
679792/full#supplementary-material
REFERENCES
Agarwal, V., Kuchipudi, A., Fulde, M., Riesbeck, K., Bergmann, S., and Blom, A.

M. (2013). Streptococcus Pneumoniae Endopeptidase O (PepO) Is a
Multifunctional Plasminogen- and Fibronectin-Binding Protein, Facilitating
Evasion of Innate Immunity and Invasion of Host Cells. J. Biol. Chem. 288 (10),
6849–6863. doi: 10.1074/jbc.M112.405530

Berge, A., and Sjobring, U. (1993). PAM, A Novel Plasminogen-Binding Protein
From Streptococcus Pyogenes. J. Biol. Chem. 268, 25417–25424. doi: 10.1016/
S0021-9258(19)74408-1

Bergmann, R., Dinkla, K., Nitsche-Schmitz, D. P., Graham, R. M. A., Luttge, M.,
Sanderson-Smith, M. L., et al. (2011). Biological Functions of GCS3, A Novel
Plasminogen-Binding Protein of Streptococcus Dysgalactiae Ssp. Equisimilis.
Int. J. Med. Microbiol. 301, 157–164. doi: 10.1016/j.ijmm.2010.06.007

Bergmann, S., Rohde, M., Chhatwal, G. S., and Hammerschmidt, S. (2001). Alpha-
Enolase of Streptococcus Pneumoniae Is a Plasmin(Ogen)-Binding Protein
Displayed on the Bacterial Cell Surface. Mol. Microbiol. 40, 1273–1287.
doi: 10.1046/j.1365-2958.2001.02448.x

Bergmann, S., Wild, D., Diekmann, O., Frank, R., Bracht, D., Chhatwal, G. S., et al.
(2003). Identification of a Novel Plasmin(Ogen)-Binding Motif in Surface
Displayed Alpha-Enolase of Streptococcus Pneumoniae. Mol. Microbiol. 49,
411–423. doi: 10.1046/j.1365-2958.2003.03557.x

Bhattacharya, S., Ploplis, V. A., and Castellino, F. J. (2012). Bacterial Plasminogen
Receptors Utilize Host Plasminogen System for Effective Invasion and
Dissemination. J. BioMed. Biotechnol. 2012, 482096. doi: 10.1155/2012/482096

Boël, G., Jin, H., and Pancholi, V. (2005). Inhibition of Cell Surface Export of
Group A Streptococcal Anchorless Surface Dehydrogenase Affects Bacterial
Adherence and Antiphagocytic Properties. Infect. Immun 73 (10), 6237–6248.
doi: 10.1128/IAI.73.10.6237-6248.2005

Boyle, M. D., and Lottenberg, R. (1997). Plasminogen Activation by Invasive Human
Pathogens. Thromb. Haemostasis 77 (1), 1–10. doi: 10.1055/s-0038-1655727

Bumbaca, D., Littlejohn, J. E., Nayakanti, H., Rigden, D. J., Galperin, M. Y., and
Jedrzejas, M. J. (2004). Sequence Analysis and Characterization of a Novel
Fibronectin-Binding Repeat Domain From the Surface of Streptococcus
Pneumoniae. Omics 8, 341–356. doi: 10.1089/omi.2004.8.341

Buscetta, M., Firon, A., Pietrocola, G., Biondo, C., Mancuso, G., Midiri, A., et al.
(2016). PbsP, A Cell Wall-Anchored Protein That Binds Plasminogen to
Promote Hematogenous Dissemination of Group B Streptococcus. Mol.
Microbiol. 101, 27–41. doi: 10.1111/mmi.13357

Buscetta, M., Papasergi, S., Firon, A., Pietrocola, G., Biondo, C., Mancuso, G., et al.
(2014). FbsC, a Novel Fibrinogen-Binding Protein, Promotes Streptococcus
Agalactiae-Host Cell Interactions. J. Biol. Chem. 289, 21003–21015.
doi: 10.1074/jbc.M114.553073

Castellino, F. J., and McCance, S. G. (1997). The Kringle Domains of Human
Plasminogen. Ciba Found Symp. 212, 46–60. doi: 10.1002/9780470
515457.ch4
Castellino, F. J., and Ploplis, V. A. (2005). Structure and Function of the Plasminogen/
Plasmin System. Thromb. Haemostasis 93, 647–654. doi: 10.1160/TH04-12-0842

Castellino, F. J., and Powell, J. R. (1981). Human Plasminogen. Methods Enzimol
80 Pt C, 365–378. doi: 10.1016/S0076-6879(81)80031-6

Christensen, U., and Mølgaard, L. (1992). Positive Co-Operative Binding at Two
Weak Lysine-Binding Sites Governs the Glu-Plasminogen Conformational
Change. Biochem. J. 285 (Pt 2), 419–425. doi: 10.1042/bj2850419

