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1. Abbreviation 

Ag-Ab Antigen-antibody 

aHUS Atypical hemolytic uremic syndrome 

BCR Antigen-binding membrane receptor 

C2 Complement component 2 

C3 Complement component 3 

C4BP C4b-binding protein 

C5 Complement component 5 

C9 Complement component 9 

CBD Choline binding domain 

CBM Choline binding module 

CBM Choline-binding module 

CBPs Choline binding proteins 

CBPs Choline-binding proteins 

CD55 Complement decay-accelerating factor 

CD59 Membrane attack complex-inhibitory protein encoded by CD59 

CFHR1 Complement Factor H related proteins 1 

CFHR2 Complement Factor H related proteins 2 

CFHR5 Complement Factor H related proteins 5 

CP Classical pathway 

CPS Capsular polysaccharides 

CR1/CD35 Complement receptor 1 

CR2/CD21 Complement receptor 2 

CR3 Complement receptor 3 

CR4/CD11 Complement receptor 4 

D4 Domain 4 

DEAP-HUS 

Deficiency of CFHR (complement factor H-related) plasma proteins  

and autoantibody Positive form of HUS 

EM Electron microscopy 

ExPRD Extracellular proline rich domain 

FDD Family Defining domain 

FHL-1 Factor H like protein 

FM Functional module 

GPCRs G protein-coupled receptors 

Hic Factor H-binding inhibitor of complement  

HUS Hemolytic–uremic syndrome 

HVD Hypervariable domain 

iC3b Inactivate C3b 

IFN-γ Interferon gamma 

IgA Immunoglobulin A 

LP Lectin pathway 

LP Lactoferrin protein 

LytA N-acetylmuramoyl-l-alanine amidase  
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LytB Glycosaminidase 

LytC Lysozyme 

MAC Membrane attack complex 

MAMPs Microbe-associated molecular patterns 

MASP Mannose binding lectin associated protease 

MBL Mannose-binding lectin 

MCP/CD46 Membrane cofactor protein 

MHC Major histocompatibility complex 

NanA Neuraminidases 

NHS Normal human serum 

PCV Pneumococcal Conjugate Vaccine 

PCV13 Pneumococcal Conjugate Vaccine, Prevnar 13 

PECAM-1 Platelet endothelial cell adhesion molecule 

pHUS Streptococcus pneumoniae-associated HUS (pHUS)  

Ply Pneumolysin 

PMNs Polymorphonuclear leukocytes 

PRD Proline rich domain 

PspA pneumococcal surface protein A 

PspC pneumococcal surface protein C 

RBC Red blood cell 

RCD Random coil domain 

RCD-E Random coil domain-extension 

RD Repeat domain 

SCR Short consensus repeat domain 

sIgR Secretory IgA receptor 

STEC-HUS typical HUS caused by Shiga toxin-producing Escherichia coli 

T-Ag Thomsen cryptantigen 

TCC Terminal complement complex 

TCR T cell receptor 

TE Thromboembolism 

TNF-α Tumor necrosis factor 

UNICEF United Nations Children’s Fund  

URT Upper respiratory tract 

VD Variable domain 

WHO World health organization 
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2. Introduction 

Streptococcus pneumoniae (also known as pneumococcus) is a lancet-shaped, Gram-

positive, and classic extracellular pathogen that colonizes the mucosal surfaces of the 

human upper respiratory tract (URT)1. In addition to pneumonia, streptococci cause 

frequent infection of the middle ear and sinusitis and bronchitis by colonizing the airways 

2. Streptococci can invade other niches, causing invasive diseases such as conjunctivitis, 

meningitis, sepsis, and Streptococcus pneumoniae-associated hemolytic uremic 

syndrome (pHUS) which affects children under the age of 53–9. Pneumonia accounts for 

nearly 16 percent of the 5.6 million deaths in children less than 5 years old, killing around 

800,000 children in 2016 reported according to the United Nations Children’s Fund 

(UNICEF) and the World Health Organization (WHO)10–12. S．pneumonia was first isolated 

from the saliva of a patient with rabies in 1881 by Louis Pasteur. Already in 1911, efforts 

have been devoted to the vaccine’s development, however the first pneumococcal vaccine 

was not produced and licensed for use until 1977. The first conjugate pneumococcal 

vaccine was licensed in 200013. Nowadays, the widespread use of pneumococcal 

conjugate vaccines (PCVs) has reduced invasive disease of serotypes with the capsular 

polysaccharide (CPS) types14. Based on differences of the polysaccharide capsule, so far 

97 serotypes are identified15. As part of its life cycle, S．pneumoniae remodels its genome 

by uptaking and incorporating of exogenous DNA from other pneumococci or viruses and 

has thus facilitated the spread of antibiotic resistance and evasion of vaccine-induced 

immunity16. For example, S. pneumoniae has been a leading secondary infection and 

cause of death during influenza pandemics17,18. The growing high burden of disease, the 

increase in microbial resistance to antibiotics, and insufficient vaccine coverage make it 

necessary to research for novel targets, to understand the diversity of immune evasion 

proteins, and also immune escape strategies of this relevant pathogenic bacterium19,20. As 

a result of the above situation, the potential new drug or vaccine targets in S. pneumoniae 

should be virulence factors common to all pneumococcal serotypes. Surface-exposed 

proteins are key players during the infectious process, such novel targets may be found in 

the bacterial cell wall which is the traditional target for antibiotics21.  
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Pneumococcal surface proteins PspA and PspC are abundant cell surface proteins and 

important virulence factors. PspA inhibits complement activation in the early phases of 

infection22. PspC binds several human plasma proteins, including factor H, plasminogen, C3, 

C4BP, secretory IgA, and vitronectin23. In a bacterial model, a strain lacking the pspC gene 

alone behaved like the wild type, but the absence of both pspC and pspA caused accelerated 

clearance of the bacteria24. PspA and PspC are structurally and functionally related, and both 

proteins combine antigenic diversity, modular composition, and mosaic structure for immune 

evasion. The surface proteins PspC and PspA play relevant physiological roles in bacterial 

viability and virulence. Both proteins represent choline binding proteins (CBPs). They are 

characterized by a structural organization in two modules: a functional N-terminal module (FM), 

and a C-terminal choline-binding module (CBM) that links the proteins to choline moieties in 

the cell wall. PspA is constituted of five domains: (1) a signal peptide, (2) an a-helix charged 

domain, (3) a proline rich domain, (4) family determining domain, and (5) choline binding 

repeats. PspC also shows a clear multi-domain pattern, with a (1) a signal peptide, (2) 

hypervariable region, (3) repeat region I, (4) random coil region, (5) repeat region II, (6) a proline 

rich region and (7) a CBD surface anchor. Furthermore, the diversity of PspA and PspC 

suggests that pneumococcal strains and clinical isolates adjust antigen diversity to escape 

adaptive immunity25,26. 

2.1 An overview of the host immune system 

Humans and other mammals live in a world surrounded by both pathogenic and 

nonpathogenic microbes which are challenging immune homeostasis. Whether these 

organisms penetrate and cause disease is up to the balance between the virulence factors 

and the integrity of the host defense mechanisms27. The host immune system is divided 

into two major parts, which can be separated according to the specificity and speed of the 

reaction: innate immunity and adaptive immunity (Figure 1). Both systems are integrated 

into an interactive network of organs, cells, humoral factors, and cytokines. 
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Figure 1. Overview of the immune system. The immune system is made up of two parts: innate 

(nonspecific) and adaptive immunity (specific). Both systems include humoral components and cellular 

components. 

Broadly defined, the innate immunity, which is conserved in even simple animals provides 

immediate host defense against infection which encompasses physical barrier, 

complement, and immune cells such as neutrophils, macrophages, mast cells, and natural 

killer cells. Physical barriers, for example, the skin and other epithelial surfaces block the 

entry of nonself microbes. If microbes cross the barrier, complement would activate 

immediately and activation fragments can cause the entry of mediate neutrophils, 

macrophages, and other leukocytes which ultimately kill the invading microbes28. Unlike 

the innate mechanisms, the adaptive immune system consists of exquisite antigen-specific 

cells such as T lymphocytes and B lymphocytes. Furthermore, the adaptive immune 

system manifests immunological memory, which is a hallmark of vertebrates29. The innate 

response as the first line of defense is vigorous, rapid, and nonspecific, sometimes 

damaging normal tissues. In contrast, the adaptive response is precise, takes several days 

or weeks to fully become prominent, and then antigen-specific T and B cells amplify to 
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expansion. However, humoral components are involved in both types of immunity as 

shown in Figure 1. Components of the complement confer to activation of the antigen-

specific cells. In addition, antigen-specific cells amplify their responses also by recruiting 

innate components to attack invading microbes. Thus, a synergy between innate and 

adaptive immunity is imperative for a fully effective immune response30. 

2.2 Innate immunity 

Innate immunity covers a varied series of host defenses to recognize and respond directly 

and immediately against infectious microbes. These include on the host side: epithelial 

surfaces preventing infection, secreted mucus clearance, complement activation, 

neutrophils recruitment, and macrophages. It is quickly activated to attack and destroy 

invaders by recognizing conserved structures and features which are unique to 

microorganisms, but which are absent in the host. These structures are generally termed 

microbe-associated molecular patterns (MAMPs) and represent conserved motifs such as 

lipopolysaccharides, teichoic acids, nucleic acids, and mannose-rich oligosaccharides31. 

MAMPs stimulate two major types of innate immune responses: complement response as 

well as induction of humoral mediators and phagocytosis by primary innate immune cells 

such as neutrophils and macrophages. Both of these responses can happen immediately, 

even if the infectious microbe has never been intruded into the host.  

2.2.1 The complement system 

The complement system is an ancient part of immunity, which dates back over 500 million 

years ago as testified by genome analysis32. Complement was first recognized as a heat-

labile part of human plasma, which “complemented” the action of antibodies in defense 

against bacteria. It consists of more than 30 distinct serum and membrane bound 

components which circulate in plasma, extracellular fluid and which are also expressed on 

the surface of the host33. Although complement as an enhancer of the antibacterial activity 

of antibody, lacking antibodies, it can also be triggered in the early infection stage. What is 

certain is that complement, on one hand, evolved as part of the innate immune system, on 

the other hand, it also bridges innate and adaptive immunity.  
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2.2.2 Complement pathways 

Complement is also known as complement cascade. There are three complement 

pathways that are initiated by different reactions or media and named as follows: 

alternative pathway, classical pathway, and lectin pathway. The activation of three 

pathways produces related protease C3 convertase which represents the central stage of 

complement. In the end, all the three pathways trigger the terminal complement pathway 

(Figure 2).  

 

Figure 2. Complement cascades. Figure adapted from Peter Zipfel and Skerka (2009)34. Complement 

is a group of soluble proteins undergoing a complex series of cleavage and combination reactions. The 

complement system is initiated by three pathways (alternative, lectin, and classical pathway). The major 

products resulting from the cleavage of center complement proteins: C3 and C5 each of which plays 

important roles in the complement system. C3a and C5a act as anaphylatoxins, recruiting neutrophils and 

monocytes; C3b serves as an important opsonin for phagocytosis and in the end, C5b combines with C6, 

C7, C8, C9 proteins into the membrane to form the membrane attack complex.  

Figure 2 shows an overview of complement activation and regulation. The alternative 

pathway is initiated by spontaneous hydrolysis of C3 or via properdin binding to the cell 

surface. The activation of the lectin pathway (LP) occurs by mannose-binding lectin (MBL) 

or other molecules. The classical pathway (CP) is initiated by C1q binding to the Ag-Ab 

complexes or other molecules. Subsequently, each of the three pathways forms a C3 
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convertase which cleaves C3 in C3a and C3b.C3a is a powerful anaphylatoxin and C3b 

acts as an opsonin and can be further processes into fragments which have many 

characteristics. Then surface deposited C3b can initiate a C5 convertase, which cleaves 

C5 in C5a, also acting as a strong anaphylatoxin and C5b. In the next step, C5b binds on 

the surface and interacts with C6-C9, forming the membrane attack complexes.  

The alternative pathway is a natural defense that opsonizes and kills infectious microbes. 

This pathway will spontaneously be triggered either directly by C3b protein binding to a 

microbe, or to foreign materials, infectious agents, and also to some tumor cell lines35. The 

initial surface attached to C3b attracts plasma protein Factor B to form a complex. The 

next step is the cleavage of C3b attached to Factor B into Ba and Bb by Factor D. In the 

next step, Bb remains bound to the combined complex and forms activate C3 convertase 

which can cleave multiple C3 onto C3a and C3b. On the one hand, a large number of C3b 

bind additional Factor B from plasma Bb and form new C3 convertases and induce the 

amplification loop of the alternative pathway cascade. On the other hand, such surface 

attached C3b carry out other functions: (i) C3b molecules deposited on the surface of 

infectious particles promote the further adhesion and phagocytosis by human phagocytes; 

(ii) bind C3bBb to form a C3bBbC3b complex, which is a C5 convertase that cleaves C5 

and can initiate the terminal complement pathway. 

The lectin pathway starts when mannose binds lectin which is produced by the liver or 

serum ficolin binds to certain sugars exposed on the surface of microorganisms. Mannose-

binding lectin-associated serine protease has several isoforms that are zymogens, MASP1, 

MASP2, and MASP3 which can form multimers with MBL (Mannan-binding lectin). The 

MASPs have similar structures to the serine proteases C1r and C1s molecules of the 

classical complement pathway36. MBL binding to the surface of infectious microbes 

induces MASP1 to cleave MASP2. Such activated MASP2 cleaves C4 into C4a and C4b, 

then MASP2 cleaves C2 attached to C4b into C2a and C2b. In the end, C3 convertase-

C4bC2b is constituted, and induces an amplification loop of complement cascades as 

described for the alternative pathway (Figure 2). 

The most notable feature of the classical pathway is that the classical pathway is mainly 

initiated by antigen-antibody(Ag-Ab) complexes with the antibodies of the isotypes IgG and 
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IgM binding to C1q protein37. The intact C1 protein complex is composed of one C1q 

molecule and two serine proteases C1s and two C1r molecules38. These molecules of C1 

contain a C-terminal immunoglobulin receptor binding site that binds to the Fc region of 

the antibody. The globular C1q binds to microbial surface proteins, apoptotic cells, and 

other activation factors leading to a conformational change of the C1 complex. Then C1s 

get activation, which cleaves the C4 into C4a and C4b. Surface attached C4b will gather 

and bind C2, then C2 is cleaved into C2a and C2b by C1r, which allowed C3 convertase-

C4bC2b complex to form. The originated C3 convertase cleaves the component C3 into 

C3a and C3b. The role of newly formed C3b is similar to the other two pathways and it 

either triggers an amplification loop of complement activity, forms a C3bBb convertase, or 

subsequently forms a C3bBbC3b complex, which is a C5 convertase to initiate the terminal 

complement pathway, or deposited on the surfaces to contribute to the phagocytosis 

(Figure 2). 

Based on the newly generated products upon complement activities, such as C3a, C3b, 

iC3b (inactive C3b), C3dg, C5a, C5b, and TCC (terminal complement complex), the 

complement as a protein-based defense system, in general, has multiple functions. The 

produced 10 kDa anaphylatoxins C3a and C5a interact with their specific G protein-

coupled receptors (GPCRs) to recruit leukocytes and moderate leukocyte chemotaxis. C3a 

and C5a maintain chronic inflammation, promote an immunosuppressive 

microenvironment, induce angiogenesis and increase the motility and metastatic potential 

of cancer cells39. C3a also has anti-microbial activity40. C3b and C5b contribute to 

downstream complement activities. C3b can be further depredated fragments iC3b, C3dg 

are recognized by specific receptors that are expressed on different types of host cell 

surfaces, for example, complement receptor type 1 (CR1, also named CD35), CR2 (CD21), 

CR3 (CD11b), CR4 (CD11c). CR1 interaction with C3b inhibits B cells to secrete antibodies 

and thus down-regulation of B cells response41. But iC3b, C3dg bind their receptors CR2 

which is mainly expressed on the surface of B cells and dendritic cells, allowing the 

complement system to play a role in B cell activation and maturation42. During the final 

phase of the complement cascade, TCC is formed and moderates the cytolysis and death 

of infectious particles and targeted cells. TCC was reported to induce endothelial cells to 



Introduction 

14 

 

release cytokine, which indirectly mediated the migration of polymorphonuclear leukocytes 

(PMNs)43. TCC depositing on the microbial surfaces is suggested to cause phagocytosis 

of microbes by PMNs44. Overall, on the one hand, the complement system leads to 

elimination of invading microbes, on the other hand, these complement activities efficiently 

collaborated with adaptive immunity to retain host homeostasis. 

2.2.3 Complement regulation 

As a self-amplifying cascade system, complement is supervised by a cluster of 

complement regulators. Uncontrolled complement activation can cause many 

inflammatory and life-threatening conditions45. It can result in red blood cell (RBC) 

hemolysis, platelet activation, and thromboembolism (TE), subsequently organ impairment, 

and early mortality46. The host cells and extracellular matrices are protected from 

complement attack by complement regulators.  

Factor H is a pivotal controller to inhibit the alternative pathway and the amplification loop 

and is best characterized member of the Factor H protein family. It is a soluble glycoprotein 

that circulates in the human plasma with a concentration of 200-300 µg/ml and is also 

localized on the cell surface47,48. The Factor H protein family is composed of nine 

homologous and immunologically-related proteins: Factor H, Factor H like protein (FHL-1) 

that is an alternative transcript of CFH gene, and the complement related proteins (CFHR1-

CFHR5) derived from CFHR genes which are adjacent to CFH gene (Figure 3)49,50. The 

individual member comprises a different number of short consensus repeat domains 

(SCRs) that connect by short linkers. These SCRs are approximately 60 amino acids long 

with four conserved cysteine residues. As indicated in Figure 3, The head of Factor H and 

FHL-1 includes the seven N-terminal SCRs with associated ligand binding capacities. FHL-

1 shares SCR1-4 domains with Factor H to bind ligand C3b that facilitating the decay of 

C3 convertase by displacing the bound Bb. Factor H and FHL-1 as cofactors for Factor I 

to mediate C3b inactivation by cleaving C3b into inactivate C3b (iC3b) and C3f51. But the 

C-terminal of Factor H SCR19-20 domains with the binding sites for C3b/C3d, heparin, 

host cells, and certain ligands limit and restrict complement attack. Mutations of the C-
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terminus of Factor H and FHL-1 result in uncontrolled activation of the alternative pathway 

and cause autoimmune diseases such as aHUS (atypical hemolytic uremic syndrome)52. 

 
Figure 3. The human factor H (FH) protein family. Figure from Józsi (2017)50. Complement-regulatory 

functions and binding domains within Factor H and F Factor H-related (FHR) proteins. FH-like protein 1 

(FHL-1) is a cleaved variant of Factor H. Colors indicate domains identical between Factor H and FHRs; 

High sequence similarity (>80% identity) but not equal to100% identity indicated by light shades. The 

green domains are closely related to each other but distant from Factor H and mediate dimerization of 

FHR-1, FHR-2, and FHR-5. Interaction domains or other protein binding sites in Factor H are shown by 

horizontal lines.  

The five CFHR genes code seven variant FHR proteins with structural homology to Factor 

H but lack the domains SCR1-4 which are responsible for inhibiting complement. Each 

protein has distinct functions to adjust the complement activities. FHR-1 was present in 

two forms differing in the third SCR with a different number of carbohydrate side-chain49. 

