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Chapter

Toward Better Understanding
on How Group A Streptococcus
Manipulates Human Fibrinolytic
System

Adam J.H. Quek, James C. Whisstock and Ruby H.P. Law

Abstract

Group A Streptococcus pyogenes (GAS) is a human pathogen that commonly
causes superficial infections such as pharyngitis, but can also lead to systemic and
fatal diseases. GAS infection remains to be a major threat in regions with insuf-
ficient medical infrastructures, leading to half a million deaths annually worldwide.
The pathogenesis of GAS is mediated by a number of virulence factors, which func-
tion to facilitate bacterial colonization, immune evasion, and deep tissue invasion.
In this review, we will discuss the mechanism of molecular interaction between
the host protein and virulence factors that target the fibrinolytic system, including
streptokinase (SK), plasminogen-binding group A streptococcal M-like protein
(PAM), and streptococcal inhibitor of complement (SIC). We will discuss our cur-
rent understanding, through structural studies, on how these proteins manipulate
the fibrinolytic system during infection.

Keywords: hemolytic Streptococcus, streptokinase, plasminogen-binding
streptococcal M protein, streptococcal inhibitor of complement, plasmin,
host-pathogen coevolution

1. Introduction

Group A Streptococcus (GAS) is a strict human pathogen that leads to diverse
clinical manifestations, ranging from superficial infections, such as pharyngitis,
to severe cases of streptococcal toxic shock syndrome and necrotizing fasciitis
mainly in children and young adults [1]. GAS infection can also lead to a range
of post-streptococcal autoimmune sequelae such as acute rheumatic fever,
rheumatic heart disease, and acute glomerulonephritis [2, 3]. Life-threatening
systemic GAS infection is more prevalent in, but not limited to, regions with
insufficient medical infrastructures and is estimated to cause more than half
a million deaths annually worldwide [4, 5]. Through coevolution, GAS has
perfected its ability to manipulate the host fibrinolytic system for invasion. In
human, the plasminogen/plasmin (Plg/Plm) system plays a key role in fibrinoly-
sis, tissue remodeling, and wound healing [6-9]. This review aims to focus on the
current understanding on molecular mechanisms adopted by GAS to hijack the
host Plg/Plm system during infection.
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2. The plasminogen/plasmin system

The early observation that streptococci stimulate fibrinolysis by Dr. William
S. Tillett in 1933 [10] had triggered the subsequent discoveries on how streptococci
manipulated the fibrinolytic system to facilitate blood clot dissolution [11]. The
actual protein responsible for the clot lysis is in fact a constituent of the human
plasma, instead of the bacteria, and is not fibrinolytic until activated by the strep-
tococcal protein named streptokinase (SK) [12, 13]. This human lytic factor is
plasmin (Plm), an activated form of plasminogen (Plg).

2.1 Structure of Plg

Plasmin (Plm) is a plasma serine protease responsible for many physiological
functions such as cell migration [14], wound healing [15], inflammation [16], and
prohormone processing [17]. PIm circulates in an inactive zymogen form called
plasminogen (Plg).

Primarily synthesized and secreted by the liver [18], native Plg is a 89-92 kDa
glycoprotein comprising of seven domains: an N-terminal PAN-apple domain
(PAp), followed by five homologous kringle domains (KR-1 to KR-5) and a serine
protease domain (SP) (Figure 1a) [19, 20]. The PAp domain is important for main-
taining a compact conformation (closed) in the circulation [21]. Each KR domain
has a lysine-binding site (LBS) that consists of the Asp-X-Asp/Glu motif (except
KR-3 which has the Asp-X-Lys mutation) that recognizes and binds to surface lysine
or arginine residues, such that the KR domains facilitate the binding of Plg and PIm
to substrates and targets (such as fibrin and cell surface receptors) which leads to
the conformational change from close to open. SP is the catalytic domain. In the
zymogen form, residues Hisgo3, Aspess, and Serz4; (also called the catalytic triad)
adopt an inactive configuration.

2.2 Physiological activation of Plg

In mammals, the two key physiological Plg activators are tissue-type (tPA) and
urokinase-type (uPA) Plg activators (Figure 1b). Activation of Plg requires its co-
localization with the activators; the expression of these activators is regulated both
spatially and temporally in vivo [22-24]. Thus, PIm plays a key role in fibrinolysis intra-
vascularly on the surface of fibrin clots in the presence of tPA and cellular migration
and tissue remodeling extravascularly in the presence of uPA bound on cell surfaces.

Upon binding to the targets, Plg adopts an open conformation. The activa-
tion loop, which is obstructed by the linker between KR-3 and KR-4 in the closed
conformation, becomes exposed. The activation bond (Argse;-Valse,) is then pro-
teolytically cleaved by uPA and tPA [25, 26]. The nascent N-terminal Valss;, moves
by 11.6 A forming a salt bridge with Aspy,; this triggers a series of conformational
changes and thus allows the formation of a functional substrate binding site and
catalytic pocket (Figure 1c). In Plm, the heavy chain (N-terminal domains, 63 kDa)
and the light chain (SP domain, 25 kDa) are linked together by two disulfide bonds,
between Cysssg-Cysses and Cyssag-Cysess.

Serine protease inhibitors (termed serpins [27]) play a key regulatory role to
ensure that there is no aberrant activation of Plg nor free Plm in the circulation.
Under physiological conditions, the activity of plasminogen activators is modulated
by their specific plasminogen activator inhibitors (PAI-1 and PAI-2) (Figure 1b)
[28]. Active Plm which is not physically immobilized is removed immediately from
the circulation by Plm-specific inhibitor a2-antiplasmin (a2-AP) [29, 30].
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Figure 1.

The structure and function of human plasminogen (Plg). (a) Cartoon representation of the X-ray crystal
structure of Plg in the closed conformation (PDB ID: 4DUR) [21]. The seven domains of Plg are the PAN-
apple (PAp), kringles 1-5 (KR-1 to KR-5), and serine protease (SP) domains, shown in different colors. (b)
The Plg/Plm system. Plg is converted to active plasmin (Plm) by activators, urokinase plasminogen activator
(uPA) and tissue plasminogen activator (tPA), on fibrin or veceptor. The activators are vegulated by serine
protease inhibitors (serpins), plasminogen activator inhibitors (PAI-1 and PAI-2). Plm, upon released from
its site of action, is inhibited by az-antiplasmin (a2-AP). (c¢) Conformational change in the SP domain
during Plm formation. Superposition of the SP domains of Plg (PDB ID: 4DUR) [21] and Plm (PDB ID:
3UIR) [94] reveals the insertion and formation of a salt bridge between Valgg, and Asp.,, in Plm (left panel).
This interaction leads to the vearrangement of catalytic triad Hiseo;, Aspess and Ser,,, (right panel) into an
active conformation.