Claeys, H., Sottrup-Jensen, L., Zajdel, M., Petersen, T. E., and Magnusson, S. (1976).
Multiple Gene Duplication in the Evolution of Plasminogen. Five Regions of
Sequence Homology With the Two Internally Homologous Structures in
Prothrombin. FEBS Lett. 61 (1), 20–24. doi: 10.1016/0014-5793(76)80161-5

Cook, L. C. C., Hu, H., Maienschein-Cline, M., and Federle, M. J. (2018). A
Vaginal Tract Signal Detected by the Group B Streptococcus SaeRS System
Elicits Transcriptomic Changes and Enhances Murine Colonization. Infect.
Immun. 86, e00762–17. doi: 10.1128/IAI.00762-17

De Gaetano, G. V., Pietrocola, G., Romeo, L., Galbo, R., Lentini, G., Giardina, M., et al.
(2018). The Streptococcus Agalactiae Cell Wall-Anchored Protein PbsP Mediates
Adhesion to and Invasion of Epithelial Cells by Exploiting the Host Vitronectin/
Alpha(V) Integrin Axis. Mol. Microbiol. 110, 82–94. doi: 10.1111/mmi.14084

Derbise, A., Song, Y. P., Parikh, S., Fischetti, V. A., and Win, V. (2004). Role of the
C-Terminal Lysine Residues of Streptococcal Surface Enolase in Glu- and Lys-
Plasminogen-Binding Activities of Group A Streptococci. Infect. Immun. 72,
94–105. doi: 10.1128/iai.72.1.94-105.2004

Deutsch, D. G., and Mertz, E. T. (1970). Plasminogen: Purification From Human
Plasma by Affinity Chromatography. Science 170 (3962), 1095–1096.
doi: 10.1126/science.170.3962.1095

De Vos, A. M., Ultsch, M. H., Kelley, R. F., Padmanabhan, K., Tulinsky, A.,
Westbrook, M. L., et al. (1992). Crystal Structure of the Kringle 2 Domain of
Tissue Plasminogen Activator at 2.4-A Resolution. Biochemistry 31 (1), 270–
279. doi: 10.1021/bi00116a037

Edmond, K. M., Kortsalioudaki, C., Scott, S., Schrag, S. J., Zaidi, A. K., Cousens, S.,
et al. (2012). Group B Streptococcal Disease in Infants Aged Younger Than 3
Months: Systematic Review and Meta-Analysis. Lancet 379, 547–556.
doi: 10.1016/S0140-6736(11)61651-6

Fu, Q., Figuera-Losada, M., Ploplis, V. A., Cnudde, S., Geiger, J. H., Prorok, M.,
et al. (2008). The Lack of Binding of VEK-30, an Internal Peptide From the
Group A Streptococcal M-Like Protein, PAM, to Murine Plasminogen Is Due
to Two Amino Acid Replacements in the Plasminogen Kringle-2 Domain.
J. Biol. Chem. 283 (3), 1580–1587. doi: 10.1074/jbc.M705063200

Fulde, M., Rohde, M., Hitzmann, A., Preissner, K. T., Nitsche-Schmitz, D. P.,
Nerlich, A., et al. (2011). SCM, a Novel M-Like Protein From Streptococcus
Canis, Binds (Mini)-Plasminogen With High Affinity and Facilitates Bacterial
Transmigration. Biochem. J. 434, 523–535. doi: 10.1042/BJ20101121

Fulde, M., Steinert, M., and Bergmann, S. (2013). Interaction of Streptococcal
Plasminogen Binding Proteins With the Host Fibrinolytic System. Front. Cell.
Infect. Microbiol. 3, 85. doi: 10.3389/fcimb.2013.00085
September 2021 | Volume 11 | Article 679792