There are several studies on FHRs to inspect their functions in complement. FHR-1 binds 

C5 to inhibit C5 convertase activity and prevent assembly of membrane attack complex53. 

FHR2 was reported to inhibit the C3 convertase and TCC assembly54. FHR-3 and FHR-4 

as cofactors bind the C3d region of C3b to enhance the activity of Factor H55. FHR-5 also 

has cofactor activity with Factor H to inhibit C3 convertase activity56. FHR-5 interacts with 

extracellular matrix to compete with Factor H binding, but FHR-5 also allowed C3 

convertase to form and promote complement acitivation57. Moreover, FHR-1, FHR-2, and 

FHR-5 were recognized to form homodimerize, and FHR-1 combines FHR-2 to form 

heterodimers, consequently increasing their ability for binding C3b and increasing 

competition with Factor H58. Mutations, genetic deletions, duplications, or rearrangements 
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in a CFHR gene are related to diseases. Mutations of FHR-5 are associated with familial 

C3 glomerulopathy59.FHR-1 and FHR-3 deficiency increase the risk of causing aHUS60. 

Besides Factor H family proteins, there are kinds of complement regulators were 

discovered: C1 inhibitor, C4b-binding protein, membrane bound regulators, vitronectin, 

and clusterin. Both C1 inhibitor and C4b-binding proteins are fluid-phase regulators that 

circulate in the blood to mediate the lectin and classical pathway. C1 inhibitor binding to 

C1 complex inactivates C1r and C1s proteases. Since the similarity between MASPs and 

C1r, C1s molecules, C1 inhibitor also prevents MASPs proteases spontaneous activation61. 

C4b-binding protein (C4BP) can bind C4b and C3b to accelerate the decay of C3 

convertase62. As the complement inhibitor, C4BP allows Factor I to cleave and inactivate 

C4b. A variety of pathogens capture human C4BP to establish infections63.  

Membrane-bound regulators include membrane cofactor protein (MCP/CD46), 

complement receptor 1 (CR1/CD35), CD55, and CD59. MCP as a cofactor for Factor I 

inactivate the C3b and C4b deposited on the target membranes and it is widely distributed 

on different types of human cells. As Factor H and FHL-1 do, mutations in CD46 also 

predispose to develop aHUS64. CD55 also known as C3b/C4b receptor regulates the 

assembly of C3 convertases. Moreover, CD59 is known as MAC-inhibitory protein by 

blocking the binding of C9 polymerization and MAC formation65. 

Vitronectin and clusterin are terminal complement pathway inhibitors that are circulating in 

the human blood. Vitronectin blocks the C5b-C7 complex to insert into the cell membranes, 

thereby stopping the membrane-damaging clusterin effect of the terminal complement 

pathway66,67.  

2.3 Adaptive immunity 

The adaptive immune system of the vertebrate host is also defined as the acquired immune 

system. Unlike innate immunity, adaptive immunity provides a highly specific and broader 

recognition system to differentiate and eliminate nonself-antigens. After initial exposure to 

the infectious microbes, the adaptive immunity generates antigen-specific cells combined 

with immunological memory some of which can persist in the host for over decades. The 

second response is quicker and more effective. The cellular response of adaptive immune 
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involves two groups of cells: the T lymphocytes and the B lymphocytes, which produce in 

the thymus and the bone marrow respectively. Lymphocytes accounting for 20-40% of 

white blood cells, mainly perform two activities: antibody generation and cell-mediated 

response.  

2.3.1 T lymphocytes and cellular response 

T cells are produced by stem cells in the bone marrow and circulate to the thymus. Then 

T cells develop further by expressing specific membrane receptors for antigens which are 

called T cell receptors (TCR). TCR recognizes the antigenic peptide in combination with 

major histocompatibility complex (MHC) molecules which locate on the cell surface of 

antigen presenting cells. Then T cells proliferate and can phagocyte quickly to clear 

infectious microbes away, a small part of them survive and differentiate into memory T 

cells. The cells also produce or secrete cytokines and chemokines. 

2.3.2  B lymphocytes and humoral production 

Once the signal is received from T cells and other cells, B cells are primarily responsible 

for the production of antibodies that when released circulate in the blood and lymph system. 

Similar to T cells, B cells express a unique antigen-binding membrane receptor (BCR) and 

secrete antigen specific antibodies. Generally speaking, each clone of B cells expresses a 

specific BCR that can recognize and bind to a distinct antigen. Then antigen-antibody 

complex can be the target for phagocytes and trigger the classical complement pathway. 

About 10% of these antibodies secreted B cells survive and develop long-lived antigen-

specific memory B cells. Such memory B cells can respond quickly when microbes with 

the same antigen infect the host again68,69. 

2.4 Pathogen: Streptococcus pneumoniae 

Streptococcus pneumoniae (S. pneumoniae) is a lancet-shaped, Gram-positive, and 

extracellular diplococci, that can also form as single cocci or in short chains of cocci. S. 

pneumoniae is classified as alpha-hemolytic bacteria, according to a greenish halo that 

surrounds colonies when grown aerobically on blood agar plates. Single pneumococcus is 

between 0.5 and 1.25 micrometers in diameter. S. pneumoniae does not form spores and 
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are non-motile, though they sometimes have pili used for adherence70 (Figure 4). The 

outmost layer of S. pneumoniae is a negative charge polysaccharide capsule that 

completely encloses the cell, followed by a few layers of peptidoglycan which form the cell 

wall and which consist of teichoic acid attached to every third N-acetylmuramic acid, and 

is around 6 layers thick. Lipoteichoic acid is attached to the cell membrane via a lipid moiety, 

and both teichoic and lipoteichoic acid contains phosphorylcholine. S. pneumoniae D39, 

the virulent reference strain which is a historically important serotype 2 strain that was used 

in experiments by Avery to demonstrate that DNA is the genetic material. D39 was reported 

that codes for 1914 proteins and 73 RNAs71,72. More than 500 of these are different surface 

proteins. A notable group is the family of choline-binding proteins (CBPs) which represent 

pneumococcal virulence attributes, that share common anchor. Choline binding proteins 

attach to the choline residues present in the cell wall through non-covalent interactions. 

Pneumococcal CBPs include cell wall hydrolases, adhesins, and other virulence factors, 

all playing relevant physiological roles for bacterial viability and important determinants 

virulence, including PspA, PspC, LytA, LytB, and LytC (autolysins) 73. 

Figure 4 S. pneumoniae observed by raster electron microscopy (EM). One representative figure of 

S. pneumoniae derived from a patient with HUS is shown. Photos were taken by our collaborator Dr. 

Manfred Rohde, Helmholtz center for infection research in Braunschweig. Scale as 200nm. 

S. pneumoniae has shown a significant increase in antibiotic resistance over the past 20 

years. This is likely due to its natural transformation system used for genetic exchange. S. 

pneumoniae can also develop resistance to antibiotics through mutation and natural 

selection. 
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2.5  Streptococcus virulence factors and immune evasion  

To conquer and evade immune systems such as the complement system, S. pneumoniae 

has evolved a wide variety of virulence factors to colonize the host, invade tissues, and 

impair complement activity74,75. 

2.5.1  Capsule 

The first important virulence factor for S. pneumoniae is the extracellular capsule, a layer 

consisting of chains of monosaccharides that surrounds the bacteria. Serotypes are 

dictated by the order and type of monosaccharide units within the polysaccharide chain 

and by different side branches. S. pneumoniae expresses a thick polysaccharide capsule 

to protect the pathogen from opsonophagocytosis and prevent entrapment in the nasal 

mucus. Thereby allowing access to epithelial surfaces, of which there are at least 97 

antigenically distinct serotypes15,20,76. In addition, the polysaccharide capsule in 

conjunction with microbial surface molecules binds to human complement components 

and thus fixes them with a functionally activated state21,77. 

2.5.2 Pneumococcal-protein virulence factors 

Secondly, S. pneumoniae expresses more than 500 different surface proteins and toxins 

that drive pathogenesis. The major virulence factors are highlighted in figure 5. Major 

pneumococcal-protein virulence factors, such as pneumolysin (Ply), neuraminidases 

(NanA), the metal-ion-binding proteins, LPsTG anchoring proteins, and choline-binding 

proteins (CBPs) have specific roles in respiratory colonization and disease4. Ply is localized 

in the cytoplasm and is secreted into the environment of the bacteria by the activity of LytA. 

It belongs to the family of cholesterol-dependent cytolysins. Ply has lytic effects on many 

mammalian cell types, including complement activation78. The neuraminidase of S. 

pneumoniae, which catalyzes the release of terminal sialic acid residues from 

glycoconjugates, is involved in biofilm formation79. Immunization with native or 

recombinant NanA has also been demonstrated to afford protection against 

nasopharyngeal colonization and chinchilla otitis media mode80.  
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Choline binding proteins (CBPs) represent a notable group of pneumococcal virulent 

determinants, that is characterized by a structural composition in two separate regions: an 

N-term functional module (FM), and a C-term choline-binding module (CBM) that 

noncovalently attaches to the phosphorylcholine moiety of the cell wall73. Pneumococcal 

CBPs include cell wall hydrolases, adhesins, and other virulence factors, all playing 

relevant physiological roles for bacterial viability and virulence, which are anti-complement 

and essential to the progression of diseases such as PspA, PspC, LytA, LytB, and LytC. 

S. pneumoniae is a very fragile bacterium, the enzymatic (autolysin- autolytic enzyme, 

LytA, LytB, and LytC) within itself has the ability to enzymatically disrupt and autolysis itself. 

LytA the major pneumococcal autolysin, activates during the stationary phase (the phase 

in which growth slows due to exhaustion of available nutrients and the buildup of toxins) or 

under penicillin treatment81. Autolysis usually begins within 18-24 hours, with colonies 

collapsing in the centers and cell wall remodeling in optimal conditions70. Moreover, LytA 

is essential in the evasion of the complement-mediated immunity by inhibiting C3 

convertase formation and reducing iC3b opsonization on the bacterial surface82. LytB is a 

pneumococcal glucosaminidase, that separates daughter cells, the final event of cell-

division cycle83 which was reported specifically located at the septum of the dividing cells. 

LytB and LytC are involved in fratricide84, biofilm formation85, and LytC behaves as an 

autolysin at 30°C and the fact that it has its maximum enzymatic activity at this temperature 

suggests that it might be more crucial in the upper respiratory tract. 

 
Figure 5 S. pneumoniae protein virulence factors. Figure modified from Aras Kadioglu4. Major 

pneumococcal virulence factors include the thick capsule, choline-binding proteins (PspA, PspC LytA, 

LytB, and LytC), enolase (Eno), the LPXTG-anchored proteins (neuraminidase and others), pneumolysin, 

and the metal-binding proteins pneumococcal surface antigen A (PsaA). 
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2.5.3 Choline binding proteins (CBPs)—PspA and PspC 

Pneumococcal surface proteins A (PspA) and C (PspC) as important virulence factors are 

the most abundant cell surface proteins of S. pneumoniae. Based on sequence homology, 

PspA is a paralogue of PspC. PspA and PspC are structurally related and are comprised 

of an N-terminal α-helical domain, a proline-rich domain, and a choline-binding domain86. 

PspA and PspC both have a domain composition, the proteins are highly polymorphic, 

which promotes immune evasion and produces a benefit for the bacteria87. PspA and PspC 

are promising candidates for the generation of more effective vaccines to overcome the 

limitations of polysaccharide-based vaccines. PspA and PspC will be studied and 

discussed individually in this work.  

The most extensively studied molecule is pneumococcal surface protein A (PspA). PspA 

is shown to be essential for pneumococcal evasion and to elicit protection of S. 

pneumoniae 88–90. Mutagenesis of pspA in S. pneumoniae D39 significantly reduce 

virulence, and PspA elicits protection in mice against fatal bacteremia and sepsis caused 

by genetically diverse pneumococci and protects against carriage and lung infection 

indicating that pspA contributes to pathogenesis91–93. PspA binding human lactoferrin 

offers protection against killing by apolactoferrin, and antibody to PspA enhance the killing 

of pneumococci by apolactoferrin89,94. PspA of S. pneumoniae WU2 inhibits complement 

C3 deposition via the classical pathway95. With high genetic variability, PspA is a 

serologically variable protein and is strain-specific. Nearly all pneumococcal strains contain 

at least one other locus with sequence homology to pspA96. Susan K. Hollingshead 

reported that 24 pspA gene sequences from unrelated strains separate into two major 

families and that the proteins show a high-order divergence25. Domain organization of 

PspA shows an N-terminal α helical domain, a clade-defining region, a proline rich, region 

and choline-binding repeats. In addition, a human lactoferrin binding domain is located at 

the N-terminal end or is contained within the clade-defining region94.  

The pneumococcal surface protein C gene (pspC) of S. pneumoniae encodes PspC (also 

known as CbpA, PbcA, and SpsA), which is present in approximately 75% of all S. 

pneumoniae strains. This immune evasion protein binds human complement factor H to 
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prevent alternative complement pathway activation and opsonophagocytosis97,98. 

Additionally, PspC binds secretory immunoglobulin A (IgA), via a hexapeptide motif located 

in the N-terminal region to provide a role in adhesion99. And PspC interacts with the C-

terminal heparin-binding domain of vitronectin which also required R domain located in the 

N-terminal region of PspC. Consequently, secretory IgA competitively inhibits binding of 

vitronectin to PspC100. PspC binds human complement C3 as one of its specific substrates 

on epithelial cells, and induces IL-8 release from pulmonary epithelial cells, thus showing 

that PspC acts as two sites, as surface bound and secreted by pneumococci101,102. Clinical 

isolates of S. pneumoniae bind plasminogen via PspC and the strains use activate plasmin 

to damage human endothelial cells and thereby induce exposure to underlying matrix103. 

Compared with PspA, PspC is a more polymorphic and strain-specific immune evasion 

protein identified to date104. PspCs vary in size and mass, ranging from 503-929 aa and a 

molecular mass of 65-110 kDa. PspC comprises distinct regions that consist of multiple 

domains. Furthermore, a substantial overlap of domains exists between PspC and Hic 

(Factor H binding inhibitor of complement) variants105.  

2.6 Streptococcus pneumoniae associated diseases 

Pneumococcal disease occurs around the world and it represents mortal danger, 

especially in developing countries where fewer people have access to pneumococcal 

vaccine. Most of these deaths occur in countries in Africa and Asia. The World Health 

Organization (WHO) estimates that S. pneumoniae kills close to half a million children 

under 5 years old worldwide per year. Besides causing severe illness in children, S. 

pneumoniae also infected the elderly and other people with weakened immune systems. 

Upon infection S. pneumoniae disseminate to human organs such as: sinuses, lungs, ears, 

blood, brain and other normally sterile sites (sites where it is not commonly found) to cause 

pneumonia, otitis media, meningitis (inflammation of the coverings of the brain and spinal 

cord), arthritis, sepsis and hemolytic uremic syndrome (Figure 6)103,106–108.  
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Figure 6 S. pneumoniae infection and diseases.  

S. pneumoniae transmits and colonizes the mucosa of the upper respiratory tract (URT). S. pneumoniae 

invades and infects the host organ (lung, brain, liver, and spleen), causing pneumonia, and meningitis. 

When S. pneumoniae invades the blood system and causes systemic infections (bacteremia, sepsis, and 

hemolytic uremic system-HUS). 

2.7 Focus: Streptococcus pneumoniae-associated hemolytic uremic 

syndrome 

Hemolytic uremic syndrome (HUS) is defined by acute kidney injury, microangiopathic 

hemolytic anemia, and thrombocytopenia occurring after infections. HUS can also be 

genetic dysregulation called aHUS, and autoimmune in origin (DEAP-HUS) which are 

associated with defective complement regulation109,110. HUS in children is usually caused 

by Shiga-like toxin-producing E. coli (STEC-HUS). However, HUS is also a complication 

of invasive pneumococcal infection known as streptococcus pneumoniae-associated HUS 

(pHUS) with high morbidity and mortality6,8. 5 to 15% of HUS cases are related to S. 

pneumoniae infection, most often meningitis or pneumonia. Although the introduction of 

PCV13 and an overall decrease in the incidence of invasive pneumococcal disease in 

children, the incidence of pHUS cases is rising111–113. The pathogenesis of pHUS is not yet 

completely resolved. Pneumococcal neuraminidase transiently desialylated Factor H 

which can reduce its capacity to control complement activation114. Pneumococcal 

neuraminidase is also thought to splits off neuraminic acid from the glycoproteins present 

on the surface of red cells, platelets, thrombocytes, and endothelial cells, and thus exposes 

the hidden Thomsen cryptantigen (T-Ag)115. The T-Ag can then react with a complement-
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fixing antibody of the IgM class which is present in all human plasmas after the age of 6 

months116. This specific IgM may activate the complement system and coagulation, in the 

end, leading to damage of endothelial cells in the blood vessels and disturbing local 

complement homeostasis. Under certain conditions, pneumococci are able to cross the 

epithelial barrier, leading to dissemination of the bacteria into the bloodstream and 

potential tissues. Thereby pHUS promote a thrombogenic state that drives HUS 

pathology6,113. 

2.8 Aim of the study 

S. pneumoniae has a relatively fast growth rate and can reach high cell densities in 

infections environments and can cause severe diseases, like hemolytic uremic syndrome 

(HUS). As part of its life cycle, S. pneumoniae remodel the genome by taking up and 

incorporating of exogenous DNA from other pneumococci or viruses. This can facilitate the 

spread of antibiotic resistance and evasion of vaccine-induced immunity and makes it 

necessary to search for novel targets, to understand the diversity, as well as the immune 

escape strategies of this pathogenic bacterium. S. pneumoniae has developed different 

strategies to evade or limit complement mediated opsonization and subsequent 

phagocytosis. Furthermore, sequence variation suggests that the two immune evasion 

proteins PspA and PspC are important for interaction of pneumococci with the host. Given 

the multifunctional characteristics and mosaic structure of PspA and PspC, it is important 

to investigate the domain composition of the proteins among different strains and in 

particular among clinical isolates. 

S. pneumoniae can induce pneumococcal hemolytic uremic syndrome (HUS). To 

characterize the role of HUS inducing strains, we evaluated 48 S. pneumoniae strains 

isolated from patients. These diseases associated isolates, Sp-HUS show strong 

complement resistance when challenged with complement active human serum. Sp-HUS 

strains show lower levels of surface C3 deposition, as compared to a pathogenic, reference 

strain D39. Consequently Sp-HUS strains evade host complement rather efficiently. In 

addition, I show that Sp-HUS strains have specific PspA and PspC variants which include 

unique domain profiles. By evaluating complement resistance of Sp-HUS, PspA interacting 
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with the human complement regulator C3 and PspC binding with human Factor H together 

assisted Sp-HUS to resist and evade from the complement. During this procedure, I 

studied the location of PspA and PspC on the bacterial surface and compared the surface 

distribution of the proteins with bound human complement regulators and deposited C3b. 

By identifying such unique features of clinical S. pneumoniae strains derived from Sp- HUS 

strains, I can show their efficient role in complement evasion and disease pathology.  
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3. Overview of published and submitted manuscripts 

3.1 Manuscript I 

Molecular analysis identifies new domains and structural differences 

among Streptococcus pneumoniae immune evasion proteins PspC and 

Hic 

Shanshan Du, Cludiá Vilhena, Samantha J. King, Alfredo Sahagún-Ruiz, Sven 

Hammerschmidt, Christine Skerka, Peter F. Zipfel. Scientific reports. 2021 Jan 11(1071):1-

15.  