3. Streptokinase
3.1 Structure and function of SK

SK is secreted by GAS as a 47 kDa protein and consists of three homologous
domains, termed a, f, and y, held together by flexible linker loops. Each domain
adopts a p-grasp fold consisting of 4-5-stranded p sheets and a central a-helix or
a coiled coil [31]. The interaction between Plg/Plm and SK is evolutionarily con-
served and strictly species specific [32, 33]. SK variants secreted by GAS isolated
from different species (e.g., from human, pig, and horse) are incapable of any
cross-species reactivity and therefore are predicted to share not only low sequence
identity but also low structural homology [32].
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The X-ray crystallography studies on the binary complex of PIm SP domain
(pPIm) and SK reveal that SK wraps around the SP domain forming a horse-
shoe-shaped structure [31, 34] (Figure 2) and further superposition of the
full-length closed Plg with the pPlm-SK structures suggests that the interaction
between SK and Plg can occur with Plg, which remains in its closed conforma-
tion without any steric clashes (Figure 2) [35]. This observation provides
fundamental insights to the mode of Plg activation by SK, as discussed in the
next section.

SK is not a protease, nor it activates Plg by proteolytically cleaving the activation
loop as uPA or tPA mentioned above. It forms a 1:1 stoichiometric complex with Plg
through a rapid binding reaction, with an association rate of 5.4 x 10’ M " s~ [36].
Binding of SK to free Plg results in the formation of catalytically active Plg (Plg*)
(Figure 3). The SK-Plg* binary complex [37, 38] cleaves Plg, either in closed or open
conformation, to form Plm.

The Plm generated has a much higher (~57,000-fold) affinity for SK than Plg
(Kp 11 pM and 624 nM, respectively), such that the Plg in the SK-Plg* complex
would be replaced by Plm to form the final and irreversible SK-PIm complex
(Figure 3) [39, 40]. The inhibitory capacity of a2-AP reduces significantly with
a~10,000-fold lower affinity for the SK-PIm complex than PIm (rate constant of
1.4 x 10*and 54 x 10’ M ts7}, respectively) [36, 41]; accordingly, GAS infection
could potentially generate an unregulated pericellular proteolytic (i.e., PIm) activity
within the host.

3.2 Plg activation by SK

How does SK activate Plg without cleaving the activation loop? The current
model suggests that the N-terminal Ile; residue of SK inserts into the binding
cleft of Valss, in the SP domain and forms a salt bridge with Asp;4o. Accordingly,
it induces a conformational change and formation of a functional catalytic site
[42-44]. This “molecular sexuality” mechanism of cofactor-induced zymogen
activation is also reported in the activation of prothrombin-2 by staphylocoagulase
from Staphylococcus aureus [45].

Plm SP domain

Plg SP domain

SK 3 domain

Figure 2.

Crystal structure of SK-uPlg and in silico docking model of SK-Plg encounter complex (left panel). Structure of
SK-pPlg (Plg SP domain) complex (PDB ID: 1BML) [31]. SK a, p, and y domains are coloved blue, pink and
green, vespectively, wheveas uPlg is shown in orange. (Middle panel) Superposition of the SK-uPlg structure
and (vight panel) full-length Plg generate the structural model of SK-Plg encounter complex. This model
suggests that the SK can bind to closed Plg without any steric interference. Dashed circle highlights the proposed
Plg substrate binding region (250-loop) in the p domain of SK.
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Figure 3.

Mechanism of SK-mediated Plg activation. (1) The first catalytic (named trigger) cycle is initiated by the
binding of free Plg to SK and the generation of the proteolytically active SK-Plg* complex. (2) SK-Plg* activates
free Plg substrate to Plm. (3) Plm displaces Plg in the SK-Plg* complex to form the final and irreversible
SK-Plm complex. (4) In the second catalytic (named bullet) cycle, the SK-Plm activator complex converts free
Plg to Plm at a fast rate.

The activation loop of Plg has evolved, via negative selection, to be a poor sub-
strate of PIm [46], to minimize the risks of autoactivation. Binding to SK, however,
changes the shape of the substrate binding pocket. In doing so, SK-Plg* and SK-PIm
becomes highly specific in the binding and cleavage of the Plg activation loop [47],
and this leads to a total deregulation of the fibrinolytic system.

Lastly, how does SK-Plg* or SK-PIm access the activation loop of Plg which is
shielded in the closed conformation as previously discussed? Published data sug-
gested that SK mediates a conformational change in the substrate Plg. Specifically,
the substrate binding site of SK-Plm is situated at the tip of the protruding 250-loop
region (residues Ala,s;-Ileygs) of SK p domain (Figure 2) [34]. Mutation studies
reveal that residues Argss, Lys,s6, and Lys,s; of the same 250-loop can also bind
simultaneously to the substrate Plg via its LBS of KR-5 domain [48], forming a ter-
nary complex [31, 49, 50]. Thus, it is foreseeable that SK p domain peels KR-5 away
from the PAp domain which leads to the formation of an open Plg with its activation
loop exposed.

Further, SK has a 20-fold higher affinity for Plg in the open conformation, pre-
sumably due to additional interactions with other KR domains [40, 51]. Specifically,
the C-terminal Lys,4 of SKy domain has been shown to interact with KR-4 LBS
[52, 53]. Apart from Lys,y4, other Lys residues located at the f and y domains might
also be involved in binding to other KRs; together they promote a remarkably
high-affinity interaction between SK and Plg/Plm in their open conformation [54].
However, without any structural data on the co-complexes of the relevant domains,
the exact mechanism of the LBS-dependent interactions remains to be speculative.

3.3 Classification of streptokinase

All invasive GAS strains express SK to enhance dissemination [55, 56] and
colonization within the host [57]. Interestingly, the SK alleles are polymorphic and
can be subdivided into two phylogenetic lineages based on the highly variable
domain [38], namely, cluster 1 (SK1) and cluster 2 (SK2) (Figure 4a) [38, 58, 59].
The sequence identities of a, 8, and y domains between GAS strains are 77, 55, and
84%, respectively [60]. GAS from different clusters show different properties in Plg
activation, receptor expression, and receptor binding.
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(@)