https://www.frontiersin.org/articles/10.3389/fcimb.2021.679792/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2021.679792/full#supplementary-material
https://doi.org/10.1074/jbc.M112.405530
https://doi.org/10.1016/S0021-9258(19)74408-1
https://doi.org/10.1016/S0021-9258(19)74408-1
https://doi.org/10.1016/j.ijmm.2010.06.007
https://doi.org/10.1046/j.1365-2958.2001.02448.x
https://doi.org/10.1046/j.1365-2958.2003.03557.x
https://doi.org/10.1155/2012/482096
https://doi.org/10.1128/IAI.73.10.6237-6248.2005
https://doi.org/10.1055/s-0038-1655727
https://doi.org/10.1089/omi.2004.8.341
https://doi.org/10.1111/mmi.13357
https://doi.org/10.1074/jbc.M114.553073
https://doi.org/10.1002/9780470515457.ch4
https://doi.org/10.1002/9780470515457.ch4
https://doi.org/10.1160/TH04-12-0842
https://doi.org/10.1016/S0076-6879(81)80031-6
https://doi.org/10.1042/bj2850419
https://doi.org/10.1016/0014-5793(76)80161-5
https://doi.org/10.1128/IAI.00762-17
https://doi.org/10.1111/mmi.14084
https://doi.org/10.1128/iai.72.1.94-105.2004
https://doi.org/10.1126/science.170.3962.1095
https://doi.org/10.1021/bi00116a037
https://doi.org/10.1016/S0140-6736(11)61651-6
https://doi.org/10.1074/jbc.M705063200
https://doi.org/10.1042/BJ20101121
https://doi.org/10.3389/fcimb.2013.00085
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Coppolino et al. Lysine Independent Plasminogen-Ligand Interactions
Garibaldi, M., Rodriguez-Ortega, M. J., Mandanici, F., Cardaci, A., Midiri, A.,
Papasergi, S., et al. (2010). Immunoprotective Activities of a Streptococcus Suis
Pilus Subunit in Murine Models of Infection. Vaccine 28, 3609–3616.
doi: 10.1016/j.vaccine.2010.01.009

Lahteenmaki, K., Kuusela, P., and Korhonen, T. K. (2001). Bacterial Plasminogen
Activators and Receptors. FEMS Microbiol. Rev. 25, 531–552. doi: 10.1111/
j.1574-6976.2001.tb00590.x

Le Doare, K., and Heath, P. T. (2013). An Overview of Global GBS Epidemiology.
Vaccine Suppl 4, D7–12. doi: 10.1016/j.vaccine.2013.01.009

Lentini, G., Midiri, A., Firon, A., Galbo, R., Mancuso, G., Biondo, C., et al. (2018).
The Plasminogen Binding Protein PbsP Is Required for Brain Invasion by
Hypervirulent CC17 Group B Streptococci. Sci. Rep. 8, 14322. doi: 10.1038/
s41598-018-32774-8

Lin, L. F., Houng, A., and Reed, G. L. (2000). Epsilon Amino Caproic Acid Inhibits
Streptokinase-Plasminogen Activator Complex Formation and Substrate
Binding Through Kringle-Dependent Mechanisms. Biochemistry 39 (16),
4740–4745. doi: 10.1021/bi992028x

Lottenberg, R., Minning-Wenz, D., and Boyle, M. D. (1994). Capturing Host
Plasmin(Ogen): A Common Mechanism for Invasive Pathogens? Trends
Microbiol. 2 (1), 20–24. doi: 10.1016/0966-842x(94)90340-9

Magalhaes, V., Andrade, E. B., Alves, J., Ribeiro, A., Kim, K. S., Lima, M., et al.
(2013). Group B Streptococcus Hijacks the Host Plasminogen System to
Promote Brain Endothelial Cell Invasion. PloS One 8 (5), e63244.
doi: 10.1371/journal.pone.0063244

Miles, L. A., Dahlberg, C. M., Plescia, J., Felez, J., Kato, K., and Plow, E. F. (1991).
Role of Cell-Surface Lysines in Plasminogen Binding to Cells: Identification of
Alpha-Enolase as a Candidate Plasminogen Receptor. Biochemistry 30, 1682–
1691. doi: 10.1021/bi00220a034

Moreau, C., Terrasse, R., Thielens, N. M., Vernet, T., Gaboriaud, C., and Di
Guilmi, A. M. (2017). Deciphering Key Residues Involved in the Virulence-
Promoting Interactions Between Streptococcus Pneumoniae and Human
Plasminogen. J. Biol. Chem. 292, 2217–2225. doi: 10.1074/jbc.M116.764209

Mulichak, A. M., Tulinsky, A., and Ravichandran, K. G. (1991). Crystal and
Molecular Structure of Human Plasminogen Kringle 4 Refined at 1.9-A
Resolution. Biochemistry 30 (43), 10576–10588. doi: 10.1021/bi00107a029

Nagarajan, R., Sankar, S., and Ponnuraj, K. (2019). Crystal Structure of GAPDH of
Streptococcus Agalactiae and Characterization of Its Interaction With
Extracellular Matrix Molecules. Microb. Pathogen. 127, 359–367.
doi: 10.1016/j.micpath.2018.12.020

Nguyen, L. T., and Vogel, H. J. (2016). Staphylokinase has Distinct Modes of
Interaction With Antimicrobial Peptides, Modulating Its Plasminogen-
Activation Properties. Sci. Rep. 6, 31817. doi: 10.1038/srep31817