Major aspects of the manuscript 

In this manuscript, we combined sequence comparison and domain structure evaluation. 

This novel strategy improved understanding of individual PspC and Hic proteins variability 

and modular domain composition, enabled a structural and functional characterization at 

the domain level and revealed substantial structural differences between PspC and Hic 

proteins. We identified nine new domains and new domain alternates. Several domains 

are unique to PspC and Hic variants, while other domains are also present in other 

virulence factors encoded by pneumococci and other bacterial pathogens. The strategy 

we used to define the diversity of PspC and Hic could also apply to other pneumococcal 

virulence factors, which will increase understanding of their roles in immune evasion and 

provide important information for molecular strain typing and vaccine design. 

Own contribution and contribution of the coauthors to the manuscript 

Shanshan Du has planned, performed, and interpreted the following analyses: homology 

and sequence analysis of PspC and Hic; amino acid identity of the full-length selected 

cluster variants; secondary structural and domain composition analysis of PspC and Hic; 

manuscript preparation.  

Cludiá Vilhena, Samantha J. King, Alfredo Sahagún-Ruiz, Sven Hammerschmidt and 

Christine Skerka interpret the data and correct the language.  

Peter F. Zipfel designed the study, interpreted the results and wrote the manuscript. 
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3.2 Manuscript II 

Modular structure of S. pneumoniae surface protein A: High level of 

domain-based sequence diversity may qualify for molecular strain typing 

Shanshan Du, Cludiá Vilhena, Dorit Fuest, Monika von der Heide, Sven Hammerschmidt, 

Christine Skerka, Peter F. Zipfel. (Manuscript in preparation) 

Major aspects of the manuscript 

In this study, we evaluated the domain pattern and sequence analyses among PspA 

proteins derived from 48 different S. pneumoniae strains. Then we defined three groups of 

PspA proteins and based on domain patterning further subgroups were identified in the 

family I and III. PspA proteins have three separated regions: an N-terminal a-helical region, 

a coiled-coil structured middle segment followed by a b-sheet structured region. We 

applied family specific domain pattern features to 9 PspA proteins encode by clinical S. 

pneumoniae strains which derived from young infant patients with pneumococcal hemolytic 

uremic syndrome. We found that clinical PspA proteins identified in PspA family II and III 

but not family I, which suggests PspAHUS are clade predominate. This combined pattern 

based and sequence variability seems to extend to the strain level. It suggests that PspA 

analyses may qualify for molecular strain typing. 

Own contribution and contribution of the coauthors to the manuscript 

Shanshan Du has designed, performed, and interpreted the following analyses: PspA 

sequences collection and removal of redundant sequences; homology and sequence 

analysis of PspA; amino acid identity of the full-length selected cluster variants; secondary 

structural and domain composition analysis of PspA; human lactoferrin binding assay; 

manuscript preparation.  

Cludiá Vilhena interpreted the results. 

Monika von der Heide has performed PspA sequencing experiment. 

Dorit Fuest collected the target sequence from the genomic data. 

Sven Hammerschmidt and Christine Skerka interpreted the data and corrected the 

language. 

Peter F. Zipfel has designed the study, interpreted the results, and wrote the manuscript. 
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3.3  Manuscript III 

Choline-binding proteins of Streptococcus pneumoniae and their role on 

host cellular adhesion and damage 

Cláudia Vilhena, Shanshan Du, Miriana Battista, Martin Westermann, Thomas Kohler, 

Sven Hammerschmidt, Peter F. Zipfel. (Manuscript in revision) 

Major aspects of the manuscript 

In this manuscript, we investigated the role of three choline-binding proteins, PspC, PspA, 

and lytA on adhesion and pathogenicity and their interaction with the cell wall of S. 

pneumoniae. Compared to S. pneumoniae D39 as reference strain, lytA, pspC or pspA 

genes knockout mutant strains were evaluated for testing their capacity to adhere to 

surfaces by performing in vitro biofilm formation assays. We observed a key role of LytA 

as a robust synthesis of the biofilm matrix formed in lytA mutant. The CBPs PspA and 

PspC were crucial for the hemolysis capacity of S. pneumoniae towards human red blood 

cells. Furthermore, damage to endothelial cells was decreased in all three tested knockout 

strains, suggesting their significant relevance for the overall pathogenicity of S. 

pneumoniae. 

Own contribution and contribution of the coauthors to the manuscript 

Shanshan Du has planned, performed, and interpreted the following experiment: set up 

the static biofilm model, biofilm imaging by confocal laser scanning microscopy assays, 

phagocytosis assay and, biofilm quantification. 

Cláudia Vilhena has designed, performed, and interpreted the following experiment: 

hemolysis assays, biofilm imaging by scanning electron microscopy, and bacteria 

adhesion with endothelial and epithelial cell assay. Wrote the manuscript. 

Miriana Battista has performed cytotoxicity assays and interpreted the data. 

Thomas Kohler has built the mutant strains. 

Martin Westermann and Sven Hammerschmidt have written the manuscript. 

Peter F. Zipfel has interpreted the data and written the manuscript.
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4 Manuscripts 

1 Molecular analysis identifies new domains and structural differences 

among Streptococcus pneumoniae immune evasion proteins PspC 

and Hic 

 
1

Vol.:(0123456789)
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Molecular analyses identifies new 
domains and structural differences 
among Streptococcus pneumoniae 
immune evasion proteins PspC 
and Hic
Shanshan Du1, Cláudia Vilhena1, Samantha King2,3, Alfredo Sahagún‑Ruiz1,4, 
Sven Hammerschmidt5, Christine Skerka1 & Peter F. Zipfel1,6*

The PspC and Hic proteins of Streptococcus pneumoniae are some of the most variable microbial 
immune evasion proteins identified to date. Due to structural similarities and conserved binding 
profiles, it was assumed for a long time that these pneumococcal surface proteins represent a protein 
family comprised of eleven subgroups. Recently, however, the evaluation of more proteins revealed 
a greater diversity of individual proteins. In contrast to previous assumptions a pattern evaluation of 
six PspC and five Hic variants, each representing one of the previously defined subgroups, revealed 
distinct structural and likely functionally regions of the proteins, and identified nine new domains and 
new domain alternates. Several domains are unique to PspC and Hic variants, while other domains 
are also present in other virulence factors encoded by pneumococci and other bacterial pathogens. 
This knowledge improved pattern evaluation at the level of full‑length proteins, allowed a sequence 
comparison at the domain level and identified domains with a modular composition. This novel 
strategy increased understanding of individual proteins variability and modular domain composition, 
enabled a structural and functional characterization at the domain level and furthermore revealed 
substantial structural differences between PspC and Hic proteins. Given the exceptional genomic 
diversity of the multifunctional PspC and Hic proteins a detailed structural and functional evaluation 
need to be performed at the strain level. Such knowledge will also be useful for molecular strain typing 
and characterizing PspC and Hic proteins from new clinical S. pneumoniae strains.

The pathobiont Streptococcus pneumonia. S. pneumoniae (the pneumococcus) is the leading cause of 
community-acquired pneumonia. In addition, this Gram-positive pathogen can cause otitis media and may also 
cause acute life-threatening invasive infections such as sepsis and  meningitis1–4. Malnutrition and S. pneumoniae 
infections are the major cause of childhood mortality worldwide. Pneumonia accounts for approximately 16 per-
cent of the 5.6 millions of deaths among children under five years of age, killing around 808,000 children in 2016 
according to the United Nations Children’s Fund (UNICEF) and the World Health Organization (WHO)5–7. At 
any point in time pneumococci can reside asymptomatically in the upper respiratory tract of about 50% of chil-
dren, from where they can spread to other sites and cause disease or be transmitted to other  individuals8. Based 
on the differences in the polysaccharide capsule 100 S. pneumoniae serotypes have been identified so  far9,10.
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Pneumococcal diseases are widespread and antibiotic resistant strains are constantly emerging resulting in 
a need for new therapeutics. In addition, currently available vaccines are based on the capsular polysaccharide 
and only provide protection against the limited number of serotypes included. Vaccines protecting against a 
higher number of serotypes or a serotype-independent vaccine is needed to combat the pathogen efficiently. 
These limitations make it important to identify new virulence determinants that may serve as novel vaccine or 
therapeutic targets, to understand the diversity of these determinants and also to define the immune escape 
strategies of this pathogenic  bacterium1,11,12.

Immune and in particular complement evasion is critical for all pathogenic microbes, including S. pneumo-
niae. Common mechanisms of complement evasion are emerging as a large list of pathogenic microbes bind 
and exploit the same human complement  regulators13–17. Thus, it is important to understand the exact role 
of individual pneumococcal virulence determinants in complement and immune evasion. Furthermore, it is 
important to establish whether the virulence determinants are localized to the surface and, if so, the specific 
regions of the protein  exposed18–21.

PspC and Hic proteins as central pneumococcal immune evasion proteins. The PspC and Hic 
proteins are important pneumococcal immune evasion proteins and adhesins that represent promising vaccine 
 candidates22. The majority of virulent S. pneumoniae strains express at least one PspC or Hic variant, and strains 
that have the pspC/hic genes deleted show significant amelioration of lung infection, nasopharyngeal coloniza-
tion, and bacteremia in  mice23.

Based on overall sequence similarities PspC and Hic variants are considered to represent one group of 
pneumococcal immune evasion proteins. Initial analyses by Brooks Walter in 1999 and Iannelli et al. in 2001 
revealed both sequence similarity and diversity among PspC and Hic  proteins24,25. Ianelli et al. identified several 
domains within the 43 PspC and Hic proteins evaluated including, the leader peptide, α-helical regions with a 
seven-amino acid periodicity, repeat domains and a proline-rich stretch followed by either a choline-binding or 
sortase-dependent  anchor26. At that time, the cell wall anchors were used as the criterion to differentiate between 
PspC and Hic family members and based on sequence differences six PspC-type and five Hic-type clusters were 
defined. However, today there are still no precise criteria regarding cluster specific domain composition or 
domain characteristics. Because the patterns of domains are not exactly known and the borders of individual 
domains are not well-defined, a straightforward system of variant designation is at present difficult to achieve. 
This makes assignment of existing and newly identified pspC and hic genes, including those from novel clinical 
pneumococcal isolates, difficult or even  impossible27.

Initially, PspC was identified as an adhesin, which targets the secretory component of secretory Immunoglob-
ulin A (sIgA) and the polymeric IgA receptor (pIgR)28. Because pspC and hic genes were identified independently 
by multiple groups, different names were given, including CbpA (choline-binding protein A), SpsA (secretory IgA 
binding protein), PbcA (C3-binding protein A), or Hic (Factor H binding inhibitor of complement) (Table 1)29–39. 
Over time pspC and hic have become the favored nomenclature.

PspC and Hic proteins are are attached to the bacterial cell wall. PspC proteins attach non-covalently to the 
phosphorylcholine (PCho) moiety of teichoic acids (TAs) via their C-terminal choline binding domains and Hic 
proteins, are covalently linked to the peptidoglycan via an LPsTG motif. The fact that both proteins are anchored 
via their C-terminal regions suggests that the N-terminal region of the protein spans the capsular polysaccharides 
and extends beyond the capsule into the external environment. However, the different mechanisms of localization 
suggest that there might be differences between PspC and Hic in the strengths of interaction with the bacterial 
surface. Furthermore, attachment of Hic to the peptidoglycan will result in the protein being attached closer to 
the cell membrane.

PspC and Hic proteins bind several human plasma proteins including Factor H, C3, C4BP, Plasminogen, 
thrombospondin-1, and  vitronectin26,28–41. These multifunctional proteins represent one of the most diverse 
group of immune evasion  proteins26,41. PspC and Hic proteins have a mosaic structure, comprised of distinct 
regions that consist of multiple domains. Furthermore, a substantial overlap of domains exists between PspC 
and Hic variants. Standard domain or sequence-based comparisons between members of this protein family are 
complex due to structural differences and variable domain composition. Currently, the protein NCBI databank 
lists 54,852 entries for PspC or Hic and 12,193 entries for CbpA, including both full-length proteins and par-
tial protein sequences (October 13, 2020; NCBI www.ncbi.nlm.nih.gov/prote in). The individual entries show 
homology, but also exhibit considerable variation in structure and sequence. Examination of several PspC and 
Hic proteins revealed proteins composed with variable domain patterns, different combinations of domains, 
and novel domains.

Mosaic‑structured PspC and Hic proteins. Our understanding of these important pneumococcal 
immune evasion proteins is currently incomplete. Thus, our ability to understand the function of single domains, 
know the binding sites for host ligands, determine how the proteins of different strains vary in structure, and 
correlate these properties with disease states is limited. To achieve these goals it is essential to define the exact 
domain composition of individual PspC and Hic variants.

Aim of the study. Thus far, the domain organization of individual PspC and Hic variants, whether each 
domain is likely within or extending beyond the cell wall and precise borders of the domains is unclear. Fur-
thermore we do not know exactly which domain(s) are integrated into the bacterial cell wall, which domain(s) 
span the capsule and which domains are externally positioned. Given these limitations, and the heterogeneity 
among these important immune evasion proteins, we aimed to evaluate the structure and domain composition 
of six PspC and five Hic variants, each representing one of the clusters defined by Ianelli et al.40. We further 
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Table 1.  Host regulators binding to S. pneumoniae PspC and Hic proteins. The domains are listed in order 
of their location starting from the N-terminus. Known domains and new domains are included. The table 
includes domains which are found in both PspC and Hic variants, domains which are specific for either PspC 
or Hic, and those which are found in other bacterial proteins. SP signal peptide, HVD hypervariable Domain, 
RD Repeat Domain, RCD random coil domain, SnD/GS2 Serine Rich segment, RCE random coil extension, 
R-type repeat related Domain; EPRD extracellular proline rich domain, VS variant specific, IgA IgA binding 
domain, PRD proline-rich domain, CBP choline-binding domain.

Host regulators Function Binding site

Factor H Complement regulation HVD

slgA/plgR Adhesion Repeat domains

C3 C3 inactivation Not mapped

C4BP CP inhibition Not mapped

Plasminogen Proenzyme; plasmin cleaves inactivates C3, C3b and fibrin Not mapped

Thrombospondin-1 Adhesive glycoprotein, cell–cell and cell–matrix interaction Not mapped

Vitronectin Complement control and adhesion Not mapped

Lactoferrin Fe metabolism Proposed by homology

IgA IgA inactivation? Proposed by homology

aimed to define domain composition and position. Our studies illustrate structural and compositional differ-
ences between the full-length PspC and Hic proteins, within the PspC or Hic group and between the N and 
C-terminal regions. Furthermore, this comparison also identified nine new domains and several subvariants.

Results
Global similarity of PspC and Hic variant proteins. Selection of PspC and Hic variants. One protein 
from each variant cluster as defined by Ianelli et al. was  selected40. These are the six PspC variant clusters, i.e. 
PspC1.1, PspC2.2, PspC3.1, PspC4.2, PspC5.1, PspC6.1, and the five Hic variant clusters, Hic/PspC7.1, Hic/
PspC8.1, Hic/PspC9.1, Hic/PspC10.1, Hic/PspC11.1. At the date of the cluster designation Ianelli et al. consid-
ered the PspC and Hic variants as one protein family and used a PspC nomenclature for both protein  groups37. 
To preserve the differentiation between Hic and PspC families and at the same time follow the nomenclature 
suggested by Ianelli et al. we combined the Hic and PspC designations (Fig. 1A). The selected proteins vary in 
size and mass, with PspC1.1 being the largest protein with a length of 929 aa and a molecular mass of 110 kDa, 
while Hic/PspC8.1 is the smallest protein with a length of 503 aa and a mass of 65 kDa (Supplementary Table I). 
When compared to the well-characterized PspC3.1 protein (strain D39), the overall amino acid identity of the 
six PspC proteins ranged from 51 to 82%. In contrast, the five Hic variants were less conserved, with aa sequence 
identity ranging from 15 to 26%. These high levels of sequence diversity also suggest functional differences be-
tween the PspC and Hic variants (Fig. 1B).

PspC3.1 as a prototype PspC. PspC3.1 was selected as a prototype and used for analyzing structure and domain 
composition. PspC3.1 has a signal peptide that directs the protein to export. The N-terminal region of the pro-
tein extends beyond the cell surface, while the C-terminal region interacts with the teichoic acids of the bacterial 
cell wall via the C-terminal Choline-Binding Domain. Because some regions of these proteins are within the cell 
wall while others extend beyond, we hypothesized, that hydrophilic and hydrophobic surroundings, could influ-
ence protein structure and composition.

Structure and residue composition of PspC3.1. In silico analysis of PspC3.1 revealed three different structural 
regions. The N-terminal 410 residues form mostly α-helices, this region is followed by a 70 aa predominately 
coiled-coil region and a 221 aa region composed mainly of β-sheets (Fig. 2A). Given these structural differences 
the 410 aa mainly α-helical region was designated as the N-terminal region and the remainder of the protein 
containing the coiled-coil and β-sheet segments was designated the C-terminal region.

For the purpose of this study, the terminology region is used to describe longer protein elements which have 
related structural or compositional features. Domains are considered to represent separate, individual folding 
units which display specific functions. Single domains can be further subelements, including modular elements 
or repeat units which are assembled in repetitive manner and which can vary in sequence and in aa length.

When the structural regions were aligned with the previously identified domains of PspC3.1, the N-terminal 
α-helical region included the signal peptide, the Hypervariable Domain, the two Repeat Domains, and the Ran-
dom Coil Domain. The Hypervariable Domain includes the binding sites for human Factor H and each Repeat 
Domain includes a binding site for sIgA/polymeric Ig receptor, which is in agreement with the concept that 
these domains extend beyond the cell wall. In contrast the C-terminal region consist of domains expected to be 
within the cell wall and in the membrane. The mostly coiled-coil region represented the Proline-Rich Domain 
(aa 411–482), which is considered a cell wall-spanning and flexible domain and the β-sheet region represented 
the Choline-Binding Domain (aa 483–701) which mediates attachment to the cell wall (Fig. 2B)41,42,55,56.
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Amino acid composition. Next we evaluated if the proposed cell wall integration and external environments 
influence the protein make up. Of the aa residues within the N-terminal region of PspC3.1 45.3% are charged, 
18.0% are polar and amphipathic residues and a low proportion are Tyr (1.7%). In contrast, the C-terminal 
region contains a lower percentage of charged residues (15.0%), an increased percentage of polar and amphip-
athic amino acids (9.5%) and a high level of Tyr residues (8.9%) (Fig. 2C). Thus, the N-terminal and C-terminal 
regions of PspC3.1 differ in domain structure, and amino acid composition.

The differences between the N and C-terminal regions are conserved in the other PspC and Hic variants. Next we 
evaluated if the structural composition, as outlined for PspC3.1, is conserved in the other PspC and Hic variants. 
The N-terminal region of all analyzed PspC and Hic variants consists mainly of α-helices, and the C-terminal 
Proline-Rich Domains are predominantly coiled-coil structures. The Choline-Binding Domains within the 
C-terminal PspC variants consist mainly of β-sheets, while the Hic specific LPsTG anchors consist of a coiled-
coil stretch followed by an α-helical segment (Supplementary Figs. 1 and 2).