a domain

[ Nz131 TAGYEWLLDRPSYNNSQLVVSVAGTVEGTNQET SLKFFEIDL TSRPAHGGKTEQGL SPK SKPFATDKGAMSHKLEKADLLKATQEJ) TANVHSNDGYFEVIDFASDATITDN 120
Cluster1 4 15210 TAGYEWLLDRPSVNNSQLVVSVAGTVEGTNQET SLKFFEIDLTSRPAHGGKTEQGL SPKTKPFATDNGAMSHKLEKADLLKATQE S TANVHSNDGYFEVIDFASDATITORY 120
NS53 TAGYEWLLDRPSVNNSQLVVSVAGTVEGTNQEISLKFFEIDLTSRPAHGGKTEQGL SPKSKPFATDKGAMPHKLEKADLLKAIQE®L TANVHSNDGY FEVIDFASDATITDRY 120
L ns931 TAGPEWLLDRPSYNNSQLVVSVAGTVEGTNQETSLKFFETDLTSQPAQGRKTEQDLNPKSKPLATDKGAMSHKLEKADLLKATQER) TANVHSNDGYFEVIDFASDATITDR {6 120
Cluster 2a J~ 5448 TAGYEWLPDRPPINNSQLVVSMAGIVEGTDKKVFINFFEIDLTSQPAHGGKTEQGL SPKSKPFATDNGAMPHKLEKADLLKATQK) TANVHSNDGY FEVIDFASDATITDRY 120
NS696 TAGYGHWLPDRPPINNSQLVVSMAGIVEGTDKKVFINFFEIDLTSQPAHGGKTEQGL SPKSKPFATDNGAMPHKLEKADLLKATQK &l TANVHSNDGYFEVIDFASDATITDR RERHYF: 120
[ APS3 TAGYEWLLDRPSVNNSQLVVSMAGIVEGTDKKVFINFFEIDLTSQPAHGGKTEQGL SPK SKPFATDNGAMPHK LEKADLLKATQE@ TANVHSNDGYFEVIDFASDATITDR I 120
Cluster 2b {5223 TAGPEWLLGRPPVNNSQLVVSMAGIVEGTDKKVFINFFETDLTSQPAHGGKTEQGL SPKSKPFATDNGAMPHKLEKADLLKATQEG. TANVHSNDGYFEVIDFASDATITDR 120
N5455 IAGYEWLLDRPSVNNSQLVVSMAGIVEGTDKKVFINFFEIDLTSQPAHGGKTEQGL SPKSKPFATDNGAMPHKLEKADLLKAIQEY IANVHSNDGY FEVIDFASDATITDR MEGH 120
L nsss.2 TAGYEWLLDRPSVNNSQLVVSMAGIVEGTDKKVFINFFE IDLTSQPAHGGKTEQGL SPKSKPFATDNGAMPHKLEKADLLKATQEZ) TANVHSNDGY FEVIDFASDATITOR, 120
i e b i tiptiia et s e e : >
B domain
[ Nz131 DSVTLPTQPROZFLLSGHVRVKPYQP EVSFVSETGDLDFTPR RNQYHLTTLAVCDSLSSQELAATAQF 1L SEHPOYT I TKRDSSIVTHONDIFRTIL PMDQE 240
Cluster: 4 NS210 DSVTLPTQPYQEFLL SGHVRVRPYQ RVNIRIVEVSFVSETNL DFTPR KERYHLTTLAVCDSLSSQELAATAQFTL SRBHPDYT TTKRDSSTVTHONDIFRTTL PMDQE 240
NS53 DSVTLPTQPRORFLLSGHVRVRPYQPKASHESAERVNIY EVSFVSE TGNLDFTPR. KEQYHLTTLAVGDSLSSQELAATAQF IL SEBMPOYT [TKRDSSTVTHONDIFRTIL PMDGE 240
L Ns931 DSVTLPTQPYOSFLL SGHYRVRPYQPKANHISAE RV EVSFVSE TGNL DFTPR KERYHLTTLAVGDSLSSQELAATAQFTL SEHPDYT ITKROSSTVTHONDTFRTIL PMDGE 240
Cluster 2a { 5448 GSVTLPTQ LLKGHVRVRPYKEKP) AKSVI TVQFTPLNPDDDFRPS KDTKLLKTLAIGDTITSQELLAQAQSILNEIHPCYTIYERDSSIVTHONDIFRTILPMDQE 240
NS696 GSVTLPTQPYOSFL LKGHVRVRPYKEKPIOMOAKS VQFTPLNPDDDFRP @ KDTKLLKTLATGDTITSQELLAQAQSTLNGHPGYTIYERDSSTVTHONDIFRTTL PMDQE 240
[ APS3 GSVTLPTQPHORFL LRGHVRVRPYKEKPHORPAK VDIV TVOFTPLNPDDDFKP Y. KDTKLLKTLATCDT TTSQELLAGAQSTL NGBMPOYTTYERDSSTVTHONDTFRTIL PTDQE 240
Cluster 2b 4 N5223 GsvTLPTQPHOBFLLRGHVRVRPYKEKPHOfiPAK VORI TVOFTPLNPDDDFKP] KDTKLLKTLATGOTITSQELLAQAQSTLMEBHPNYT IYERDSSIVTHONDIFRTIL PIDQK 240
o NS5455 GSVTLPTQPOBIFLLRGHVRVRPYKEKPIOIPAK SVDIBIVAVOF TPLNPDDDF TPY KDTKLLKTLAICDTITSQELLAGAQSTLNEBHPNYT IHERDSSIVTHOKDIFRTTL PMDGE 240
L nsss.2 GSVTLPTQPIRNIFLLRGHVRVRPYKEKPHIQMPAK SYDIRVAVQF TPLNPDDDFTPY. KDTKLLKTLAICDT ITSQELLAQAQSIL MBHPNYT IHERDS STVTHONGI FRTIL PMDQE 240
L8 RERERREA LR ANS EASREERI  rr Wy WP B RN L} WER ML N SARISSscIRRAN 8 WA AT RS & & SAEREEERERI SERESSS SR
y domain
[ Nz131 FTYHIKDREQAYKANSKTGIEEKTNNTOLISEKYYVLKKGEKPYDPFDRSHLKLFTINYVDVNTNKLLKSEQLLTASERNLDFRDLYDPROKAKL LYNNLDAFGIMDYTLTGKVEDNHDD 360
Cluster1 4 N5210 FTYHVKNREQAYGINKK SGQKEKTNNTDLT SEKYYVLKKGEEPYDPFDRSHLKLFTIKYVDVNTNEL LKSEQL L TASERNLDFRDL YDPRDKAKLLYNNLDAFGIMDYTL TGNVEDNHDD 360
NS53 FTYHVKNREQAYGTNKKSGOKEKTNNTDLTSEKYYTLKKGEKPYDPFDRSHLKLFTIKYVDVDTKDL LKSEQL LTASERNLDFRDL YDPRDKAKLLYNNLDAFGIMDYTL TGNVEDNHDD 360
L ns931 FTYHVKNREQAYGVNKK SGONEKINNTOLTSEKYYVLKKGEEPYDPFDRSHLKLFTINYVDVNTNKL LKSEQLLTASERNLDFROLYDPRDKAKLLYNNLDAFGIMGYTLTGTVEDNHDD 360
P — { 5448 FTYHVKNREQAYE INPKTGIKEKTNNTOLYSEKYYVLKQGEKPYDPFDRSHLKLFTIKYVOVNTNEL LKSEQLLTASERNLDFROLYDPRDKAKLLYNNLDAFDIMDYTLTGKVEDNHDK 360
NS696 FTYHVKNREQAYE INPKTGIKEKTNNTOLVSEKYYVLKQGEKPYDPFDRSHLKL FTIKYVDVNTNEL LKSEQL L TASERNLDFRDLYDPRDKAKL LYNNLDAFDIMDYTLTGKVEDNHDK 360
[ APS3 FTYHVKNREQAYONDNKTGLKKE TKNTDLTSEKYYTLKKGEKPYDPFDRSHLKLFTIKYVDVDTKDL LKSEQLLTASERNLDFROLYDPRDKAKL LYNNLDAFDIMDYTLTGKVEDNHDK 360
Cluster b N5223 FTYRVKNREQAYKANSKTOTKEKTNNTDLTSEKYYTLKKGEEPYDPFDRSHLKLFTIKYVDIDTKAL LKSEQL LTASERNLDFRDLYDPRDKAKLLYNNLDAFDIMDYTLTGKVEDNHDK 360
uster2b 1 nsass FTYRVKNREQAYONONKTGLKKETKNTDLT SEKYYTLKKGEEPYDPFDRSHLKLFTIKYVDVDTKAL LKSEQL LTASERNLDFRDL YDPRDKAKLLYNNLDAFDIMDYTL TGKVEDNHDK 360
L nsss.2 FTYRVKNREQAYQNDNKTGLKKETKNTOLISEKYYILKKGEKPYDPFDRSHLKLFTIKYVDVDTKAL LKSEQLLTASERNL EFRDLYDPROKAKLLYNNLDAFDIMDYTLTGKVEDNHDK 360
P it nro A bt S et it it o 5 en weak ra e
[ Nz131 TNRIITVYMGKRPEGENASYHLAYDKDRYTEEEREVYSYLRYTGTPIPDNPKDK 414
Cluster1 o NS210 TNRVITVYMGKRPEGENASYHLAYDKDRYTEEEREVYSYLRYTGTPIPDNPKDK 414
NSS3 TNRIITVYMGKRPEGENASYHLAYDKDLYTEEEREVYSYLRYTGTPIPDNPKDK 414
L NS931 TNRIITVYMGKRPEGENASYHLAYDKDRYTEEEREVYSYLRYTGTPTPDNPNDK 414
Choter s _[ 5448 NNRVVTVYMGKRPKGAKGSYHLAYDKDLYTEEERKAYSYLROTGTPIPDNPKDK 414
NS696 NNRVVTVYMGKRPKGAKGS YHLAYDKDLYTEEERKAYSYLROTGTPIPDNPKDK 414
[ APS3 NNRVVTVYMGKRPKGAKGS YHLAYDKDLYTEEEREVYSYLROTGTPIPDNPNDK 414
i b Ns223 NNRVVTVYMGKRPKGAKGS YHLAYDKDL YTEEEREVYSYLROTGTPIPDNPKDK 414
WSETaD T wsass NNRVVTVYMGKRPKGAKGS YHLAYDKDL YTEEEREVYSYLRDTGTPIPDNPNDK 414
L NS88.2 NNRVWTVYMGKRPKGAKGS YHLAYDKDL YTEEEREVYSYLRDTGTPIPDNPKDK 414
R EERRERERE 3 ARESEEEES AEETEA KEEEE ERRD RREE S
(b) Cluster 1 and 2a SK Cluster 2b SK
. — —
Tometten @ @ ?