Pancholi, V., and Fischetti, V. A. (1998). a-Enolase, A Novel Strong Plasmin
(ogen) Binding Protein on the Surface of Pathogenic Streptococci. Protein
Chem. Struct. 273 (23), 14503–14515. doi: 10.1074/jbc.273.23.14503

Papasergi, S., Garibaldi, M., Tuscano, G., Signorino, G., Ricci, S., Peppoloni, S.,
et al. (2010). Plasminogen- and Fibronectin-Binding Protein B Is Involved in
the Adherence of Streptococcus Pneumoniae to Human Epithelial Cells. J. Biol.
Chem. 285, 7517–7524. doi: 10.1074/jbc.M109.062075

Peetermans, M., Vanassche, T., Liesenborghs, L., Lijnen, R. H., and Verhamme, P.
(2016). Bacterial Pathogens Activate Plasminogen to Breach Tissue Barriers
and Escape From Innate Immunity. Crit. Rev. Microbiol. 42, 866–882.
doi: 10.3109/1040841X.2015.1080214

Pietrocola, G., Nobile, G., Gianotti, V., Zapotoczna, M., Foster, T. J., Geoghegan, J.
A., et al. (2016). Molecular Interactions of Human Plasminogen With
Fibronectin-Binding Protein B (FnBPB), a Fibrinogen/Fibronectin-Binding
Protein From Staphylococcus Aureus. J. Biol. Chem. 291 (35), 18148–18162.
doi: 10.1074/jbc.M116.731125

Ponting, C. P., Marshall, J. M., and Cederholm-williams, S. A. (1992).
Plasminogen: A Structural Review. Blood Coagul Fibrinol. 3 (5), 605–614.
doi: 10.1097/00001721-199210000-00012

Rafipour, M., Keramati, M., Aslani, M. M., Arashkia, A., and Roohvand, F. (2019).
The Beta-Domain of Streptokinase Affects Several Functionalities, Including
Specific/Proteolytic Activity Kinetics. FEBS Open Bio. 9, 1259–1269.
doi: 10.1002/2211-5463.12657

Ringdahl, U., and Sjobring, U. (2000). Analysis of Plasminogen-Binding M
Proteins of Streptococcus Pyogenes. Methods 21, 143–150. doi: 10.1006/
meth.2000.0985
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Sanderson-Smith, M. L., De Oliveira, D. M. P., Ranson, M., and McArthur, J. D.
(2012). Bacterial Plasminogen Receptors: Mediators of a Multifaceted
Relationship. J. BioMed. Biotechnol. 2012, 272148. doi: 10.1155/2012/272148

Sanderson-Smith, M. L., Dowton, M., Ranson, M., and Walker, M. J. (2007). The
Plasminogen-Binding Group A Streptococcal M Protein-Related Protein Prp
Binds Plasminogen via Arginine and Histidine Residues. J. Bacteriol. 189,
1435–1440. doi: 10.1128/JB.01218-06

Sanderson-Smith, M. L., Walker, M. J., and Ranson, M. (2006). The Maintenance
of High Affinity Plasminogen Binding by Group A Streptococcal Plasminogen-
Binding M-Like Protein Is Mediated by Arginine and Histidine Residues
Within the A1 and A2 Repeat Domains. J. Biol. Chem. 281, 25965–25971.
doi: 10.1074/jbc.M603846200

Seifert, K. N., McArthur, W. P., Bleiweis, A. S., and Brady, L. J. (2003).
Characterization of Group B Streptococcal Glyceraldehyde-3-Phosphate
Dehydrogenase: Surface Localization, Enzymatic Activity, and Protein-
Protein Interactions. Can. J. Microbiol. 49 (5), 350–356. doi: 10.1139/w03-042

Skoff, T. H., Farley, M. M., Petit, S., Craig, A. S., Schaffner, W., Gershman, K., et al.
(2009). Increasing Burden of Invasive Group B Streptococcal Disease in
Nonpregnant Adult-2007. Clin. Infect. Dis. 49, 85–92. doi: 10.1086/599369

Sun, Z., Chen, Y. H., Wang, P., Zhang, J., Gurewich, V., Zhang, P., et al. (2002). The
Blockage of the High-Affinity Lysine Binding Sites of Plasminogen by EACA
Significantly Inhibits Prourokinase-Induced Plasminogen Activation. Biochim.
Biophys. Acta 1596 (2), 182–192. doi: 10.1016/s0167-4838(02)00233-9

Tulinsky, A., Park, C. H., Mao, B., and Llinàs, M. (1988). Lysine/fibrin Binding
Sites of Kringles Modeled After the Structure of Kringle 1 of Prothrombin.
Proteins 3 (2), 85–96. doi: 10.1002/prot.340030203
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