In addition, the amino acid composition was determined. Thirty-five to forty-five percent of the aa resi-
dues in the N-terminal regions of the six PspC variants are charged. In contrast only 16% of residues in their 
C-terminal regions were charged. The C-terminal regions of the PspC variants also contained more polar and 
amphipathic amino acids (32–36%), and were rich in Tyr residues (8.3–9.8%) (Fig. 3A). Charged residues were 
common in both the N-terminal (28–37%) and C-terminal (28–41%) regions of the Hic variants. Furthermore, 
the C-terminal region of Hic variants contained less polar and amphipathic residues (15–21%) than the PspC 
variants (Fig. 3A). Thus, the N and C-terminal regions of the proteins differ in structure and amino acid com-
position, and the C-terminal regions of the PspC and Hic proteins show differences in amino acid composition.

The N-terminal regions of the different variants ranged in length from 146 (Hic/PspC8.1) to 633 (PspC5.1) 
residues. A homology alignment of the N-terminal regions showed two distinct clusters. One N-terminal cluster 
included five PspC variants (PspC1.1, PspC6.1, PspC2.2, PspC5.1, PspC3.1) and the Hic/PspC11.1 variant, while 
the second N-terminal panel included PspC4.2 and four Hic variants (Hic/PspC7.1, HicPspC9.1, Hic/PspC10.1, 
Hic/PspC8.1) (Fig. 3B, upper panel). The C-terminal regions were more conserved in length, ranging from 236 
(PspC5.1) to 348 aa (Hic/PspC8.1) and by sequences clearly separated into distinct PspC and Hic groups. The 
level of diversity between the C-terminal regions of variants within each group was low indicating that these 
domains are more highly conserved (Fig. 3B, lower panel).

Domain analyses of PspC and Hic variants. Using PspC3.1 with its five known domains as a blueprint, a 
sequence based comparison was followed to determine the presence and organization of domains within the 
other ten cluster variants was evaluated. This approach identified three domains of PspC3.1, the signal peptide, 
the N-terminal Hypervariable Domain and the C-terminal Proline-Rich Domains, present in all PspC and Hic 
variants. All PspC variants use a Choline-Binding Domain, while Hic/PspC proteins have an LPsTG anchor 
(Figs. 1 and 4). The Repeat Domains and the Random Coil Domain are found mainly in PspC proteins, but not 

Figure 1.  Diversity of PspC and Hic cluster variants. PspC and Hic proteins were initially considered to 
represent one protein class that, based on the different surface anchors, can be divided into two major groups. 
(A) PspC variants with choline-binding domains representing the PspC group, and Hic variants with sortase 
dependent LPsTG motifs for cell wall anchoring representing the Hic group. For each group additional clusters 
were identified. For the analysis one variant from each cluster was selected, i.e. for the PspC group: PspC1.1, 
PspC2.2, PspC3.1, PspC4.2, PspC5.1, PspC6.1; and for the Hic group: Hic/PspC7.1, Hic/PspC8.1, Hic/PspC9.1, 
Hic/PspC10.1, Hic/PspC11.1. (B) Amino acid identity of the full-length selected cluster variants with PspC3.1. 
The variation identified for the six PspC and the five Hic variants selected is indicative of compositional 
variation among the two major protein groups.
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in all variants. Additional sequences were identified in some variants that did not match known domains of 
PspC3.1. These domains were evaluated to determine whether they are present in other PspC and Hic variants 
or whether homologs exist in the protein data bank. This approach identified nine new domains, including one 
new domain in PspC3.1, and three new sub-variants of the Proline Rich Domain. Including these new domains 
in an examination of the PspC and Hic variants revealed that the individual proteins harbour between four (Hic/
PspC8.1) and ten different domains (PspC4.2) (Fig. 4).

Known domains of the N-terminal region. The known domains identified in the N-terminal region include:

Signal peptide. A highly-conserved 37 aa N-terminal signal sequence which directs the proteins for export and 
is cleaved upon processing, is present in all PspC and Hic/PspC variants (Supplementary Fig. 3A).

Hypervariable domains. At the N-terminus of the mature Hic and PspC proteins are the Factor H binding 
Hypervariable  Domains26, 28.These domains are rich in charged residues and vary in length from 91 (PspC4.2) to 
113 aa (PspC2.2). As their name suggests, they were highly variable in sequence with each PspC and Hic variant 
examined encoding a distinct variant (Supplementary Fig. 3B). Only five residues, T11,S12,I59,Y63,K96 (numbering 
based on PspC3.1) present in all variants; although, additional residues are conserved in several variants. Factor 
H binding by PspC3.1 is mediated by a 12 amino acid  region28, we identified diversity in this region of differ-

Figure 2.  Structural regions and domain position of PspC3.1. Dissection of PspC3.1 into distinct structural 
regions using in silico analyses. (A) Secondary structure of the well-characterized PspC3.1 variant (strain D39). 
The N-terminal part of the molecule shows a long stretch composed mainly of α-helices (red bars) (aa 1–410) 
followed by a 72 aa coiled-coil segment (grey area) and a 219 aa region consisting mainly of β-sheet folds (blue 
bars). The numbers represent the amino acid position. The signal peptide (positions 1–37) which is cleaved 
upon processing is shown by the box with grey background and blue lines. The vertical grey bar separating 
the N-terminal α-helical from the coiled-coil region may represent the boundary to the bacterial cell wall. (B) 
Structural regions and domain composition of PspC3.1. The mainly α-helical region (positions 38 to 410) is 
termed the N-terminal region. The remainder of the protein includes the 72 aa coiled-coil and the 219 aa mainly 
β-sheet segments is termed the C-terminal region (left panel). To correlate structural regions with the domain 
composition, the known domains of PspC3.1 were included (right panel). The Hypervariable Domain, Repeat 
Domain I, Random Coil Domain and Repeat Domain II aligned with the N-terminal, mainly α-helical region. 
In the C-terminal region of the protein the coiled-coil segment consisted of the Proline-Rich Domain and the 
β-sheet segment with the Choline-Binding Domain. The grey horizontal line separates the N and C-terminal 
regions and likely marks the border of the cell wall and capsule facing the outside environment. (C) Amino acid 
composition of N and C-terminal regions. The amino acid composition was evaluated separately for each region. 
The N-terminal region is rich in charged residues (48%), has a low number of both polar and amphipathic 
residues (24%), and Tyr residues (left panel). In contrast, the C-terminal region contained a lower percentage of 
charged residues (22%), had more polar and amphipathic amino acids (38%) and more Tyr residues (8%).
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ent variants and whether these domains all bind Factor H remains to be determined (Fig. 5A, Supplementary 
Fig. 3C).

Relationship analysis using a dendrogram identified three subtypes of the hypervariable domains. Subtype 
A (HVD-A) is present in PspC3.1, PspC5.1, and Hic/PspC11.1, HVD-B is present in PspC2.2, PspC1.1, and 
PspC4.2, and HVD-C is present in PspC6.1, Hic/PspC7.1, Hic/PspC10.1, Hic/PspC9.1, and Hic/PspC8.1 (Sup-
plementary Fig. 3C).

Repeat domains. All PspC-type proteins and Hic/PspC7.1 possess a repeat domain of approximately 110 aas 
(Repeat Domain). Five PspC variants (i.e. PspC3.1, PspC2.2, PspC6.1, PspC1.1, PspC5.1) contain a second 
Repeat Domain. These Repeat Domains are rich in charged residues, and include conserved RNYPT motifs, 
which are binding sites for sIgA/pIgR (Fig. 5B, Supplementary Fig. 4). Related repeat domains identified in 
pneumococcal PspK (H2BJK8) share 55% aa identity with Repeat Domain I and 71.6% identity with Repeat 
Domain II. The solution structure of the Repeat Domain of PspC3.4 from strain TIGR4 has been  solved42. This 
domain folds into three antiparallel α-helices and the YPT residues, representing the core sIgA/pIgR binding 
motif, are positioned in a coiled-coil loop, which separates the first and second helices. This experimentally 
determined structure confirms and validates our in vitro structure prediction (Fig. 2A).

Random coil domain. The Random Coil Domains are typically positioned downstream of the first Repeat 
Domain. They are approximately 30 aas in length, have a coiled-coil structure and are relatively conserved in 
sequence. No homologous sequences were identified in the sequence database (Supplementary Fig. 5).

Figure 3.  Differences in the N and C-terminal regions of the PspC and Hic variants. (A) The N and C-terminal 
regions of PspC and Hic type proteins differ in amino acid composition. The amino acid composition of the N 
and C-terminal regions was evaluated for each selected variant. The N-terminal regions of the six PspC and the 
five Hic variants are rich in charged residues (35–45%) and have a low number of both polar and amphipathic, 
and Tyr residues. The PspC variants had also a high proportion of charged residues (28–42%) (upper panel). 
The C-terminal regions of the PspC variants had a lower percentage of charged residues (16% or less) and more 
polar and hydrophilic (32–36%) and Tyr residues (8.3–9.1%). The composition of the C-terminal region of Hic 
variants differed from that of PspC variants. The C-terminal regions of Hic variants contained more charged 
residues, lower levels of Tyr and polar and amphipathic residues (lower panel). (B) Phylogenetic trees of the 
N and C-terminal regions of PspC and Hic type proteins. The homology alignment of the N and C-terminal 
regions identifies two groups. For the N-terminal regions group A is dominated by PspC type proteins, but also 
includes Hic/PspC11.1. Group B is dominated by Hic type proteins, but also includes the PspC4.2 variant. The 
C-terminal regions show a clear separation between the PspC and Hic variants.
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New domains of the N‑terminal region. Sequences in the PspC and Hic variants that did not match 
known domains of PspC3.1 were also identified. A data base search for counterparts identified nine new domains, 
including one new domain in PspC3.1 and also three new variants of the Proline Rich Domain.

Serine-rich elements. Serine-Rich Elements with the overall motif  SnD/GS2 were detected in all PspC and Hic 
variants with the exception of PspC4.2. Nine variants harbored one serine-rich element, whereas PspC2.2 con-
tained two. These Serine-rich elements share a coiled-coil structure; but differ in their sequence and position 
within the protein. Serine-rich elements following the Hypervariable Domain (PspC2.2, Hic/PspC7.1, Hic/
PspC9.1, Hic/PspC8.1) or the unique Hic/PspC11.1 domain have the consensus  SnD/GS2 and are up to 24 aa 
in length. The serine-rich elements following the Random Coil Domain (PspC3.1, PspC2.2, PspC6.1, PspC1.1, 
PspC5.1, Hic/PspC10.1) are comprised of  S2DS2, units and can be up to 18 aa long. The domain of Hic/PspC10.1 
shows a variation to these common features (Supplementary Fig. 5A). The biological role(s) of these elements 
are as yet unknown. However, in engineered proteins, related poly-serine-rich elements are integrated as flex-
ible linkers that separate functional, individually folding  domains43. Interestingly the TKPET motif at the end 
of  S2DS2 domains following the Hypervariable domains are related to the first seven residue long units found in 
Proline Rich Domains III and IV (see below).

Random coil extension domains. Two new domains were identified downstream of the Random Coil 
Domain-S2DS2 combination of domains.

Random coil extension domain 1. Two proteins, PspC1.1 and PspC5.1, contain an almost identical new 83 aa 
domain. This domain includes several charged residues, and shares homology with RICH type domains in other 
proteins, including PspC Q9KK19, SpsA O33742 and IgA Fc receptor binding protein P27951 from Streptococ-
cus agalactiae. These domains are predicted to be involved in bacterial adherence or cell wall  binding44.

Figure 4.  Domain structure of the six PspC and five Hic variants. The domain architecture of PspC3.1 is 
shown on the left-hand side. The PspC and Hic variants differ in length and domain number. The proteins are 
arranged based on their overall homology. To reflect the different lengths of the regions proposed to be within 
cell wall and the external environment the proteins are centered along the axis which separates the N-terminal, 
α-helical region from the C-terminal region. The N-terminal and C-terminal regions are shown on yellow 
and grey backgrounds, respectively. Proteins are drawn to scale. The signal peptides and for the Hic-cluster 
the C-terminal region which is cleaved upon anchoring are not included. Domains previously identified 
within PspC3.1 are shown in solid colors. New domains are patterned, and their names are given alongside 
the domain on a grey background. The predicted binding sites for the human plasma protein Factor H within 
the Hypervariable Domain are shown by the purple bar and those of sIgA/pIgR within the Repeat Domains by 
green bars. The PspA like domain and the b-AG binding domains were identified by homology with the binding 
domains within S. pneumoniae protein PspA and the IBC protein from S. agalactiae.
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Random coil extension domain 2. PspC4.2 and Hic/PspC10.1 have 114 and 126 aa domains that follow the 
Random Coil Domain and which share moderate sequence identity. The N-terminal domain of Hic/PspC10.1 
has a 37 aa extension, with the remainder of the domain being sequence similarity with the PspC4.2 domain. The 
biological role of this unique segment is unclear. In PspC4.2 this domain includes a long α-helical stretch that is 
followed by a 30 aa coiled-coil region.

PspA-like domain. PspC1.1 and PspC5.1 have related, new domains following Repeat Domain II. These 130 or 
131 aa domains are rich in charged residues, and share 84.5% sequence identity with the A*/B element of PspA 
from pneumococcal strain DBL6A. The A*/B element includes a lactoferrin-binding  region45,46, suggesting that 
the newly identified domains in PspC1.1 and PspC5.1 bind  lactoferrin47,48.

PspC4.2 specific element. Domain pattern analysis identified an element in PspC4.2 which is positioned 
between the Hypervariable Domain and the Random Coil Domain. This 33 aa α-helical structured element, 
lacks homology to other proteins in the databank, thus its role remains unclear.

Repeat type domain. PspC4.2, Hic/PspC7.1, and Hic/PspC10.1 contain related 92, 82, and 68 aa domains, 
respectively. These mostly α-helical domains are distantly related (41.6% aa identity) to the Repeat Domains, 
but lack the sIgA/pIgR binding motif (RNYPT) binding motif and seem to be specific to PspC and Hic proteins.

A new two‑ segmented domain. A new two-domain segment was identified in PspC4.2 and the three 
Hic proteins, Hic/PspC7.1, Hic/PspC10.1, Hic/PspC9.1.

The upstream segment. The 24–40 aa upstream segments of this domain are rich in proline residues, have a 
predicted coiled-coil structure, and due to their location in the N-terminal region of PspC are termed Extracel-
lular Proline Rich Segments. The high Proline content may suggest a function as linker separating  domains49. 
These External Proline Rich Segments lack homology to other bacterial proteins, and thus seem unique to PspC 
proteins.

The downstream elements share sequence similarity with the Fc binding domain of protein C from S. agalac-
tiae. The 78 or 89 aa elements are rich in charged residues, lack proline residues, and have an α-helical struc-
ture. A blast search revealed 51.1% aa identity with an IgA binding domain within the trypsin sensitive beta-
antigen of Streptococcus agalactiae (strain P27951/Uniprot). This protein binds the Fc region of human IgA, 
likely via two putative binding  sequences50 which are also found in several other bacterial immune evasion 
proteins including SpsA from S. pneumoniae. Based on the many charged residues this IgA binding domain 
(pfam05062) is also named RICH (Rich In Charged residues) the proposed function of which is bacterial adher-
ence or cell wall binding.

Hic/PspC11 specific element. Following the Hypervariable Domain, Hic/PspC11.1 contains a unique 102 aa 
α-helical domain. Related domains were identified in most Hic/PspC11 variants, but not in other bacterial pro-
teins Thus far, the function of this domain is unknown.

Figure 5.  Sequence Variation and Conservation of Binding Domains and Surface Orientation of PspC1.1 and 
Hic/PspC8.1. (A) Sequence variation of the Factor H binding motif within the Hypervariable Domains of the six 
PspC and five Hic variants. WebLogo was used to evaluate amino acid variation. (B) Sequence conservation of 
the binding sites for human sIgA/pIgR in Repeat Domains I and II. (C) WebLogo was used to evaluate sequence 
variations I the second and third choline-binding modules of the PspC variants. Sequence variation among the 
Choline-Binding Modules 2 and 3 of the PspC variants. Residues relevant for the interaction with choline are 
indicated by the box arrows and include Trp at positon#3, i.e.W3 and  W10 of module n, as well as  Y11 of module 
n + 1. (D) Sequence conservation of the sortase recognition motifs LPsTG in the C-termini of Hic-type proteins. 
(E) Structure of and proposed orientation of the phosphorlylcholine (PCho) associated PspC1.1, and sortase 
A dependent covalently linked Hic/PspC8.1 variant. The arrangement is based on the concept that PspC1.1 is 
non-covalently associated to the teichoic acids via its interaction with PCho. In contrast the Hic/PspC8.1 variant 
is covalently linked via the sortase anchor to peptidoglycan Penicillin binding protein (PBP). This attachment 
and orientation suggests that the Proline-Rich Domains may represent a flexible cell wall and capsule spanning 
segment. The grey line represents the bacterial membrane and cell wall, and the capsule is indicated by the 
shaded grey region. The domains proposed to extend beyond the cell wall and capsule exdomains are shown in 
yellow or red. The binding domains for human plasma regulator Factor H within the Hypervariable Domains 
(PspC1.1 and Hic/PspC81) and the sIgA or cell surface receptor pIgR binding domains within the Repeat 
Domains I and II (PspC1.1) are indicated by purple and green bars, respectively. Attached Factor H mediates 
complement evasion and blocks complement mediated opsonophagocytosis and release of the anaphylatoxins 
C3a and C5a. SIgA or pIgR bind to two sites in PspC1.1 and block opsonization by sIgA or mediate adhesion to 
human epithelial cells. The binding sites of vitronectin and other human plasma proteins remain to be mapped. 
The C-terminal regions, with a proposed location within the cell wall or capsule are shown in green, blue or 
purple and include the Proline Rich Domains followed by Choline-Binding Domains(PspC1.1) or LPsTG 
mediated anchor (Hic/PspC8.1).

▸
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Domain composition of the C‑terminal region. The C-terminal region of each variant contains a 
modular Proline-Rich Domain with a Choline-Binding Domain for PspC variants or an LPsTG anchor for His 
 variants46–49. The C-terminal regions of the PspC and Hic proteins analyzed are relatively conserved in length 
(ranging from 237 aa (PspC5.1) to 348 aa (Hic/PspC8.1)). A general pattern is emerging: PspC proteins link 
shorter Proline-Rich Domains (57 to 77 aa) to longer Choline-Binding Domains (179 to 219 aa), while Hic pro-
teins combine longer, Proline-Rich Domains (186 to 286 aa) with shorter LPsTG anchors (50 to 62 aa).

Proline-rich domains. Proline-Rich Domains have a modular structure and connect the N-terminal region to 
the cell wall  anchor51. The proposed role of these domains as spanning the bacterial cell wall-spanning is consist-
ent with the position proximal to the  anchor51,52. Our in-silico analysis identified a modular composition and 
further distinct proline-rich domains, which differ in length (57 to 286 aa), modular composition, and sequence.

Proline-rich domain I. Five PspC variants have highly related 59 to 77 aa domains, termed Proline Rich domain 
I. This modular domain can consist of two (PspC1.1, PspC5.1) or three (PspC3.1, PspC6.1, PspC2.2) segments 
(Supplementary Fig. 7A). The N-terminal segments have Proline dominated PAPA- and PAPAP motifs and can 
be up to 46 aa long. The C-terminal segments include PAPAP or PAPTP motifs, are up to 19 aa long, and have 
a coiled-coil structure. The middle segment, present only in the domains with three segments is conserved in 
length (23 aa), sequence, exhibits characteristic flanking Q-residues, and is rich in charged residues. In contrast 
to the other two segments this segment has a predicted α-helical structure and lacks Prolines. Such Proline-Rich 
segments are also found in  PspA52–54.