Inactive

M protein

GAS cell surface

* a2-AP resistant

Figure 4.

(a) Allelic variants of streptokinase (SK) from GAS. Sequence alignment of cluster 1, 2a and 2b SK clinical
isolates. a, f3, and y domain regions are coloved blue, pink, and green, vespectively. “*,” " and 7 denote for
strictly conserved, strongly similar, and weakly similar vesidues, respectively. Alignment was performed using
the Clustal Omega multiple sequence alignment server (EMBL-EBI). Protein sequence GenBank accession
numbers NZ131, ACI61887.1; NS210, AGA54152.1; NS53, AGA54154.1; NS931, AGA54153.1; 5448, AFJ44175.1;
NS696, AFJ44174.1; AP53, AGA54155.1; NS223, AGA54156.1; NS455, AGA54157.1; and NS88.2, AGA54158.1.
(b) Cartoon illustration of the functional differences of SK clusters. Left: Cluster 1 and 2a SK can directly
activate Plg in a 1:1 complex and localize to the bacterial cell surface via plasminogen veceptors or indirectly via
fibrinogen-binding M protein. Cluster 1 SK-Plm complex is susceptible to a2-AP inhibition. Cluster 2a SK-Plm
and cell surface-bound complexes are a2-AP vesistant. Right: Cluster 2b SK must first form a ternary complex
with fibrinogen (Eg) and Plg before binding onto cell surface via PAM or M protein. Unless bound to PAM,
SK-Plg-Fg is inhibited by a2-AP.

SK1-Plg complex is enzymatically active (Figure 4b) but has been shown
to be susceptible to a2-AP inhibition [37]. Furthermore, SK1-Plg can bind to
fibrinogen (Fg) and form the Fg-SK1-Plg ternary complex without any changes
to the enzymatic activity [37]. SK1-Plg binds directly to Plg receptors such as
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glyceraldehyde-3-phosphate dehydrogenase and enolase, whereas Fg-SK1-Plg binds
to M protein receptor such as M1.

SK2 is further subdivided into two clusters—SK2a and SK2b. Like SK1, SK2a
expresses M protein and other Plg receptors, and the SK2a-Plg* complex is enzy-
matically active. One striking difference is that both SK2a-Plg* and SK2a-Plm are
resistant to o2-AP inhibition. SK2b on the other hand is co-expressed with a specific
Plg receptor called plasminogen-binding group A streptococcal M-like protein
(PAM, see next section) [38, 59]. SK2b has a lower affinity for Plg (30-fold lower
than SK1 and SK2a) [37], and the SK2b-Plg complex is enzymatically inactive.
Thus, Plg activation by SK2b is strictly limited to the bacterial cell surface [61].
Upon formation of the quaternary complex of PAM-SK2b-Plg-Fg, this complex is
resistant to o2-AP (Figure 4b).

The polymorphism and functional differences between the SK variants result in
different physiopathology of streptococcal infection [59]. For example, the PAM-
expressing SK2b strains where Plm activity is restricted to the cell surface are able to
sustain much longer-lasting skin infections [37, 62].