Proline-rich domain II. PspC4.2 has a unique 57 aa-long Proline-Rich Domain. This new domain includes 19 
Prolines and has an internal repeated segment with the sequence TPQVPKPEAPK. To date, this new domain has 
been identified only in PspC proteins) (Supplementary Fig. 7B).

Proline-rich domain III. Hic/PspC7.1 contains a unique 186 aa-long Proline-Rich Domain which includes an 
N-terminal 7 aa element followed by five almost identical 31 aa repeats (KKPSAPKP(G/D)MQPSPQPEGK-
KPSVPAQPGTED). Each repeat contains nine proline residues and two KKPS(A/V)P motifs. The repeats are 
followed by a truncated 24 aa repeat element (Supplementary Fig. 7C, D).

Proline-rich domain IV.  Four Hic variants harbor 247 to 286 aa, Proline-Rich Domains containing 19, 23 or 
26 modules. The modules vary in type and sequence, but all include multiple 11 aa repeats, (Supplementary 
Fig. 8A–C). Hic/PspC10.1 and Hic/PspC9.1 contain 14 and 16 (L/P)EKPKPEVKPQ.repeats, respectively. Both 
Hic/PspC8.1 and Hic/PspC11.1 contain 23 copies of a (L/P)ETPKPEVKPE repeats (variant residues are dis-
played as white letters on a black background). In each case, these repeats are followed by one shortened repeat 
and a nearly identical 16 aa-long C-terminal module, which varies only at position 15 (T/P variation) (Supple-
mentary Fig. 8D, E, F).

Cell wall attachment. Both PspC and Hic/PspC variants have modular domains within their C-terminal regions 
that we propose span the cell wall. PspC proteins bind the cell wall via modular Choline-Binding Domains in 
contrast, Hic proteins have shorter, 50–62 aa- anchors that include a sortase-dependent LPsTG cell wall attach-
ment  motif55,56.

PspC-type protein variants possess choline-binding anchors. PspC type variants have C-terminal Choline-
Binding Domains that range in length from 178 (PspC5.1) to 248 aa (PspC1.1) and consist of modules most of 
which are 20 aa in length (Fig. 5C)57. Related Choline-Binding Domains are found in up to 15 other pneumo-
coccal proteins, including the immune evasion protein PspA, the autolysins LytA, LytB LytC, and  CbpL57. In the 
literature these modular Choline-Binding Domains are sometimes termed choline-binding modules. However, 
given the domain composition of full length PspC and Hic variants we prefer to term such smaller, repetitively 
assembled subunits as modules.

Hic variants have C-terminal sortase signals. The five Hic variants analyzed share C-terminal 50–62 aa anchors 
which contain a pentapeptide LPsTG motif. The transpeptidase, sortase A cleaves this conserved motif between 
the Thr and Gly residues. Subsequently the protein is covalently linked via the Thr residue to lipid II (P3 precur-
sor) and a penicillin binding  protein58,59 (Fig. 5D).

Discussion
The mature PspC and the Hic/PspC proteins are heterogeneous in structural composition and in sequence. Our 
analysis of domains within one member of the six PspC and five Hic variants identified 13 N-terminal and three 
C-terminal domains, including nine new domains and three new variants of the Proline-Rich Domain. The 
extensive diversity is the result of different combinations of domains, several of which are present in different 
numbers. Domain variability is increased by distinct variants of some domains, differences in the assembly of 
modular elements within domains and sequence variation. This diversity results in antigenic variation, functional 
specialization and mechanisms of cell wall  anchoring18,20. Three domains, the Signal peptides, the Hypervariable 
Domains and Proline-Rich Domains are found in all analyzed variants (Table 2). Eleven domains are found in 
some variants, and two domains are unique to single variants. This extensive characterization shows a different 
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composition of the N and C-terminal regions, reveals differences between PspC and Hic variants, as well as dif-
ferences in the distribution, order, number and sequence variants of domains and repeats present.

Variability among PspC and Hic/PspC‑variants. PspC, and Hic-type variants have related domains 
in their N-terminal regions but differ more in their C-terminal regions. The proteins have different C-terminal 
anchors. PspC proteins with the Choline-Binding Domains contact multiple choline-moieties in a non-cova-
lent manner. In contrast the LPsTG anchors attach the proteins covalently to the  peptidoglycan56. The type of 
C-terminal anchor not only influences cell wall attachment, but the length and composition of the Proline-
Rich Domains. Furthermore the cell wall anchors seems to influence selection, composition, and number of the 
N-terminal domains. These differences in structure likely alter the role of the proteins in immune evasion and 
may result in different domains extending beyond the cell wall.

Variability of N vs C‑terminal regions. Broadly speaking, each PspC and Hic protein is divided into two 
major parts: the N-terminal region that extends beyond the cell wall and includes immune evasion and adhesion 
domains, and the C-terminal anchoring region.

The N-terminal regions of the PspC and Hic proteins analyzed vary in length, and domain number, ranging 
from 155 aa containing two domains (Hic/PspC8.1) to 610 aa containing eight domains (PspC4.2). These regions 
share structural features, including long α-helical structures, and a high proportion of charged residues. The 
Hypervariable Regions are most likely located most distant from the cell surface and show the highest degree 
of sequence variation. This diversity can reflect differences in antigenic variability, which is relevant for evading 
immune recognition by antibodies. Six of the N-terminal domains are unique to PspC and Hic variants, others 
like the PspA Related Domain and the region with homology to the IgA binding β antigen are found in other 
bacterial immune evasion proteins (Supplementary Fig. 6C).

The C-terminal regions are more conserved in length, have more polar and amphipathic residues and in the 
case of PspC variants also have more Tyr residues. The Proline-Rich Domains, preceding the PspC and Hic-
specific anchors, are of variable length, have a modular composition, consist mostly of coiled-coil structures. 
Proline-Rich Domains of PspC proteins are shorter than those of Hic proteins. Given the proposed location at 
the interface between cell wall and capsule, such diversity could result in different binding dynamics, strength 
of cell wall integration, morphological differences or capsule  thickness53–62. Similarly, the anchor domains in the 
C-terminus differ in length, composition, and type of cell wall attachment.

Table 2.  Domain used by S. pneumoniae PspC and Hic proteins. The binding sites for Factor H has been 
mapped within the Hypervariable Domain of PspC3.1 and that of sIgA and the extracellular domain of pIgR to 
the RNYPT motif of Repeat Domains I and II. C3, C4BP, Plasminogen, Thrombospondin 1, vitronectin have 
been shown to bind intact S. pneumoniae and full length PspC and Hic proteins, but their binding sites have 
not been mapped to specific domains. Binding of Lactoferrin and IgA is proposed based on the homology 
between PspC and Hic variants and the S. pneumoniae immune escape protein PspA and the sIgA binding 
protein of S. agalactiae.

# Region Domain Sub domains Class n Module Structure

Comment host 
ligand

1 Known SP 11

2 N-term Known HVD
HVD-A, HVD-B, 
HVD-C

11 α helix PspC/Hic specific Factor H

3 Known RD RD-I, RD-II, RD-III 7 α helix sIGA/plgR

RD-II PspC 5 α helix

4 Known RCD 8 α helix

5 1 New SnD/Gs2 3 Positions 10 Coiled coil

6 2 New RCE1 PspC 2 α helix Lactoferrin

7 3 New RCE2 2 A helix

8 4 New PspA related PspC 2 α helix In PspA

9 5 New R-type 3 α helix IgA

10 6 New EPRD 4 α helix

11 7 New IgA 4 α helix S. agalactiae

12 8 New VS4.2 PspC 1 α helix Specific

13 9 New VS11.1 Hic 1 α helix Specific

14 C-term Known PRD PRD-IA, PRD-1B PspC 5 Modular Coiled coil Also in PspA Cell wall spanning

New PRD-II PspC 1 Modular Coiled coil ?

New PRD-III Hic 1 Modular Coiled coil ?

New PRD-IV Hic 4 Modular Coiled coil ?

15 Known Anchor CBD PspC 6 Modular β sheets Several Anchor

16 Known LPsTG Hic 5 Coiled coil Many Anchor
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Protein orientation, and cell wall integration. PspC and Hic are cell wall associated surface proteins and we are 
starting to understand which regions of the proteins are spanning the cell wall and capsule, and which might 
be extended into the environment. The N-terminal region, by extending beyond the capsule, is exposed to the 
external environment and can interact with human proteins. The C-terminal region includes a capsule spanning 
region and an internal cell wall anchor.

Cell wall attachment via the C-terminal anchor orients the N-terminus to the external environment allowing 
interactions with host plasma proteins and cell receptors. An illustration of the orientation, spatial organiza-
tion and known binding sits for human plasma regulators of one PspC and one Hic/PspC variant is presented 
in Fig. 5E. PspC1.1 is an eight domain variant that binds choline and the short four domain Hic/PspC8.1 vari-
ant have different compositions both in the N- and C-terminal regions. The variable lengths of the N-terminal 
regions mean these domains extend with different distances into the external environment. In a linear model, 
for example, Factor H, when bound via the hypervariable domain inhibits C3b formation and assists in C3b 
inactivation remote from the bacterial surface. Similarly, the variable length of the Proline-Rich Domains and 
the type of cell wall anchors encoded can result in differences in the strength of interactions and different locali-
zations within the cell wall.

Tactical positioning and immune evasion. The two distinct anchors have different structures. Choline-Binding 
Domains are composed mainly of β-sheets, whereas sortase A dependent LPSTG anchors mainly consist of 
coiled-coil and α-helical structures. This not only dictates whether cell wall attachment is non-covalent or. cova-
lent, but is also indicative of a more flexible vs. fixed cell wall interaction. These distinctions in cell-wall attach-
ment may result in a different surface distribution and likely the extent to which the protein is exposed to the 
external environment. Indeed, different spatial localization of the PspC and Hic/PspC variants both expressed 
by S. pneumoniae strain BNH418, was shown by super resolution  microscopy63. The PspC-protein, with the 
Choline-Binding Domain localized to the division septum and Factor H, when bound to this protein, controlled 
C3b opsonization. In contrast, the LPsTG anchored Hic protein was localized to the bacterial poles. Such dif-
ferences in surface localization could influence the site on the bacteria where complement control and adhesion 
to host cells occurs. Therefore, these differences in distribution can influence the biological function of these 
important immune evasion proteins.

When comparing prevalence and distribution of PspC and Hic variants among 349 pneumococcal isolates 
from adult patients with invasive pneumococcal disease, 298 isolates (85.4%) had a single pspC-variant, 22 isolates 
had a (6.3%) a hic-variant, 19 isolates (5.4%) had pspC and hic gene and only 10 isolates (2.9%) did not possess 
either  gene64. In addition, invasive, PspC expressing strains bound more Factor H, and Factor H binding and 
immune control was more effective in encapsulated as compared to unencapsulated strains. Similarly, the PspC 
variants PspC2 and PspC6 were more efficient in Factor H binding and complement inhibition on the bacterial 
surface as compared to the Hic variants, Hic/Pspc9 and Hic/PspC1165,66.

Conclusions and perspectives. Evaluating the domain composition of selected PspC and Hic variants and an 
in-depth characterization of the domain composition advanced our understanding of the structure of these 
virulence determinants. Our approach identified differences between PspC and Hic proteins beyond their dis-
tinct membrane anchors. Such knowledge allows a comparison of full-length proteins based on domain patterns, 
numbers and can result in a better comparison of different PspC and Hic/Hic variants. Similarly, individual 
domains can be compared based on structure, modular composition and sequence.

Analyzing the additional > 60,000 PspC and Hic proteins deposited in the NCBI protein database or gene 
products from additional clinical isolates, will likely identify additional variants due to the discovery of new 
domains and subdomains, and novel domain combinations. Defining the diversity within these pneumococcal 
virulence factors will increase understanding of their role in immune evasion and provide important informa-
tion for molecular strain typing and vaccine design. Finally, this may also allow a correlation between PspC or 
Hic type variants with invasive pneumococcal infections and with clinical outcome.

Materials and methods
Selection of PspC and Hic variant proteins. Each of the selected six PspC and five Hic proteins repre-
sent one of the two clusters as initially defined by Ianelli et al.40. The sequences were derived from the NCBI data-
base (status: Feb 2018). The PspC/Hic designation is based on Iannelli et al.40. The protein names, corresponding 
bacterial strain, protein size, GenBank Accession number and protein ID are shown in (Supplementary Table I).

Secondary structure evaluation. The structure (α-helical, coiled-coil and β-sheet) of each selected PspC and Hic 
protein was evaluated using RaptorX (http://rapto rx.uchic ago.edu/http://rapto rx.uchic ago.edu/). PspC3.1 most 
predicted structural similarity 2vyuA (p value: 3.39e−10 and secondary structure: 42% α-helical, 43% coiled-coil 
and, 14% β-sheets). Analysis of the other ten PspC / Hic variants revealed a similar secondary structure (Sup-
plementary Figs. 1–2). Each of the six PpsC variants was most similar to 2vyuA. Hic/PspC7.1, Hic/PspC8.1, Hic/
PspC9.1, Hic/PspC10.1, Hic/PspC11.1) were most similar to 1w9rA, 4k12B, 2m6uA, 6iaA, 2m6uA, respectively. 
The secondary structure prediction are shown in the form of histograms which were constructed using ggplot2 
from the R/Bioconductor.

Phylogenetic analysis. The PspC and Hic amino acid sequences and composition were evaluated using MEGA7 
(www.megas oftwa re.net). There was a total of 976 positions in the final  dataset67. The CLUSTALW program and 
the BLOSUM amino acid matrix were used to compare the allelic variants of PspC, following which phylograms 
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were generated using the Neighbor-Joining method (Bootstrap value: 100). The phylogram for each domain was 

generated using the same method. Phylogenetic trees are modified in MEGA7.

Domain homology searches. BLASTp was used to identify related proteins or protein segmetns within the 

GenBank database available at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.

gov/). Furthermore, BLAST targeting database UnipRotKB reference proteomes plus Swiss-Prot was used to 

find regions of local similarity between sequences (https ://www.unipr ot.org/blast /). All the domains in this work 

have been done a blast.

Received: 14 August 2020; Accepted: 7 December 2020

References
 1. Weiser, J. N., Ferreira, D. M. & Paton, J. C. Streptococcus pneumoniae: transmission, colonization and invasion. Nat. Rev. Microbiol. 

16, 355–367 (2018).

 2. Seth-Smith, H. Pneu tricks. Nat. Rev. Microbiol. 9, 230 (2011).

 3. Henriques-Normark, B., Blomberg, C., Dagerhamn, J., Bättig, P. & Normark, S. The rise and fall of bacterial clones: Streptococcus 
pneumoniae. Nat. Rev. Microbiol. 6, 827–837 (2008).

 4. Kadioglu, A., Weiser, J. N., Paton, J. C. & Andrew, P. W. The role of Streptococcus pneumoniae virulence factors in host respiratory 

colonization and disease. Nat. Rev. Microbiol. 6, 288–301 (2008).

 5. UNICEF. Pneumonia. (2018). https ://www.unice f.org/publi catio ns/files /Pneum onia_The_Forgo tten_Kille r_of_Child ren.pdf

 6. WHO Int; Home - Newsroom - Fact sheets - Detail – Pneumonia https ://www.who.int/biolo gical s/areas /vacci nes/pneum o/en/

 7. Martinón-Torres, F. et al. EUCLIDS Consortium. Life-threatening infections in children in europe (the EUCLIDS Project): a 

prospective cohort study. Lancet Child Adolesc Health. 2(6), 404–414 (2018).

 8. Brooks, L. R. K. & Mias, G. I. Streptococcus pneumoniae’s virulence and host immunity: aging, diagnostics, and prevention. Front 
Immunol. 9, 1366 (2018).

 9. Geno, K. A. et al. Pneumococcal capsules and their types : past, present, and future. Clin. Microbiol. Rev. 28, 871–899 (2015).

 10. Ganaie, F. et al. New pneumococcal capsule type, 10D, is the 100th serotype and has a large cps fragment from an oral streptococ-

cus. mBio. 11(3), e00937–20 (2020).

 11. Subramanian, K., Henriques-Normark, B. & Normark, S. Emerging concepts in the pathogenesis of the Streptococcus pneumoniae: 

From nasopharyngeal colonizer to intracellular pathogen. Cell. Microbiol. 21, e13077 (2019).

 12. Keller, L. E., Robinson, D. A. & McDaniel, L. S. Nonencapsulated streptococcus pneumoniae: emergence and pathogenesis. MBio. 
7, e01792 (2016).

 13. Zipfel, P. F., Hallström, T., Hammerschmidt, S. & Skerka, S. The complement fitness factor H: role in human diseases and for 

immune escape of pathogens, like pneumococci. Vaccine. 26(Suppl 8), I67-74 (2008).

 14. Fernie-King, B., Seilly, D. J., Davies, A., Lachmann, P. J. Subversion of the innate immune response by micro-organisms. Ann. 
Rheum. Dis. 61, Suppl 2:ii8–12 (2002).

 15. Zipfel, P. F., Hallström, T. & Riesbeck, K. Human complement control and complement evasion by pathogenic microbes-tipping 

the balance. Mol. Immunol. 56, 152–160 (2013).

 16. Rooijakkers, S. H. & van Strijp, J. A. Bacterial complement evasion. Mol. Immunol. 44, 23–32 (2007).

 17. Lambris, J. D., Ricklin, D. & Geisbrecht, B. V. Complement evasion by human pathogens. Nat. Rev. Microbiol. 6, 132–142 (2008).

 18. Engholm, D. H., Kilian, M., Goodsell, D. S., Andersen, E. S. & Kjærgaard, R. S. A visual review of the human pathogen Streptococ-
cus pneumoniae. FEMS Microbiol. Rev. 41, 854–879 (2017).

 19. Andre, G. O. et al. Role of Streptococcus pneumoniae proteins in evasion of complement-mediated immunity. Front Microbiol. 8, 

224 (2017).

 20. Jedrzejas, M. J. Pneumococcal virulence factors: structure and function. Microbiol. Mol. Biol. Rev. 65, 187–207 (2001).

 21. Pérez-Dorado, I., Galan-Bartual, S. & Hermoso, J. A. Pneumococcal surface proteins: when the whole is greater than the sum of 

its parts. Mol. Oral. Microbiol. 27, 221–245 (2012).

 22. Chen, A. et al. Multivalent pneumococcal protein vaccines comprising pneumolysoid with epitopes/fragments of CbpA and/or 

PspA elicit strong and broad protection. Clin. Vacc. Immunol. 22, 1079–1089 (2015).

 23. Yuste, J. et al. The effects of Pspc on complement-mediated immunity to Streptococcus pneumoniae vary with strain background. 

J. Infect. Immun. 78, 283–292 (2010).

 24. Hammerschmidt, S., Talay, S. R., Brandtzaeg, P. & Chhatwal, G. S. SpsA, a novel pneumococcal surface protein with specific bind-

ing to secretory Immunoglobulin A and secretory component. Mol. Microbiol. 25, 1113–1124 (1997).

 25. Rosenow, C. et al. Contribution of novel choline-binding proteins to adherence, colonization and immunogenicity of Streptococcus 
pneumoniae. Mol. Microbiol. 25, 819–829 (1997).

 26. Dave, S., Brooks-Walter, A., Pangburn, M. K. & McDaniel, L. S. PspC, a pneumococcal surface protein, binds human factor H. J. 
Infect. Immun. 69, 3435–3437 (2001).

 27. Jarva, H. et al. Streptococcus pneumoniae evades complement attack and opsonophagocytosis by expressing the pspC locus-encoded 

Hic protein that binds to short consensus repeats 8–11 of factor H. J. Immunol. 168, 1886–1894 (2002).

 28. Zhang, J. R. et al. The polymeric immunoglobulin receptor translocates pneumococci across human nasopharyngeal epithelial 

cells. Cell 102, 827–837 (2000).

 29. Cheng, Q., Finkel, D. & Hostetter, M. K. Novel purification scheme and functions for a C3-binding protein from Streptococcus 
pneumoniae. Biochem. 39, 5450–5457 (2000).

 30. Janulczyk, R., Iannelli, F., Sjöholm, A. G., Pozzi, G. & Björck, L. Hic, a novel surface protein of Streptococcus pneumoniae that 

interferes with complement function. J. Biol. Chem. 275, 37257–37263 (2000).

 31. Dave, S., Carmicle, S., Hammerschmidt, S., Pangburn, M. K. & McDaniel, L. S. Dual roles of PspC, a surface protein of Streptococ-
cus pneumoniae, in binding human secretory IgA and factor H. J. Immunol. 173, 471–477 (2014).

 32. Binsker, U. et al. Serotype 3 pneumococci sequester platelet-derived human thrombospondin-1 via the adhesin and immune eva-

sion protein Hic. J. Biol. Chem. 292, 5770–5783 (2017).

 33. Lu, L. et al. Species-specific interaction of Streptococcus pneumoniae with human complement factor H. J. Immunol. 181, 7138–7146 

(2008).

 34. Lu, L., Ma, Y. & Zhang, J. R. Streptococcus pneumoniae recruits complement factor H through the amino terminus of CbpA. J. Biol. 
Chem. 281, 15464–15474 (2006).



Manuscripts 

42 

 

 

 

 

14Scientific Reports |         (2021) 11:1701  |  https://doi.org/10.1038/s41598-020-79362-3

www.nature.com/scientificreports/

 35. Hyams, C. et al. Streptococcus pneumoniae capsular serotype invasiveness correlates with the degree of factor H binding and 

opsonization with C3b/iC3b. J. Infect. Immun. 81, 354–363 (2013).

 36. Kohler, S. et al. Binding of vitronectin and factor H to hic contributes to immune evasion of Streptococcus pneumoniae serotype 

3. Thromb. Haemost. 113, 125–142 (2015).

 37. Haleem, K. S. et al. The pneumococcal surface proteins PspA and PspC sequester host C4-binding protein to inactivate comple-

ment C4b on the bacterial surface. J. Infect. Immunol. 87, pii: e00742–18 (2018).

 38. Dieudonné-Vatran, A. et al. Clinical isolates of Streptococcus pneumoniae bind the complement inhibitor C4b-binding protein in 

a PspC allele-dependent fashion. J. Immunol. 182, 7865–7877 (2009).

 39. Brooks-Walter, A., Briles, D. E. & Hollingshead, S. K. The PspC gene of Streptococcus pneumoniae encodes a polymorphic protein, 

PspC, which elicits cross-reactive antibodies to PspA and provides immunity to pneumococcal bacteremia. J. Infect. Immun. 67, 

6533–6542 (1999).

 40. Iannelli, F., Oggioni, M. R. & Pozzi, G. Allelic variation in the highly polymorphic locus pspC of Streptococcus pneumoniae. Gene 

284, 63–71 (2002).

 41. Meinel, C. et al. Streptococcus pneumoniae from patients with hemolytic uremic syndrome binds human plasminogen via the 

surface protein PspC and uses plasmin to damage human endothelial cells. J. Infect. Dis. 217, 358–370 (2018).

 42. Luo, R. et al. Solution structure of choline-binding protein A, the major adhesin of Streptococcus pneumoniae. EMBO J. 24, 34–43 

(2005).

 43. Van Rosmalen, M., Krom, M. & Merkx, M. Tuning the flexibility of glycine-serine linkers to allow rational design of multidomain 

proteins. Biochemistry 56, 6565–6574 (2017).

 44. Kim, H. K., Thammavongsa, V., Schneewind, O. & Missiakas, D. Recurrent infections and immune evasion strategies of Staphy-

lococcus aureus. Curr. Opin. Microbiol. 15, 92–99 (2012).

 45. Håkansson, A. et al. Characterization of binding of human lactoferrin to Pneumococcal Surface protein A. J. Infect. Immun. 69, 

3372–3381 (2001).

 46. Hammerschmidt, S., Bethe, G., Remane, P. H. & Chhatwal, G. S. Identification of pneumococcal surface protein A as a lactofer-

rin- binding protein of Streptococcus pneumoniae. J. Infect. Immun. 67, 1683–1687 (1999).

 47. Senkovich, O. et al. Structure of a complex of human lactoferrin N-lobe with Pneumococcal Surface protein A provides insight 

into microbial defense mechanism. J. Mol. Biol. 370, 701–713 (2007).

 48. Xu, Q., Zhang, J. W., Chen, Y., Li, Q. & Jiang, Y. L. Crystal structure of the choline-binding protein CbpJ from Streptococcus pneu-
moniae. Biochem Biophys Res Commun. 514, 1192–1197 (2019).

 49. Kanchi, P. K. & Dasmahapatra, A. K. Polyproline chains destabilize the Alzheimer’s amyloid-β protofibrils: a molecular dynamics 

simulation study. J. Mol. Graph. Model. 93, 107456 (2019).

 50. Jerlström, P. G., Chhatwal, G. S. & Timrnis, K. N. The IgA-binding β antigen of the c protein complex of Group B streptococci: 

sequence determination of its gene and detection of two binding regions. Mol. Microbiol. 5, 843–849 (1991).

 51. Girgis, M. M., Abd El-Aziz, A. M., Hassan, R. & Ali, Y. M. Immunization with proline rich region of Pneumococcal surface protein 

A has no role in protection against Streptococcus Pneumoniae serotype 19F. Microbiol Pathog. 138, 103761 (2020).

 52. Mukerji, R. et al. The diversity of the proline-rich domain of pneumococcal surface protein A (PspA): potential relevance to a 

broad-spectrum vaccine. Vaccine. 36, 6834–6843 (2018).

 53. McDaniel, L. S., Ralph, B. A., McDaniel, D. O. & Briles, D. E. Localization of protection-eliciting epitopes on PspA of Streptococcus 
pneumoniae between amino acid residues 192 and 260. Microbiol. Pathog. 17(5), 323–337 (1994).

 54. Hollingshead, S. K., Becker, R. & Briles, D. E. Diversity of PspA: Mosaic genes and evidence for past recombination in Streptococcus 
pneumoniae. Infect. Immun. 68(10), 5889–5900 (2000).

 55. Maestro, B. & Sanz, J. M. Choline binding proteins from Streptococcus pneumoniae: a dual role as enzybiotics and targets for the 

design of new antimicrobial. Antibiotics. 5(2), 21 (2016).

 56. Hakenbeck, R., Madhour, A., Denapaite, D. & Brückner, R. Versatility of choline metabolism and choline-binding proteins in 

Streptococcus pneumoniae and commensal streptococci. FEMS Microbiol. 3(3), 572–586 (2009).

 57. Marraffini, L. A., Dedent, A. C. & Schneewind, O. Sortases and the art of anchoring proteins to the envelopes of gram-positive 

bacteria. Microbiol Mol Biol Rev. 70, 192–221 (2006).

 58. Pallen, M. J., Lam, A. C., Antonio, M. & Dunbar, K. An embarrassment of sortases—A richness of substrates?. Trends Microbiol. 
9, 97–101 (2001).

 59. Daniels, C. C. et al. The proline-rich region of pneumococcal surface proteins A and C contains surface-accessible epitopes com-

mon to all pneumococci and elicits antibody-mediated protection against Sepsis. J. Infect. Immun. 78, 2163–2172 (2010).

 60. McDaniel, L. S., McDaniel, D. O., Hollingshead, S. K. & Briles, D. E. Comparison of the PspA sequence from Streptococcus pneu-
moniae EF5668 to the previously identified PspA sequence from strain Rx1 and ability of PspA from EF5668 to elicit protection 

against pneumococci of different capsular types. J. Infect. Immun. 66(10), 4748–4754 (1998).

 61. Georgieva, M., Kagedan, L., Lu, Y. J., Thompson, C. M. & Lipsitch, M. Antigenic variation in Streptococcus pneumoniae PspC 

promotes immune escape in the presence of variant-specific immunity. mBio. 9, 2.pii: e00264–18 (2018).

 62. Desvaux, M., Dumas, E., Chafsey, I. & Hébraud, M. Protein cell surface display in Gram-positive bacteria: from single protein to 

macromolecular protein structure. FEMS Microbiol Lett. 256, 1–15 (2006).

 63. Pathak, A. et al. Factor H binding proteins protect division septa on encapsulated Streptococcus pneumoniae against complement 

C3b deposition and amplification. Nat. Commun. 9, 3398 (2018).

 64. van der Maten, E. et al. Streptococcus pneumoniae PspC subgroup prevalence in invasive disease and differences in contribution 

to complement evasion. J. Infect. Immun. 86, pii:e00010–18 (2018).

 65. Chang, B. et al. Capsule switching and antimicrobial resistance acquired during repeated Streptococcus pneumoniae pneumonia 

episodes. J. Clin. Microbiol. 53, 3318–3324 (2015).

 66. Anderson, D. et al. Genome-wide association study of IgG1 responses to the choline-binding protein PspC of Streptococcus pneu-
moniae. Genes Immun. 16, 289–296 (2015).

 67. Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular evolutionary genetic analyses version 7. Mol. Biochem. Evol. 33(7), 

1870–1874 (2016).

Acknowledgements
The work of the authors is supported by the Collaborative Research Center, FungiNet (projects C6 (PFZ) and 

C4 (CS)) Deutsche Forschungsgemeinschaft (DFG). SL acknowledges a fellowship from the German Academic 

Exchange Service (DAAD) and from the International Leibniz Research School for Biomolecular Interaction 

(ILRS), Jena, Germany. Alfredo Sahagún-Ruiz was funded by a scholarship from PASPA-DGAPA, National 

Autonomous University of Mexico (UNAM), and from Mexican National Science and Technology Council 

(CONACYT) for a sabbatical at the Department of Infection Biology, Leibniz Institute for Natural Product 

Research and Infection Biology—Hans Knöll Institute, Jena, Germany. SH received funding by the Deutsche 

Forschungsgemeinschaft DFG HA 3125/5-2.



Manuscripts 

43 

 

2 Modular structure of S. pneumoniae surface protein A:  

high level of domain-based sequence diversity may allow molecular 

strain typing  

 

 1 

 1 

Modular Structure of S. pneumoniae Surface Protein A:  2 

High Level of Domain-Based Sequence Diversity May Allow Molecular 3 

Strain Typing 4 

 5 

Shanshan Du1, Cláudia Vilhena1, Monika von Heide1, Dorit Fuest1, Sven Hammerschmidt2, 6 

Christine Skerka1, and Peter F. Zipfel1,3* 
7 

1Department of Infection Biology, Leibniz Institute for Natural Product Research and 8 

Infection Biology, Jena, Germany. 9 

2Department of Molecular Genetics and Infection Biology, Interfaculty Institute for Genetics 10 

and Functional Genomics, Center for Functional Genomics of Microbes, University of 11 

Greifswald, Greifswald, Germany. 12 

3Institute of Microbiology, Friedrich-Schiller-University, Jena, Germany. 13 

*Corresponding author, e-mail: peter.zipfel@leibniz-jena.de 14 

Running title: variations in S. pneumoniae PspA proteins  15 

Keywords: immune evasion, complement escape, lactoferrin-binding. 16 

 17 

Abstract 18 

PspA proteins are mosaic structured immune evasion proteins expressed by the human 19 

pathobiont Streptococcus pneumoniae. In this study, we compared 48 PspA proteins derived 20 

from S. pneumoniae strains, as well as nine proteins from clinical isolates obtained from 21 

infants with hemolytic uremic syndrome. PspA proteins have three clearly separated regions: 22 

an N-terminal a-helical region, a coiled-coil structured middle segment, and a b-sheet-23 

structured region. Furthermore, we show that PspA separate into three families, and that 24 

each PspA protein comprises six domains. Sequence comparisons identified conserved, 25 

semi-conserved, variable, and even hypervariable domains, and several domains show a 26 

modular composition. Full-length PspA proteins display extreme sequence variability, and 27 

this sequence variability differs between domains. These analyses identified PspA-specific 28 

domains, but at the same time identified up to three domains also used by PspA and by PspC, 29 

including a lactoferrin-binding domain, proline-rich domains, and choline-binding domains. 30 

When this domain pattern analysis was applied to nine PspA variants derived from clinical S. 31 

pneumoniae strains from infant patients with pneumococcal hemolytic uremic syndrome, we 32 
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found that the new variants use domain patterns specific to PspA family II and III, but not 33 

family I. The variability appears to extend to the strain level, suggesting that this type of 34 

analysis, can be used as a form of molecular typing. Furthermore, the data may allow 35 

selection of conserved regions within specific surface-exposed, variable protein domains, 36 

e.g., for vaccine design. 37 

 38 

Introduction 39 

Streptococcus pneumoniae is a virulent human Gram-positive pathogenic bacterium that 40 

causes human airway infections, as well as otitis media, sinusitis, bronchitis and sepsis(1, 2). 41 

Upon spreading within the human organism and to niches, the pathogen can cause acute 42 

life-threatening conditions such as meningitis, sepsis, and pneumococcus-associated 43 

hemolytic uremic syndrome (pHUS). The latter occurs in children under the age of 5 years, 44 

and accounts for 5–15% of all HUS cases(3, 4). Currently, more that 100 S. pneumoniae 45 

serotypes have been identified based on polysaccharide differences(5). Only two 46 

pneumococcal conjunct vaccines, PCV13 and PCV23, are licensed for adults; these vaccines 47 

provide protection against 13 and 23 serotypes, respectively, of pneumococci(6). Work to 48 

improve current vaccination paradigms either by enlarging the coverage of serotype-49 

independent vaccines or introducing new protein-based and whole cell vaccines is ongoing. 50 

 Pneumococcal surface protein A (PspA) is a central and highly variable, surface-51 

exposed, immune evasion protein that mediates interaction with host plasma and immune 52 

cells, for example, by binding to the central human complement component C3(7, 8). PspA 53 

can also function as an adhesin for dying host cells by binding to host-derived GAPDH(9). 54 

PspA also binds lactoferrin, which may help S. pneumoniae overcome extreme conditions 55 

such as iron limitation(10). Different PspA alleles affect resistance of S. pneumoniae to killing 56 

by apolactoferrin(11). Due to its importance for pneumococcal virulence, PspA is one of the 57 

most promising vaccine targets on S. pneumoniae(12).  58 

 The known structures pf PspA comprise an a helical N-terminal region and a C-59 

terminal choline-binding domain. PspA proteins are integrated into the cell wall by 60 

noncovalent interaction of the C-terminal repeat region with the choline residues of teichoic 61 

or lipoteichoic acids present in the pneumococcal cell wall(13). PspA variants can share 62 

domains with PspC and Hic two other pneumococcal immune evasion proteins. Variants of 63 

PspA and PspC can share up to three domains: a lactoferrin-binding segment, a proline-rich 64 
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domain, and a choline-binding domain(14). PspA and PspC cross-reaction antibodies are 65 

generated by infected organisms and which protect against sepsis(15).  66 

The N-terminus of PspA contains a-helical regions harboring charged residues, while the 67 

C-terminus contains a clade-specific segment, a proline-rich segment and a choline-binding 68 

domain (CBD). PspA proteins have a mosaic composition and are diverse(16, 17). However, 69 

our understanding of the structure and orientation of the PspA protein is incomplete. Many 70 

PspA variants do exist, the exact domain composition of single variants is unknown, and the 71 

sequence among strains shows variations and different environmental prevalence. Also, it is 72 

unclear how PspA is integrated into the bacterial cell well, and how sequence variations affect 73 

domain composition and function.  74 

The diversity of PspA proteins, and the apparent differences in domain composition, 75 

mean that the exact domain organization of single PspA proteins and structural composition 76 

are unclear. Based on sequence diversity, three separate clades have been identified(16). 77 

However, neither a clear domain composition of the members of each clade, nor differences 78 

in domain usage between different clades, have been defined. In addition, the position of the 79 

single protein regions are not clear, nor is the precise border between the domains. Also, we 80 

do not know which part of the protein is facing the outside, or exactly which part of the protein 81 

is integrated into the cell wall. Given the heterogeneity and our limited knowledge of the 82 

domain structure of PspA proteins, we analyzed the structural composition and domain 83 

composition of 48 PspA variants selected from the NCBI data bank, including the pathogenic 84 

reference strains D39 and TIGR4. In addition, we characterized PspA proteins from nine 85 

clinical strains isolated from infants with pHUS. The results suggest that PspA has a clear 86 

domain structure, and that the proteins separate into three distinct clades or families. We 87 

identified five new domains and several subdomains.  88 

Taken together, the results presented herein increase our understanding of the 89 

structure and function of pneumococcal immune evasion proteins, and have implications with 90 

respect to (cross)reactivity of antibodies and vaccine design. 91 

 92 

Results 93 

Selection of PspA variants. PspA proteins from 48 S. pneumoniae strains were selected 94 

from the NCBI data bank, and redundant and identical proteins were removed. PspAGA07914 95 

from strain GA07914 was the largest protein, comprising 781 amino acids with a mass of 96 
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85.9 kDa. The smallest was PspASP3-BS71 from strain SP3-BS71, comprising 596 aa with a 97 

mass of 66.3 kDa (Table 1). 98 

 99 

PspA variants separate into three families. Homology evaluation revealed that 47 full-100 

length proteins and one truncated PspAWU2 protein separated into three major groups, which 101 

we term families (Figure 1A). Family I comprises 21 members, including PspAD39 from the 102 

pathogenic reference strain D39; family II comprises 11 members, including PspAG54 from 103 

strain G54; and family III comprises 16 members, including PspATIGR4 from the pathogenic 104 

reference strain TIGR4.  105 

A pairwise sequence-based similarity evaluation of all proteins confirmed the 106 

existence of these three groups, and identified overall similarities among the proteins, with 107 

scores ranging from 0.4 to 1.0 (Figure 1B). The members of each group, as highlighted in 108 

Figure 1B, showed the closest relationships (denoted by blue in the heat map), reaching 109 

similarity scores > 0.7. Homology with members of the other two families was less 110 

pronounced. One exception was PspAWU2 (Protein Number 4) in family I; this may be because 111 

PspAWU2 comprised only a partial sequence representing the N-terminal region (it lacked the 112 

C-terminal region). 113 

2D Structure of PspA proteins. To better understand the structural organization and to 114 

identify potential differences among PspA proteins, we chose a representative from of each 115 

family and evaluated its length, secondary structure, and amino acid composition. The three 116 

selected proteins, PspAD39, PspAG54, and PspATIGR4, differed in terms of length (619, 709, and 117 