4. Plg-binding group A streptococcal M-like protein (PAM)

M protein is the major virulence determinant of GAS [63]. It belongs to a
family of dimeric coiled-coil surface-associated proteins. Under the electron
microscope, it appears as a fibrillar coat on the bacteria surface [64]. The protein
sequence of M proteins is highly variable especially in the first 50 residues at the
N-terminus, known as the hypervariable region (HVR). Strain typing based on
HVR sequence has identified more than 250 M subtype to date [65]. The variable
region confers affinity to different host molecules, such as Fg [66], immuno-
globulin [67], complement factor H [68], etc. There has been a number of reviews
published on the sequence pattern and function of the M protein family [64, 69]
and therefore will not be covered in the current paper. Here, we will focus on the
structure and function of PAM, which is a specific Plg receptor that mediates Plg
activation by SK2b.

4.1 Structure of PAM

PAM is encoded by the emm gene situated in the multiple gene activator (mga)
regulon. The mga regulon contains varying number of emm or emm-like genes and
forms the basis of the five different emm patterns (type A-E). PAM-positive GAS
strains are exclusively emm pattern D [70, 71].

PAM has the overall domain architecture of an M protein, which includes a
hypervariable region (HVR) at the N-terminus followed by variable A and B repeat
domains and the conserved C and D domains and an anchor region (Figure 5a).

In the precursor protein, there is a signal sequence that precedes the HVR and is
removed upon secretion. The anchor region consists of an LPTXG motif that is
responsible for sortase-mediated crosslinking of the C-terminus to the cell wall
peptidoglycan [64].

To date, no binding target or function has been assigned to the HVR region.
However, as this region extends the farthest from the cell surface, it might serve as
a hypermutatable decoy which promotes GAS evasion from the host immunity as
observed for the HVR of M1 and M5 proteins [72].

The A repeat domain consists of up to two tandem repeats termed al and a2.
The ala2 repeats each harbor a conserved Plg-binding motif consisting of an
arginine-histidine dipeptide (termed the RH motif). PAM variants differ mainly
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Signal sequence Hypervariable region
(a) [CAPS3 RKLKTGTASVAVAL TWWGAGLASQTEVKANRAD- v RQIQENDQLKLENKGLKTDLREKEEELQGLKDOVEKLTADAELQ 95
NS13 RKLKTGTASVAVAL TWCAGLASQTEVKANRAD= YRQIQENDQLKLENKGLKTDLREKEEELQGLKDOVEKLTADAELQ 95
NS59 RKLKTGTASVAVAL TVWGAGLASQTEVKANRAD- YRQIQENDQLKLENKGLKTDLREKEEELQGLKDDVEKLTADAELQ 95
ClassT 9 ys19 RKLKTGTASVAVAL TWGAGLASQTEVKANRAD— YRQIQENDQLKLENKGLKTDLREKEEELQGLKDDOVEKL TADAELQ 95
NS50.1 RKLKTGTASVAVAVAVLGAGFANQTEVKAK EH: SVTRAREAAIRQWMQ"! l;K']FAPLLADTlRD*JNNLHlTLDLTKKLlDDLkSLVELLLTTUJKKEQELkLLKD ----- DAELQ 110
LLA1aB49 RKLKKGTASVAVAL TVWWCAGLASQTEVKANRAD-- ~~DARNEVLRGNLV~-- ~RAELW-- —-YRQIQENDQLKLENKGLKTDLREKEEELQGLKDOVEKLTADAELQ 95
Class I1 NS88.2 RKLKTGTASVAVAL TWCAGLASQTEVKADRY: ~TDAHNAVTQGRTVPLR-- LLEMDKNSKLRSENEELQAGLQEKKRENEELQAGLQEKE --REL. 922
[(NS223 RKLKTGTASVAVAL TWGAGFANQTEVKAAD--DHPCAVAARNDVL SGFSVP-GN- YROQHQEICKLKSEKEELETELQEKEQELKNLKDNVEKLNTEVELE 99
NS455 RKLKTGTASVAVAL TVWWGAGLASQTEVKADQPVDHHRYTEANNAVL QG- ‘—RY\SARAI LHEINKNGQLRSENEEL KADLQKKEQELKNLNDDVKK LNDEVALE 101
N51133 RKLKTGTASVAVAL TVLGAGFANQTEVKAA-~-DHPSYTAAKDEVLSKFSVP-CH- AHEREKNDKLSSENEGLKAGLQEKEQELKNLKADVEKLKDAAELE 98
Class 111 < NS265 RKLKTGTASVAVAL TWGAGLASQTEVKAEN=---HPGYTAAONGVL SELPGO LHEREKNGELRLENEGLKTDLKKKEQELESLKGOVEKLKDEVALE 102
NS221 RKLKTGTASVAVAL TVLCAGFANQTEVKAA===DHPSYTAAKDEVL SKFSVP= AHEREKNDKL SSENEGL KAGLQEKEQE LKNLKADVEKLKDAAELE 98
NS253 RKLKTGTASVAVAL TWGAGLASQTEVKADQPVOHHR Y TEANNAVLQG-~ LHEINKNGQLRSENEELKADLQKKEQELKNLNDOVKKLNDEVALE 101
NS53 RKLKTGTASVAVAL TWCAGLASQTEVKADQPVDHHRY TEANNAVLQG: LHEINKNGQLRSENEEL KADLQKKEQELKNLNDDVKKLNDEVALE 101
LNS32 RKLKTCTASVAVALTVLCACFANQTEVKMf-fDﬂPSVTAAKOE‘!LSKI’b\-I’ CH= ===V~ AHEREKNDKLSSENEGLKAGLQEKEQELKNLKADVEKLKDAAELE 98
oS Vedia i bt ety P A T TR .
al B domain C1
[APS3 RLKNERHE=<-EAE LERLK S RHDHDKKEAERKALEDKLADKQEHLNGAL RYINEKEAEAKEK EAEQKKL KEEKQT SDASRQGLRRDL OASREAKKQVEKDLANL TAELOKVKEEX 212
NS13 RUKNERHE == - EAE | ERLKSERHDHOK KEAERKAL EDKLADKQEHLNGAL RYINEKEAERKEKEAEQKKL KEEKQTSDASRQGLRRDLDASREAKKQVE KDL ANLTAE LDKVAE F K 212
ClassT 4 NS59 RLKNERHE - - EAE L ERLKS ERMDHOKX KEAERKALEDKLADKQEHLNGALRY INEKEAERKEK EAEQKKL KEEKQI SDASRQGLRRDLDASREAKKQVEKDLANL TAELDKVA L 212
NS10 RLKNERHE - KSERHDHOK KEAERKALEDKLADKQEHLNGALRYINEKEAERKEK EAEQKK L KEEKQT SDASRQGLRRDLDASREAKKQVE KDLANL TAE LDKVSEF 212
NS50.1 RUKNERHE- RLKSERMEHOK KEAERKAL EDKLADKQEHLDGAL RYINEKEAERREKEAEQKKL KE EKQT SDASRQGLRRDLDASR EAKKQVE KDLANL TAE FDKV L | 227
LATaB49 RLKNERHE---| ERLKSERHDHDK KEAERKALEDKLADKQEHLNGALRYINEKEAERKEK EAEQKKL KEEKQI SDASRQGLRRDLDASREAKKQVEKDLANL TAE LDKVEE FKL). 212
ClassIl  NS88.2  -----m| EDLKDAE LKRLNEERMDHOK REAERKALEDKLADKQEHLDGAL RYINEKEAERKEKEAEQKKL KE EKQI SDASRQGLRRDLDASREAKKQVEKDLANL TAELDKVEL LK 205
Ns223 RUKNERHDHOEEAE | NRLREERMDHOK KEAERKAL EDKLADKQEHLDGAL RYINEKEAERKEKEAEQKKL KEEKQTSDASRQGLRRDLDASREAKKQVEKDLANSTAE FDKVXE FKI 219
NS455 RUKNERHVHOEEVE L ERLKNERHDHOK KEAERKALEDKLADKQEHL DGAL RYINEKEAERKEKEAEQKKL 185
NS1133 RUKNERHDHOE --- | ERLKNERMDHOK REAERKALEDKLADKQEHLDGAL RY INEKEAERKEKEAEQKKL KEEKQTSDASRQGLRRDLDASREAKKQVEKDLANL TAELDKVKEEKQISD 215
Class 111  N5265 ERLKNERYE HOK KEAERKALEDKLADKQEHL NGALRYINEKEAERKEKEAEQKK L KEEKQTSDASRQGLRRDLDASREAKKQVEKDLANL TAELDKVKEEKQVSD 222
NS221 RUKNERHDHOE --- | ERL KNERHDHOK REAERKAL EDKLADRQEHLDGAL RYINEKEAERKEKEAEQKKL KEEKQVSDASRQGLRRDLDASREAKKQVEKDLANL TAELDKVKEEKQTSD 215
NS253 RLKNERHVMOEEVE LERLKNERMDHDK KEAERKALEDKLADKQEHL DGAL RYINEKEAERKEKEAEQKKL KEEKQI SDASRQGL RRDLDASREAKKQVEKDLANL TAE LDKVKEEKQISD 221
NSS3 RLKNERHVHOEEVE LERLKNERHDHOK KEAERKALEDKLADKQEHLDGAL RYINEK EAERKEKEAEQKK L KEEKQT SDASRQGLRRDLDASREAKKQVEKDLANL TAE LDKAKEEKQI SD 221
LNS32 RLKNERMDMDE - -~ LERLKNE ("Dﬂllk VEAERKALEDKLADKQEHLDCALRYINEKEAERKEKEAEQKKLKEEKQI SDASRQCLRRDLDASREAKKQVEKDLANL TAELDKVKEEKQISD 215
Riws, o ey
C3 D domain
[APS3 VKEEKQI SDASRQGLRROLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EE SKKL TEKEKAELQAKL EAEAKAL KEQLAKQAEELA 332
NS13 #VKEEKQI SDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EESKKL TEKEKAELQAKLEAEAKAL KEQLAKQAEELA 332
ClassT 4 559 KEEKQISDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EESKKL TEKEKAELQAKLEAEAKAL KEQLAKQAEELA 332
NS10 ¥ VKEEKQI SDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EESKKL TEKEKAELQAKLEAEAKAL KEQUAKQAEELA 332
NS50.1 VKEEKQT SDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EESKKL TEKEKAELQAKLEAEAKAL REQLAKQAEELA 347
Latagag % VKEEKQI SDASRQGLRROLDASREAKKQVEKAL EEANSKLAAL EKLNKELEE SKKL TEKEKAELQAKLEAEAKALKEQLAKQAEELA 332
ClassIl  ns88.2 GLANLTAS | DKVKEEKQT SDASRQGLRROLDASREAKKQVEKAL EEANSKLAAL EKLNKELEE SKKL TEKEKAELQAKL EAEAKALKEQLAKQAEELA 325
[NS223 OLANLTAZ FORVKEEKQI SDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKELEESKKL TEKEKAELQAKLEAEAKAL KEQLAKQAEELA 339
NS455 EEKQTSDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EESKKL TEKEKAELQAKLEAEAKAL KEKLAKQAEELA 257
NS1133 ¥ VKEEKQI SDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKE L EESKKL TEKEKAELQAKLEAEAKAL KEQLAKQAEELA 335
Class T11 < N5265 #1 KEEKQI SDASRQGL SRDLEASREAKKKVEADL AEANSKL QAL EKLNKEL EEGKKL SEKEKAELQARLEAEAKAL KEQLAKQAEELA 342
NS221 ¥ VKEEKQI SDASRQGPRRDLDASREAKKQVEKAL EEANSKLAAL EKLNKEL EESKKL TEKEKAELQAKLEAEAKAL KEQLAKQAEELA 335
Ns253 | DK VKEEKQI SDASRQGLRRDLDASREAKKQVEKAL EEANSKLAAL EKL NKEL EE SKKL TEKEKAEL QAKLEAEAKAL KEKLAKQAEELA 341
NS53 LA % VKEEKQI SDASROGLRROLDASREAKKQVEKAL EEANSKLAAL EKLNKELEE SKKL TEKEKAELQAKLEAEAKALKEKLAKQAEELA 341
LNS32 DLANLTAELDKV KEEKQISDASRQCLRRDLDASREAKKQAEKALEEANSKLMLEKLNKELEESKKLTEKEKAELQAKLEAEAK&LKEQLAKQAEELA 335
AR ARRRR AR RN SRR, § 4 ARARES ey
Pro-Gly h Te Sortase sequence
[APS3 KLRAEKASDSQ ETT 388
NS13 KLRAEKASDSQ ! ETT 388
ClassT o N559 KLRAEKASDSQ 70/ i QAG A i ETT 388
NS10 KLRAEKASDSQTPDAKPGNKAVPGKGOAPQAGTKPNONKAPMKETKR( ETT 388
NSS0.1 KL 349
LATaB49 KLRAEKASDSQT DA NI PGK PQA PNQNK KETK EAA 388
ClassTT  ns88.2 KLRAEKASDSQ ETT 381
[NS223 KLRAEKASDSQT 0 T BT 395
NS455 KLRAEKASDSQT ; s 310
NS1133 KLRAEKASDSQ! 1 ETT 391
NS265 KLRAGKASDSQ| ETT 398
Clase Tl 3 sy KLRAEKASDSQ ETT 391
NS253 KLRAEKASDSQ P! \ ETT 397
NSS53 KLRAEKASDSQ 1 KPNQNKAPMK ETT 397
Lns32 KLRAEKASDSQTPDAKPGNKAVPGKGQAPQAGTKP! ETT 391
.
@ ( =
‘ Plm Fg
SK-Plg-Fg a hehca_i]
A domain
Disordered
HVR-B domain

PAM-SK-Plg-Fg

GAS cell surface

Figures.