744 aa long, respectively), although they shared related structures, as identified by secondary 118 

structure prediction programs. Each protein has a relatively long (ca. 300 aa), N-terminal a-119 

helical structured region, followed by a shorter (ca. 80 aa) coiled-coil structured region, and 120 

a (ca. 220 aa) C-terminal β-sheet structured region (Figure 2A, Supplementary Figure 2A–121 

C). Because secondary structures are determined by aa composition, we analyzed the aa 122 

composition of each region. The N-terminal a-helical regions included >40% charged amino 123 

acids, with a low fraction of polar/amphipathic residues (ca. 20%) and <2% tyrosine residues 124 

(i.e., 1.9%, 1.8%, and 2.3% for PspAD39, PspAG54, and PspATIGR4, respectively) (Figure 2B, 125 

left panel). By contrast, the coiled-coil segment included more hydrophobic residues 126 

(ca. >46%), mostly proline residues (ca. >27%) (Figure 2B, middle panel). Whereas the C-127 

terminal β-sheet region comprised fewer charged residues (ca. 15–17%), but had more 128 
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polar/amphipathic (>30%) and more tyrosine and tryptophan residues (ca. 9–11%) (Figure 129 

2B, right panel) than the N-terminal a-helical regions.   130 

 131 

The N- and the C-terminal regions differ with respect to homology. Given the differences 132 

in structure and aa composition, we performed a pairwise sequence comparison between the 133 

N- and C-terminal regions of the 48 proteins. Sequence homology evaluation of the N-134 

terminal region separated the three families, and again revealed the same family separation 135 

as the full-length proteins (Figure 3A). The C-terminal regions in contrast to the N-terminal 136 

regions, lacked family separation. In this case, the members of the three families could not 137 

be clearly distinguished from each other (Figure 3B). These results highlight that the N-, but 138 

not C-terminal, region determines family separation. This conclusion is also supported by 139 

sequencing of the N- and C-terminal regions. A sequence comparison performed separately 140 

showed that the N-terminal regions are diverse, and show a high level of sequence variability 141 

(denoted by red on the heat map) (Figure 3C, upper-right panel). By contrast, the C-142 

terminal regions are more closely related and more conserved, with sequence similarities of 143 

up to 99% (shown in blue) (Figure 3C, lower-left panel). Again, PspAWU2 (entry: 144 

AAF27710.1), of which we had only a partial sequence, was the exception as it lacks the β-145 

sheet region. The difference between the N- and C-terminal regions may be indicative of the 146 

spatial separation and functional specialization. 147 

 148 

PspA domain organization, composition, and variability. Next, we asked whether PspA 149 

proteins have a domain organization. For this purpose, we defined regions as protein 150 

segments that are related with respect to structure. Such long regions (80–300 aa) can be 151 

dissected into domains. Domains shared the same structure, but varied in length from ca. 152 

20–259 aa. Individual domains also varied with respect to amino acid composition and 153 

showed different degrees of sequence homology. Furthermore, some domains had a 154 

modular composition. Modular elements appeared to be domain-specific, and single modules 155 

differed in length and sequence (see supplementary file X – alignment). This domain 156 

composition analysis also revealed that each family has a preferred domain pattern, and that 157 

each shows a domain preference. 158 

 159 

PspA has a domain organization. To analyze PspA domain organization in detail, the full-160 

length PspA sequences were arranged into family groups. Subsequent sequence alignment 161 
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revealed the domain composition of all proteins and showed that individual domains differ in 162 

terms of both length and homology (Figure 4). However, the length of the signal peptides is 163 

identical, and the sequence is well conserved (93.5% conserved residues) (Supplementary 164 

file X – alignment). The first domain of the mature protein (D39: 112 aa), which is highly 165 

variable in sequence (26.5–30.3% conserved residues among the three families), was 166 

therefore termed the hypervariable domain (HVD) (Supplementary Figure 1). The second 167 

domain (19.1–70.0% conserved residues) is also variable and was named the variable 168 

domain. There are three variants of domain 3. Each belongs to one of the three family groups. 169 

Domain 3 was named the family determining domain, FDD. Domain 4 is the domain sited 170 

furthest downstream of the a-helical region (D39: 20 aa). Domain 5 is a proline-rich domain 171 

(PRD), which has a modular composition and separates into two subvariants (gray box in 172 

Figure 5) (D39: 84 aa). Domain 6, the most C-terminal domain, is the CBD (D39: 218 aa). 173 

These six domains vary in length. Domain 4 (20–29 aa) is the shortest, and Domain 6 is the 174 

longest (200–260 aa) (Figure 4). The individual domains show different degrees of sequence 175 

variation, ranging from hypervariable, variable, semi-conserved, to conserved 176 

(Supplementary Figure 1). In addition, the FDDIII, the PRDs, and the CBDs have a modular 177 

composition and show modular variability. FDDIII comprises either two or three modules, 178 

whereas the number of modules in the CBDs varies from 10 (PspAGA13430) to 13 (PspAGA07914). 179 

 180 

Domain structure. After signal peptide cleavage, mature PspA proteins comprise six 181 

domains (Figure 5A). These domains, from N-terminal to C-terminal, are as follows:  182 

Domain 1 (HVD): The first domain of the N-terminus is specific to PspA proteins and shows 183 

a high degree of sequence diversity (Table 2). The length of the HVD is rather similar 184 

between families, around 110 aa long (although it can be up to 130 aa)(Figure 4). The HVDs 185 

of the three families harbor 16 conserved residues, located mainly at the N-terminus 186 

(Supplementary file X – alignment).  187 

Domain 2 (VD): A blast search revealed that the VD is unique to PspA. The most striking 188 

feature of the VD is the high fraction of both negatively and positively charged amino acids. 189 

VD split into two main clusters (VD-A and VD-B). Their length is clearly different between the 190 

three families, ranging from 36–83 aa. As shown in Figure 4, the VD-A of family I is up to 44 191 

aa long, whereas the VD-B of family II and III is 83 aa long. The VDs share five conserved 192 

residues located at the N-terminus. The VD of family I proteins has three conserved residues, 193 

that of family II has 33, and that of family III has 51. The VDs of the three families differ in 194 
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terms of length and aa composition. In particular, VD-B contains characteristic conserved 195 

residues. The homology of VDs within each family is more pronounced than that of the HVDs 196 

(see Supplementary file X – alignment).  197 

Domain 3 (FDD): The third domain has three distinct variants that clearly segregate with the 198 

families identified by homology tree analyses. A homology tree based specifically on Domain 199 

3 shows the separation of the three families, as do trees which are based on full-length 200 

proteins or the N-terminal a-helical regions (Supplementary Figure 3C). The three variants 201 

of Domain 3 qualify as FDDs, and they include the following:  202 

FDDI (family I), a lactoferrin-binding domain. FDDI of family I PspA proteins (i.e., PspAD39) are 203 

up to 110 aa long and have 52 conserved residues. This domain corresponds to the 204 

lactoferrin-binding region identified previously for some PspA variants(18). FDDI-related 205 

domains are also found in S. pneumoniae surface proteins PspC1.1 and PspC5.1. The FDDI 206 

of PspADBL6A, and the corresponding region in PspC1.1, share 84.5% sequence identity(14). 207 

FDDII (family II), which has a conserved core element is common to all eleven members of 208 

family II. These domains can be up to 134 aa long and are rich in charged amino acids. Those 209 

in family II harbor 64 conserved residues, with a prominent, conserved 18 aa long stretch 210 

(T70LDPE-EAAE98; numbering based on PspAD39) in the middle region. FDDIII (family III), is 211 

a modular FDD which is common to all members of family III. The composition with two or 212 

three modules identifies further subvariants in this family. All members share the first 88 aa 213 

long, and the last 14 aa long, modules. Nine variants have an extra 81 aa-long module 214 

inserted in the middle. The three modules have related N-terminal sequence motifs of the 215 

type G1(A/V)2D3(P/S)4(-/E)5D5/6D6/7. The subgroups found in family III are defined according 216 

to the two or three modules in FDDIII, and on the type of PRD. 217 

Domain 4 (D4). D4 of PspA proteins is relatively short, comprising 20, 22, or 29 residues. D4 218 

is specific to PspA, and lacks homology with other S. pneumoniae proteins in the database. 219 

This domain has three essential conserved residues (i.e., E7, L15, and A18 (PspAD39)). The 220 

domains segregate with the PspA subfamilies, with each family harboring more conserved 221 

residues. D4 of family I proteins is 20 aa long and has nine conserved residues. D4 of family 222 

II proteins comprise either 22 aa (four proteins) or 29 aa residues (four proteins), with a total 223 

of 11 conserved residues. D4 of family III proteins has 20 conserved residues out of 22 224 

residues. There are 13 variants of D4.  225 

Domain 5 (PRD). Domain 5 has a coiled-coil structure and is about 80 aa long. The coiled-226 

coil structure provides structural flexibility for the entire protein(19). The PRD connects the 227 
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N-terminal a-helical region with the C-terminal CBD. PRDs have multiple proline (Pro) 228 

residues, but only Pro2 is conserved. Despite a low degree of sequence homology, the PRDs 229 

have a characteristic modular composition. The PRDs comprise multiple related modules, 230 

many of which include palindromic PAPAP core motifs(20, 21). These modules vary in size, 231 

assembly order, and spacing. Domain 5 splits into two major subtypes: PRD-1QQ-QQQ is found 232 

in 29 PspA variants and is about 118 aa long. PRD-2 comprises multiple modules and is up 233 

to 84 aa long. PRD-1 is composed of three model-type segments. The first is up to 57 aa 234 

long and includes smaller modules with PAPAP motifs. The second is a 22 aa long conserved 235 

“QQ-QQQ” segment, and the third is up to 23 aa long and also includes modular elements 236 

containing common PAPAP motifs.  237 

 The first segment includes modules with a common core PAPAP motif. The second 238 

(middle) segment has characteristic flanking glutamine (Q) residues and has a conserved 239 

length. This middle segment with characteristic QQ-QQQ borders has 20 conserved residues 240 

and has alternating residues only at two positions. Interestingly, this segment lacks Pro, and 241 

is therefore referred in the literate also as ‘non-proline stretch’. This segment is rich in 242 

charged residues, and adopts a a-helical structure. The third segment includes different 243 

numbers of modules containing common PAPAP motifs. The modules are 11, 22, or 23 aa 244 

long, include up to ten Pro residues, most have 12 conserved residues, and all have a C-245 

terminal lysine (K). The first and third modules include sections containing PAPAP motifs. 246 

PRD-1 has been found in the pneumococcal proteins PspC3.1, PspC2.2, and PspC6.1(14).  247 

PRD-2 can be up to 84 aa long and comprises multiple small modules or units, most of which 248 

include the palindromic PAPAP core. These five aa motifs can represent a module in itself. 249 

However also longer PAPAP-containing module variants with N-terminal and C-terminal 250 

extensions exist, including upstream or downstream flanking residues. By assembling related, 251 

but clearly different, modules in a variable number or combinations, PRD-2 (as a PAPAP-252 

based modular domain) provides a new format for how pattern diversity is generated. 253 

Domain 6 (CBD). The most C-terminal region of PspA proteins has a β-sheet structure and 254 

contains the CBD. This common cell wall anchor is used by PspA and by 13 other 255 

pneumococcal proteins, including LytA, LytB, LytC, and PspC(22). Studies show that the W3 256 

and W10 of one module (n), and the Tyr11 of the next module (n +1), attach to the same choline 257 

moiety and form π contacts (23, 24). CBDs are modular units, and PspA variants comprise a 258 

different number of modules (ranging from 9 to 13). A single module is formed by apparent 259 

combination of conserved and variable aa at specific positions. This suggests that aa at a 260 
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given position affect structure and folding, whereas residues at other positions mediate 261 

choline binding.  262 

 263 

Typing of clinical HUS strains  264 

To determine whether this domain-based analysis is useful for evaluating new PspA proteins, 265 

this domain-based analysis was applied to nine PspAHUS proteins. The  sequence were 266 

derveid from three strains isolated from infants with pneumococcal hemolytic uremic 267 

syndrome (pHUS) (PspAHUSA–PspAHUSC) ). In addition six PspAHUS genes were extracted from 268 

genome data from clinical pHUS strains (PspAHUSd–PspAHUSi). The encoded PspAHUS 269 

proteins are between 686–774 aa in length, and all represent new, unique variants. Two 270 

PspAHUS proteins matched the pattern profile of family II; four matched that of family IIIB 271 

(harboring PRD1); and three matched that of family IIIC (harboring PRD2) (Figure 5B). None 272 

of the PspAHUS variants matched the domain pattern of family I. Thus, domain pattern 273 

evaluation is useful for analyzing new PspA variants, and suggests that PspAHUS proteins 274 

from clinical HUS strains have a family as well as domain preference.  275 

 276 

The diversity of PspA affects binding to human lactoferrin. 277 

Because the FDD of the three families have different sequences, and family I and family II 278 

PspAs bind to lactoferrin(18), we wondered whether this was the case for family III. 279 

Representative strains (D39, G54, and TIGR4) from each family were tested for their ability 280 

to bind human lactoferrin using a solid-phase binding assay. As shown in Figure 6A, the 281 

three strains express PspAD39, PspAG54, and PspATIGR4, in line with their theoretical molecular 282 

mass (65.4 kDa, 75.5 kDa, and 79.5 kDa, respectively). Immobilized lactoferrin bound 283 

significantly more PspAG54 and PspATIGR4 than PspAD39; there was no difference between 284 

PspAG54 and PspATIGR4 (Figure 6B). Our hypothesis, therefore, is that PspAs from the three 285 

families bind human lactoferrin with different affinities. Two strains derived from HUS patients 286 

were tested at the same time. Figure 6B shows that human lactoferrin bound more PspAHUS1 287 

and PspAHUS2 from family III than PspAD39 from family I. 288 

 289 

 Discussion 290 

Most strains of the human pathobiont S. pneumoniae have pspA genes that encode variable 291 

surface-exposed immune evasion proteins. Here, we show that PspA proteins have a mosaic 292 

structure, and that they are diverse in terms of structure and sequence. These central 293 
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pneumococcal immune evasion proteins combine domain and extreme sequence diversity 294 

with a conserved structure, immune evasion functions, and cell wall anchoring. By comparing 295 

48 PspA proteins, we show that each comprises six domains and belongs to one of three 296 

families. The pattern and sequence variability of PspA extend to the strain level, suggesting 297 

that PspA sequence analyses may qualify as a kind of molecular strain typing. Such 298 

information can allow identification of conserved regions in certain proteins, particularly within 299 

the surface-exposed, hypervariable domains, which are relevant to vaccine design. 300 

 301 

PspA have three structural regions. By analyzing the secondary structure of PspA proteins, 302 

we show that PspA proteins comprise three differently structured regions. The N-terminal a-303 

helical regions are rich in charged residues; these are followed by coiled-coil structured regions 304 

with many hydrophobic residues. The C-terminal region comprises b-sheets rich in Tyr and 305 

Trp, and in polar amphipathic residues.  306 

 307 

PspA proteins generate diversity in multiple ways. Pattern- and sequence-based 308 

inspection of 48 PspA proteins showed that each comprises six domains selected from a 309 

portfolio of nine possible domains. Domain pattern distribution identified three major PspA 310 

families. Each has a preference for certain domain combinations, but exceptions do exist within 311 

subfamilies. Families are separated based on the HVD, VD, and, particularly, the FDD regions. 312 

Five domains (HVD, VD, FDDII, FDDIII, and D4) are specific to PspA. By contrast, the FDDI 313 

lactoferrin-binding domain is also found in PspC1.1 and PspC5.1. PRD-1 of PspA  and PRD-314 

2 are shared with other pneumococcal proteins, but have a different ‘proline segment core’ 315 

(e.g., PspC1.1 and PspC2.2). Due to the remarkable similarity between the PRD-1 of PspA 316 

and that of PspC, the antibodies elicited by PspC containing the first and third segments of 317 

PRD-1 cross-protect mice from infection by a pneumococcal strain lacking a pspC gene(25). 318 

Immunity to the proline-rich domain present in PspC can be protective via cross-reactions with 319 

the proline-rich domain of PspA (PRD-1 in this study)(26). In addition, CBDs are found in other 320 

pneumococcal cell wall-integrated proteins, including PspC, LytA, and LytB(27). 321 

 322 

PspA proteins generate diversity by assembling different domains in variable 323 

combinations; four domains (FDDIII, PRD-1, PRD-2, and CBD) provide modular diversity, and 324 

all tested strains show sequence variation. Furthermore, these domains have a modular 325 

composition. These modules represent conserved, repetitive domain-specific elements. In326 
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addition, modules within the same domains are mostly related to each other with respect to 326 

length and sequence. Assembly of different numbers of modules alters domain length.  327 

This domain-based characterization confirms and extends information about the clade-328 

defining region(s) of PspA, which were reported previously as being positioned upstream of 329 

the PRDs(28).  330 

The NCBI data bank includes almost 22,106 (2021.08.09) entries for either full-length 331 

PspA proteins or partial PspA sequences. Application of such a domain-based pattern 332 

approach to all entries in the database is expected to improve the characterization of 333 

individual proteins, and may identify new domains.  334 

Because individual PspA proteins differ in terms of domain composition and sequence, 335 

we recommend always to combine the gene or protein names with the strain name, resulting 336 

for example in designations such as PspAD39, PsATIGR4, or PspAHUS-A. This nomenclature 337 

reflects the individuality of single PspA proteins, gives the strain designation,  and is more 338 

informative when comparing proteins from different strains. 339 

PspAHUS. Application of this new domain pattern approach to nine PspAHUS variants from 340 

clinical pneumococcal strains showed that each isolate encoded a unique protein, and that 341 

PspAHUS variants had a preference for family II and III; there was no match with family I.  342 

Immobilized lactoferrin bind significantly more PspAHUSA, PspAHUSB, and PspATIGR4 343 

family III proteins than PspAD39 (family I), which might have an effect on immunomodulatory 344 

function during infection. Lactoferrin is found in human serum during inflammatory responses 345 

against Escherichia coli infection(29, 30). The preference of PspAHUS for family II and family 346 

III domain patterns, which bind more lactoferrin, might contribute to the pathogenesis of HUS. 347 

Further studies are needed to ascertain whether the lactoferrin-binding function is related 348 

directly to differences among FDDs (FDDI, FDDII, and FDDIII). 349 

 350 

Topology: Orientation. Following an N- to C-terminal orientation, the domain sequence 351 

ranges from hypervariable, to variable, to semi-conserved, to conserved. Cell wall attachment 352 

via the C-terminal CBD orients the preceding PRD towards the outside, suggesting a cell wall 353 

and capsule spanning role, or a likely function as a surface-exposed domain. This suggests 354 

that the N-terminal domains are exterior-facing. The different secondary structures are in 355 

agreement with likely exposure to lipophilic and hydrophilic milieus. The a-helical structure, 356 

the many charged residues, and the overall hydrophilic nature also suggest an exterior 357 

location for the N-terminal region. This topology also supports the high sequence variability 358 
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of the HVD and VD, which reflects antigenic variation. In a previous study, PRD-recognizing 359 

antibodies were generated upon immunization of mice with recombinant isolated PRD. This 360 

suggests that this domain is exposed to the environment and is accessible to antibodies(21). 361 