(a) PAM variants from emm pattern D GAS strains. Sequence alignment of PAM variants shown is divided
into three classes: I, 11, and I1I. RH motifs in a1 and a2 vepeats ave highlighted in red, and the three-vesidue
insertions between a1 and a2 in class III PAM are hzghlzghted in blue. For clarity, residues before signal
sequence and after sortase sequence were removed. “*,” . and “” denote strictly conserved, strongly similar,
and weakly similar vesidues, respectively. Alzgnment was performed using the Clustal Omega multiple
sequence alignment server (EMBL-EBI). Protein sequence GenBank accession numbers AP53, CAA80222.1;
NS13, AAQ64521.2; NS59, AAQ64518.2; NS10, AAQ64516.2; NS50.1, AAQ64519.3; AlaB49, AEQ25265.1;
NS88.2, AAQ64526.2; NS223, AAQ64524.2; NS455, AAQ64527.2; NS1133, AAQ64517.2; NS265,
AAQ64525.2; NS221, AAZ66743.1; NS253, AAQ64523.2; NS53, AAQ64522.3; and NS32, AAQ64520.2. (b)
Cartoon illustration of the conformational change of PAM and Plg binding. It is proposed that the N-terminal
portion of PAM (from HVR to B domain) is largely disordered and transforms to a helical structure upon
binding to Plg. The structural change serves to enhance the intermolecular interactions.
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in the HVR and A repeat region [71] and can be divided into three classes based on
the A domain arrangements, namely, I, I, and III (Figure 5a). All classes have the
a2 repeat, class I has both ala2 repeats, class II only has a2, and class III has both
ala2 repeats as in class I, but the repeats are separated by a three-residue insertion.
In bacterial strains such as PAMysy¢s and PAMygs3», the second RH motif is mutated
to Arg-Tyr and Gly-His, respectively (Figure 5a). Despite these variations, all PAM
bind to human Plg with high affinities [71, 73, 74].

Based on NMR studies [74], the structure of the HVR and A domain is predomi-
nantly disordered, and the binding to Plg results in a major conformational change
and formation of a-helical structures (Figure 5b). This observation was further
supported by experimental data published in a recent study [75], where it is revealed
that the conformation switch can be detected even without binding to Plg, and the
alternation between disordered and a dimeric a-helical structure occurs in a temper-
ature-dependent manner, similar to the M1 protein reported previously [76]. This
observation could be explained by a conformation sampling of the flexible domains.

Other than the aforementioned dynamic and dimeric interaction at the
N-terminal HVR and A domains, the current structure model of PAM is a coiled-
coil dimer, which is stabilized via the C and D domains’ interaction [74]. It is
proposed that at least two C domains are required for a stable dimer formation.
However, PAMysuss, one of the smallest PAM variants identified to date, contains
only one C domain (Figure 5a). While it has been shown that PAMygsss has high
affinity for Plg [71], the question remains if and how PAMyg4ss maintains the
dimeric assembly.

4.2 Binding mechanism of PAM to Plg

PAM binds to both Plg and Plm directly with high affinity (Kp of ~1 nM) [77, 78]
through the RH motifs in the A repeat region to Plg KR2 domain (Figure 6) [79].

VEK-30 (a1 repeat of PAM AP53)

Figure 6.

X-ray crystal structure of angiostatin (KR1-KR2) and VEK-30 complex (PDB ID 2DOI). VEK-30 (magenta,),
a peptide derived from PAM APs3, binds to KR2 (brown) primarily by its RH (R101 and H102) motif (sticks)
intevacting with the LBS residues D219 and E221 (inset). Together, R101, H102, and E104 form a lysine isostere
that is recognized by the LBS of KR2. KR1 (light-blue) does not play a role in the complex formation [8o].
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Based on the crystal structures of the al repeat-KR2 binary complex, the side
chains of the RH motif residues Argjo; and Hisg, form a pseudo-lysine moiety
(called the lysine isostere) and bind to the LBS of KR2 [79, 80]. Peripheral
residues of the RH motif such as Aspg;, Glugs, Leugz Lysog, and Gluyos mediate
further intermolecular interaction via binding to residues of KR2 outside the
LBS, namely, Tyra00, Arg20, Argrss, and Trpyss [80]. These additional interac-
tions play important roles in stabilization of the complex. Of these residues,
Tyr00 and Argyy are unique to KR2, accordingly; these residues may drive
the specificity of the A repeats toward the KR2 domain. In doing so, PAM is
expected to bind not only tightly to Plg but also without competing with SK
binding [80]. Further structural studies would be required to validate this
hypothesis.

Outside the A repeats-KR2 binding interface, there are many questions remained
to be addressed regarding the interaction between Plg and PAM. For instance, both
al and a2 were shown to bind KR2 [81], but would a single PAM monomer bind to
two Plg? Further, KR2 in closed Plg is inaccessible. How does PAM bind to KR2?
Does it induce a conformational change of Plg prior to the complex formation [78]?
Furthermore, the N-linked glycosylation of Plg at KR3 in Plg glycoform I reduces
its affinity for PAM [82]; does KR3, which does not have a functional LBS, mediate
exosite(s) interaction with PAM?

5. Streptococcal inhibitor of complement (SIC)

Streptococcal inhibitor of complement (SIC) is a 31-kDa secreted virulence
factor found in M1 and M57 GAS serotypes. SIC is named after its inhibitory
function of complement-mediated cell lysis. SIC binds to complement system
regulators such as histidine-rich glycoprotein, clusterin, and membrane attack
complex C5b-C9 (Figure 7a) [83]. Subsequent research revealed that SIC also
binds to antimicrobial peptides [84, 85], extracellular histones [86], fibrin [87],
thrombin [87], and plasminogen [87]. Accordingly, the physiological role of SIC
is to manipulate the host defense system for infection and invasion. Of particular
interest to the current review is that it inhibits the fibrinolytic system through
binding to Plg [87].

5.1 Structure and function of SIC

SIC consists of an N-terminal signal peptide that is cleaved upon secretion; the
mature form has a short repeat region followed by three tandem repeats of about
30 residues each (Figure 7b). The three-dimensional structure of SIC is currently
unknown, and there is no apparent sequence identity with proteins in the database
such as Pfam.

Additional to its well-known roles in suppressing the host defense system,
SIC has been shown to modulate the fibrinolytic system [87]. It was proposed
that SIC inhibits SK-mediated Plg activation. Specifically, SIC-positive GAS
entrapped in the fibrin clot allows its survival for much longer than the SIC-
negative strain. The entrapped bacteria colonize before its dissemination from
the primary infection sites.

SIC is expressed in the early growth phase of M1 GAS; its role, which is to
temporally regulate the activity of SK, is only reported in a recent study. It was
shown that the Plg-binding motif(s) in SIC is located at the C-terminal 200 resi-
dues which presumably binds the Plg KR domains [87]. Significantly, although
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Inhibition of membrane attack complex

(a)
Csb-Cg Clusterin Histidine
complex 4 glycoprotein
Suppression of [\ High molecular Streptococeal inhibitor Antimicaob" i;::ti:ii::);:rfe
contact system ight kini — > peptides
eyt ight kininogen of complement (SIC) response
“_ Thrombin + Fibrinogen
L Plasminogen =
Modulation of clot formation and fibrinolysis
(b)
Signal sequence
M1 MNIRNKIENSKTLLFTSLVAVALLGATQPVSAETYTSRNFDWSGDDWSGDDWPEDDWSGD 60
M1_AP1 MNIRNKIENSKTLLFTSLVAVALLGATQPVSAETYTSRNFDWSG----- DDWPEDDWSGD 55
M57 -MQIKKIKLSKSLLFTSLAAVALLGATQPVSAEMYTSRNFGWSGDDWSGDDWSGDDWSGD 59
:}"c'."c: ’.“.‘7“::******_****'k*:’f:’r‘k?‘r:‘r*;‘r* ****‘.’:*_}’:*:‘r wuw whThNN
Short repeat region
M1 GLSKYDRSGVGLSDYGWSKYGWSSD = smmum e s camn i KEEWPEDW 93
M1_AP1 GLSKYDRSGVGLSQYGWSQYGWSSD - === === e e e e e e e e KEEWPEDW 88
M57 GLSKYDRSGVGLSQYGWSKYGWSSDKEDWPEDDWSEDDWSNDYWSKYCGWSSNKEDWPEDW 119
****‘A‘*‘k***‘k*******:*:‘r*‘k** **:ﬁ’r’k‘s‘.‘i‘.‘*
Repeat 1 Repeat 2
M1 PEDDWSSDKKDETEDKTRPPYGEALGTGYEKRDDWGGPGTVATDPYTPPYCCALGTGYEK 153
M1_AP1 PEDDWSSDKKDETEDKTRPPYGEALGTGYEKRDDWGGPGTVATDPYTPPYCGCALGTGYEK 148
M57 PEDDWSSDKKDETEDKTRPPYGEALGTGYEKRDDWGGPGTVATDPYTPPYGCALGTGYEK 179
Fedededededededede Nl de N e deSedehdededededede e dedefede e fededededede eV dede NS dedeNedeSededededededen
Repeat 3
M1 RDDWGGPGTVATDPYTPPYCGGALCTCGYEKRDDWRGPGHIPKPENEQSPNPLHIPEPPQIE 213
M1_AP1 RDDWGGPGTVAIDPYTPPYCEALGTGYEKRDDWRCGPCHIPKPENEQSPNPSHIPEPPQIE 208
M57 RDDWGGPGTVATDPYTPPYCCALGTGYEKRDDWGGPCHKP--KNEQSPNPSHIPEPPQIE 237
TededddhNdddh N whhfdhkhd hdkdhNdhdhdhudh hndk % :‘k‘.‘:*;’:‘.’r'."‘;': E o
C-terminal region
M1 WPQWNGFDGLSFGPSDWGQSEDTP--PSEPRVPEKPQHT------- PQKNPQESDFDRGF 264
M1_AP1 WPQWNGFDELSFGPSDWGQSEDAPRFPSEPRVPEKPQHT------- PQKNPQESDFDRGF 261
M57 WPQ‘WNGFDGLSSGPSGWGRSEDTPHSPSGPRIPEGNIPPGLPQAPETPRTDEDDEYQKGF 297
Fededededededed dek fedkk :1'(1': Feded . "k *d Kk ** .......
M1 SAGLKAKNSGRGIDFEGFQYGGWSDEYKKGYMQAFGTPYTPSAT 308
M1_AP1 SAGLKAKNSGRGIDFEGFQYGGWSDEYKKGYMQAFGTPYTPSAT 305
M57 SDGLKAKKSGRGIDFAGFKYDGWSVEYKKGYMAAFSTP------ 335
Y dedededek . Yededededeeh Yok . £3 : vedede edededededede ek _**
Figure7.

(a) Streptococcal inhibitor of complement (SIC), a multifunctional protein, binds to a number of proteins
and peptides that are involved in the formation of membrane attack complex [83], activation of contact

system [95], antimicrobial activities [96], and clot formation and fibrinolysis [87]. Together, SIC facilitates
bacterial survival, colonization, and immune evasion. (b) Sequence alignment of SIC from strains M1 and
Ms7. Sequence alignment shows variability in the number of repeats in the short repeat region (green), whereas
the three tandem vepeats (1-3) are highly conserved. “*,” " and 7 denote strictly conserved, strongly similar,
and weakly similar vesidues, respectively. Alignment was performed using the Clustal Omega multiple sequence
alignment server (EMBL-EBI). Protein sequence GenBank accession numbers M1, AAK34693.1; M1 AP1,
AKG28717.1; and M5z, AAP31326.1.

SIC does not bind to PIm, it binds specifically to Plg via competing with SK for
Plg. It remains to be determined experimentally whether the C-terminal domain
of SIC also binds to the Plg KR5 and/or the SP domains like SK, as discussed
previously.
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6. Conclusion

The fibrin network plays a pivotal role in innate immune defense via entrapping
pathogens within the primary infection sites. GAS infection studies in animals
have provided strong evidence that GAS has the ability to manipulate the host
fibrinolytic system at many levels [88, 89]. On one hand, hijacking the host Plg/Plm
on the bacterial surface has provided an energy-efficient strategy to break down
the fibrin network during dissemination [55, 57, 90], and this is achieved with the
aid of PAM. Using GAS strains which express both SK2b and PAM genes, it was
shown that inactivation of either genes significantly reduces virulence [59]. SIC,
on the other hand, allows the bacteria to make use of the fibrin network as a shelter
during the initial colonization phase, and it simultaneously inhibits the comple-
ment system in order to ensure the survival of bacteria in the early infection phase.
The combined effects of these virulent factors perhaps allow the SIC-expressing M1
strain to be one of most invasive GAS [91].

GAS has evolved into a formidable pathogen through its millennial of coexis-
tence with human host and natural selection; it is invasive and also evasive through
manipulating the host immunity with a plethora of virulent factors. The three
extracellular virulent factors discussed in this review modulate specifically the
fibrinolytic system via an assembly of Plg modulators. Ironically, these virulence
factors are capable of outranking the human counterparts in terms of efficiencies
and affinities. SK, for instance, is the most efficacious Plg activator ever discovered,
and therefore it was the first therapeutic approved for the treatment of thrombotic
disorders including myocardial infarction [92] and pulmonary embolism [93].
With the increasing prevalence of antibiotic-resistant superbugs, GAS infection
is expected to post a risk to public health worldwide. Better understanding on the
molecular mechanisms of how these virulent factors manipulate the host immunity
will provide insight on future development of treatments for GAS infection.
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