PRD-1, which is shared by PspA and PspC, has an internal non-proline block, with 362 

characteristic flanking “QQ-QQQ” residues. This QQ-QQQ module can enhance virulence by 363 

binding to host lactate dehydrogenase(31). PRD can be considered as a flexible linker between 364 

the N-terminal a-helical and the C-terminal β-sheet structures, and may form an interface 365 

between the outside environment and the bacterial cell wall.  366 

Domain pattern variations exist in other pneumococcal proteins. The three distinct 367 

structural regions, a modular composition, and sequence variability(as described here for PspA) 368 

also apply to other pneumococcal proteins. PspC and Hic have similar a-helical structured N-369 

terminal regions with many charged residues, as well as hypervariable, variable, and 370 

conserved domains. Both have related mosaic structures, and show domain pattern variability 371 

and domain dependent sequence variation. In addition, PspC, but not Hic variants, have PRD-372 

1 and CBDs that are highly similar to those of PspA. Thus, a combined evaluation of these 373 

three multivariant genes, or the encoded PspA, PspC, and Hic proteins, will improve the 374 

precision of domain- and sequence-based strain typing. 375 

Consequences for pathogen host interactions. Immune escape by S. pneumoniae and of 376 

pathogenic microbes in general involves control of the complement cascade as well as 377 

inhibition of innate and adaptive immunity. PspA, as well as PspC and Hic, contribute to 378 

complement evasion and control of adaptive immune responses. The high diversity of these 379 

three pneumococcal immune evasion proteins shows that the pathogen has developed special 380 

answers or responses that generate variability, which assists with the immunobiological arms 381 

race with the human host.  382 

Pneumococci and the human host generate diversity in different ways. The human host 383 

generates antibody and T-cell diversity to induce a highly specific, virtually unlimited immune 384 

response. A human organism  can probably produce more than 1012 different antibodies, some 385 

of which cross-react with a variety of related but different antigenic determinants(32). Diverse 386 

T-cell receptor (TCR)-αβ gene segments combine randomly to form a large diverse and 387 

polymorphic T-cell repertoire to protect the human host against pathogens(33). The 388 

mechanistic details regarding how S. pneumoniae generates such large strain diversity is less 389 

well understood. It will be informative to evaluate the exact molecular mechanism(s) and 390 

selection mechanisms that underlie this enormous diversity. 391 
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Perspectives. S. pneumoniae PspA proteins are one of the most variable surface-exposed 392 

pneumococcal proteins identified to date. Here, we show that PspA has a domain 393 

composition with extreme sequence diversity. Evaluating domain pattern and sequence 394 

variations among known and new pneumococcal strains, and of clinical isolates, will likely 395 

identify new domains, new domain combinations, and more subfamilies and/or clades. A 396 

detailed understanding of the domain composition, domain pattern variability, and sequence 397 

diversity among PspAs will increase our understanding of their functions, and facilitate 398 

selection of surface-exposed and conserved protein regions that may be targets for vaccine 399 

design. In addition, evaluating the high variability of PspA, either alone or in combination with 400 

other pneumococcal variant proteins, may allow molecular strain typing.401 
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Materials and Methods 402 

Selection of PspA proteins. After redundant PspA sequences were removed, 48 403 

PspA identical sequences were extracted from NCBI protein database. As far as could 404 

be traced, the strains were collected from 2000 to 2018. The protein names, 405 

corresponding bacterial strain, protein size, GenBank Accession number are shown in 406 

(Table 1). 407 

Secondary structure evaluation. The structure (a-helical, coiled-coil and b-sheet) of 408 

each selected PspA was evaluated using RaptorX (http://raptorx.uchicago.edu/). The 409 

secondary structure prediction of PspAD39, PspAG54, PspATIGR4 are shown by 410 

histograms in the supplementary Figure 2 which were constructed using ggplot2 from 411 

the R/Bioconductor. 412 

Phylogenetic analysis. The PspA amino acid sequences and composition were 413 

evaluated using MEGA7 (www.megasoftware.net). The CLUSTALW program and the 414 

BLOSUM amino acid matrix were used to compare the allelic variants of PspA, 415 

following which phylograms were generated using the Neighbor-Joining method 416 

(Bootstrap value:100). The phylogram for each domain was generated using the same 417 

method. Phylogenetic trees are modified in MEGA7. The amino acid composition of 7 418 

PspA representatives was shown by histograms in GraphPad 8.  419 

Domain homology searches. BLASTp was used to identify related proteins or protein 420 

segments within the GenBank database available at the National Center for 421 

Biotechnology Information (http://www.ncbi.nlm.nih.gov/). Furthermore, BLAST 422 

targeting database Uniport reference proteomes plus Swiss-Prot was used to find 423 

regions of local similarity between sequences (https://www.uniprot.org/blast/). All the 424 

domains in this work have been done a blast. 425 

 426 

Pneumococcal strains and growth conditions. S. pneumoniae D39 (NCTC 7466, 427 

serotype 2), G54 (serotype 19F) and TIGR4 (serotype 4) were provided by collaborator. 428 

Three S. pneumoniae strains were cultivated either on Columnia 5% sheep blood agar 429 

plates or incubated overnight in Todd-Hewitt broth supplemented with 0.5% yeast 430 

extract (THY) in an incubator at 37 °C with 5% CO2. 431 

DNA Sequencing. The pspA genes of S. pneumoniae isolated from HUS patients 432 

were sequenced by using a primer walking strategy. Strains genomic DNA were 433 

extracted by using GenEluteTM bacterial genomic DNA kit (Sigma-Aldrich). The PCR 434 

fragments containing the pspA locus was amplified by flank primers (Table 3). 435 
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Amplified PCR products were sequenced using a capillary sequencer (3130x/ Genetic 436 

Analyzer, Thermo Fisher Scientific GmbH, Germany). Software Clone manager 9.0 437 

(Sci-Ed Software) was used to analyze the sequencing data. DNA sequences were 438 

assembled and translate to amino acid sequenced, then blasted in the protein 439 

database NCBI BLASTP 2.5.0 (2018). 440 

SDS-PAGE, Western Blot. Native Choline-binding proteins were extracted by choline 441 

wash as described by Frias(34). Grow S. pneumoniae strains in THY media until 442 

OD600 nm reaching to 0.9 (6 hour after inoculation). Take 10 ml cultural media and 443 

harvest cell by centrifugation (3200 g for 10 min at 4 °C). Pellets were washed by 5 ml 444 

DPBS twice. Then resuspend the pellets in 200 μl of 2% choline chloride (w/v) 445 

prepared in 1x DPBS and incubate 30 min at 4 °C without agitation. Choline-binding 446 

proteins mixture were harvested in the supernatant after maximum speed 447 

centrifugation to get rid of cells. Choline-binding proteins mixture were separated by 448 

10% SDS-PAGE and transferred to nitrocellulose membrane. The membranes were 449 

incubated polyclonal rabbit anti-PspA: QP2(10). QP2 were detected using anti-rabbit-450 

conjugated HRP and a chemiluminescent substrate. 451 

Enzyme-Linked Immunosorbent Assay (ELISA). 10 ug/ml lactoferrin and BSA were 452 

immobilized onto a high-binding infinity microtiter 96 wells plate and incubated 453 

overnight at 4 °C. Plates were washed three times with ice-cold DPBS, and nonspecific 454 

binding sites were blocked with blocking buffer (Applichem) for 1 hour at room 455 

temperature (RT). After three more washing steps, 50 ul native choline-binding 456 

proteins mixture extracted was added and incubated for 2 hours at room temperature. 457 

Plates were then washed three times with DPBS and incubated with polyclonal rabbit 458 

anti-PspA: QP2 diluted in DPBS for one hour. After washing, primary antibodies were 459 

detected using anti-rabbit HRP-conjugated antibody and detected using TMB 460 

substrate solution (Thermo scientific, cat: 00-4201-56). The reaction was measured at 461 

450nm.462 
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 567 

Figure legends 568 

Figure 1: Diversity among 48 PspA cluster variants.  569 

A: Full-length PspA protein sequences form 48 different S. pneumoniae isolates randomly 570 

selected from the Gene Bank were compared for their homology. Homology is represented by 571 

the heat map with three different groups were identified.  572 

B: Full-length PspA proteins (n-47) when evaluated in a phylogenetic analysis separated into 573 

three families: Family I included 21 proteins together with PspAD39, a standard pathologic 574 

reference strain. Family II included 11 proteins and strain PspAG54 and family III included 16 575 

proteins and PspATIGR4. 576 

Figure 2: Domain structure of the PspA family proteins and clade separation.  577 

A: A structure analysis of selected PspA variants, i.e. PspAD39, PspAG54 PspATIGR4, each 578 

representing one of the three families shows related composition. The three proteins have long, 579 

mostly a-helical structured N-terminal regions (red), followed by shorter ca 80 aa long mostly 580 

coiled-coil structured regions (gray) and a β-sheet region at the C-terminal end (blue). 581 
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terminal regions (red), followed by shorter ca 80 aa long mostly coiled-coil 607 

structured regions (gray) and a β-sheet region at the C-terminal end (blue).  608 

The numbers below show the start residue of the corresponding region for each 609 

protein. The signal peptide which is cleaved upon processing is not included. 610 

The a-helical region corresponds with the N-terminal region and the C-terminal 611 

region includes both the coiled-coil structured and the β-sheet region. 612 

B: Amino acid composition of three structural regions of the three PspA 613 

variants. PspAD39, PspAG54, PspATIGR4 were analyzed as representative for 614 

each family. The a-helical, coiled-coil and β-sheet regions of the PspA variants 615 

have different amino acids composition. However, the three PspA variants have 616 

rather similar amino acid composition within each region. Among three regions, 617 

from N- to C-terminal (from a-helical to β-sheet region), the percentage of 618 

charged amino acids decreased from 40 % to about around 10 %. The 619 

percentage of polar/amphipathic increased from 15 620 

% to 30%. Interestingly, Trp only exists in β-sheet region with a portion of 9.5%. 621 

Figure 3: Homology and relatedness of N and C-terminal regions 622 

A: Homology tree of N-terminal domains. Distance scale: 0.2 623 

B: Homology tree of C-terminal domains. Distance scale: 0.05 624 

C: Percentage identity of N- and C-terminal regions among 48 PspAs is shown 625 

by heatmap. Sequence comparison among N-terminal is in the upper-right 626 

panel, and sequence comparison among C-terminal is in the lower-left panel. 627 

The value ranges from 0.2 to 1 (red- blue).  628 

Figure 4: Domain length variation of selected PspA clade representatives. 629 

Family I variants (green), family II (purple) and family III (orange). Major 630 

differences exist for VD with two subsets and FDD with three.  631 

The proposed structure of each domain is presented by the color of the column. 632 

N-terminal a-helical VD-1, VD-2, the FDDs and Domain 4 are shown in red, the 633 

coiled-coil structured PRD domain by gray, and the b-sheet CBD region by blue 634 

columns.  635 

Figure 5: Domain Structure of PspA family and of clade variants show 636 

different structures.  637 
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A: PspA proteins have a domain structure and the proteins are composed of 638 

six domains. PspAGA47976, PspAD39, PspASPNA45, PspAG54, PspA2070531, PspATIGR4 639 

and PspA13430 are chosen as representative from each domain variants group. 640 

Numbers show the start of each domain for each protein.  641 

Family I proteins include a N-terminal hypervariable domain 1, a variable 642 

domain, the family determining domain FDDI which includes a lactoferrin-643 

binding region and domain 4. They are followed by a PRD which varies and 644 

allows a clade definition and a CBD. PRD has three types: clade IA uses a 645 

PRD-1QQ-QQQ, clade IB a variant with two internal segments and is therefore 646 

termed PRD-1QQ-QQQ::QQ-QQQ and clade IC uses a multi-modular PRD-2 with a 647 

common core PAPAP motif . The modules of the PRD domain and CBD are 648 

shows by the patterns.  649 

Family II proteins include a related domain structure. These proteins have a 650 

unique FDDII domains and all variants use PRD-1QQ-QQQ.  651 

Also, Family III proteins use a similar domain structure. The FDDIII with either 652 

two or three segments and a PRD-2 separates between clade IIIA and clade 653 

IIIB. Clade IIIC has a three segmented FDDIII combined with a PRD-1QQ-QQQ. 654 

B: 48 PspA are cladded into the seven domain variants. 9 PspA in HUS are 655 

cladded into the three out of seven domain variants. 656 

Figure 6: Expression of PspA and Lactoferrin binding of D39, G54, TIGR4, 657 

HUS1 and HUS2. 658 

A: PspA proteins of D39, G54 and TIGR4 were assayed by western blot. 659 

B: D39, G54, TIGR4, HUSA, and HUSB binding lactoferrin were tested by 660 

ELISA, BSA as a control. Three independent experiments were performed. **P 661 

 0.001. 662 

 663 

Figure 1 
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Figure 2 
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Figure 4 
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Table I: PspA variants selected for analyses.  

 

Table II: Domains used by PspA 

 

Table III: Primers for sequencing                 

 

⌄

⌄

Position Structure Domain Subdomain Number Unique for PspA Match to other proteins
Identity

[%]

N-terminal
a helical

HVD
HVD-A 21 yes Unique -no homolog

HVD-B 27 yes no homolog

VD
VD-A 21 yes no homolog

VD-B 27 yes no homolog

FDD

Lactoferrin 21 no PspA_D39/   PspC1.1_SRF10 (S. pneumoniae) 83.3

FDD II 11 yes no homolog

KADE 16 yes
PspA_2070531 / TATA element modulatory factor 1 DNA binding 

family protein_GA43264 (S. pneumoniae)??
100

D4 48 yes

C-terminal
Coiled coil PRD

PRD-I 19 no PspA_D39  / PspC_R6 (S. pneumoniae) 75.0

PRD-II (QQQ_form) 29 no PspA_GA47976/YALI0_F19030g (Candida lipolytica) 78.8

b sheet CBD 47 no PspA_D39 / PspC_R6 (S. pneumoniae) 91.3
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Supplementary material 671 

Supplementary Figure 1: The percentage of conserved amino acid in each 672 

domain.  673 

Column color is shown based on the predicted structure. a-helical in red, the 674 

coiled-coil in gray, and the b-sheet in blue. 675 

Supplementary Figure 2: Domain structure of selected PspA variants from 676 

family.  677 

A:  Representative PspA variant (D39 from family I, G54 from family II and 678 

TIGR4 from family III) secondary structure prediction are shown by 679 

percentage histogram. a-helical in red, the coiled-coil in gray, and the b-sheet 680 

in blue. 681 

Supplementary Figure 3: N-terminal domain selects between the three 682 

PspA families. 683 

 Phylogenetic analysis of three N-terminal domains. A: HVD homology tree, 684 

distance scale: 0.2; B: VD homology tree, distance scale: 1; C: FDD homology 685 

tree, distance scale: 0.2. 686 

Supplementary Figure 4: C-terminal domain selects between the three 687 

PspA families. 688 

Phylogenetic analysis of two C-terminal domains. A: PRD homology tree, 689 

distance scale: 0.05; B: CBD homology tree, distance scale: 0.01. 690 

Supplementary Figure 5: Domain-based amino acid composition of 691 

PspA representatives. 692 

Supplementary Figure 6: 2D structure of selected PspA variants 693 
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Supplementary Figure 4 
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Contribution to the Field Statement  28 

The Gram-positive bacterium Streptococcus pneumoniae is a major pathogen that causes acute 29 

respiratory tract infections, which are a major cause of death in children under the age of 5 years. 30 

Socioeconomic conditions in developing countries predispose the population to potentially fatal 31 

bacterial, in particular pneumococcal, infections. Although pneumococcal vaccines are available, 32 

developing countries lack coherent immunization strategies. Moreover, currently available vaccines 33 

are based either on polysaccharides (which provide partial protection against a limited number of 34 

serotypes) or conjugated peptide-based vaccines (which are often expensive). Thus, it is important to 35 

identify new pneumococcal virulence determinants that may qualify as novel vaccine or therapeutic 36 

targets, and also to understand the immune escape strategies used by these human pathogenic bacteria. 37 

The mechanisms by which S. pneumoniae (and a growing number of other pathogenic microbes) evade 38 

immune (particularly complement) responses are emerging. Surface-exposed pneumococcal proteins, 39 

such as the family of choline-binding proteins comprising PspA, PspC and LytA, are perfect candidate 40 

targets for vaccination due to their localization at the bacterial surface, which allows interaction with 41 

and binding of human plasma proteins and complement regulators.  42 
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Abstract  43 

Streptococcus pneumoniae is a Gram-positive opportunistic pathogen that can colonize the upper 44 

respiratory tract. It is a leading cause of a wide range of infectious diseases, including community-45 

acquired pneumonia, meningitis, otitis media and bacteraemia. Pneumococcal infections cause 1–2 46 

million deaths per year, most of which occur in developing countries, where this bacterial species is 47 

probably the most important pathogen during early infancy. Here, we focused on choline-binding 48 

proteins (CBPs), i.e., PspC, PspA and LytA, and their integration into and interaction with the cell wall 49 

of S. pneumoniae. The three pneumococcal proteins have different surface-exposed regions but share 50 

related choline-binding anchors. These surface-exposed pneumococcal proteins are in direct contact 51 

with host cells and have diverse functions. PspC and PspA bind several host plasma proteins, whereas 52 

LytA plays a role in cell division and the lytic phase. We explored the role of the three CBPs on 53 

adhesion and pathogenicity in a human host by performing relevant imaging and functional analyses, 54 

such as electron microscopy, confocal laser scanning microscopy and functional quantitative assays 55 

targeting biofilm formation and the haemolytic capacity of S. pneumoniae. In vitro biofilm formation  56 

assays and electron microscopy experiments were used to examine the ability of knockout mutant 57 

strains lacking the lytA, pspC or pspA genes to adhere to surfaces. The mutant strains were compared 58 

with the S. pneumoniae D39 reference strain. We found that LytA plays an important role in robust 59 

synthesis of the biofilm matrix. PspA and PspC appeared crucial for the haemolytic effects of S. 60 

pneumoniae on human red blood cells. Furthermore, all knockout mutants caused less damage to 61 

endothelial cells than wild-type bacteria, highlighting the significance of CPBs for the overall 62 

pathogenicity of S. pneumoniae. Hence, in addition to their structural function within the cell wall of 63 

S. pneumoniae, each of these three surface-exposed CBPs controls or mediates multiple steps during 64 

bacterial pathogenesis. 65 
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Introduction 66 

Streptococcus pneumoniae is a human pathogen that colonizes the upper respiratory tract and can 67 

cause otitis media, bronchitis, sinusitis, community-acquired pneumonia and sepsis (Kadioglu et al., 68 

2008; Nobbs et al., 2009). The latest data from the World Health Organization show that pneumonia 69 

kills yearly more than 800,000 children under the age of 5 years (data from 2017), accounting for 15% 70 

of all child deaths at this age. Current S. pneumoniae vaccines target mostly the pneumococcal 71 

polysaccharide capsule, which acts as a physical barrier to the outside and protects the bacterium from 72 

recognition by the host immune system (Geno et al., 2015). Below the capsule, the pathogen has a thick 73 

peptidoglycan and teichoic acid-based cell wall, beneath which lies a phospholipid membrane (Pérez-74 

Dorado et al., 2012). Upon contact with human immune cells, pneumococci shed the capsule and 75 

expose the cell wall to the outside environment (Hammerschmidt et al., 2005; Kietzman et al., 2016).  76 

S. pneumoniae display several virulence proteins that are integrated into the cell wall; some of 77 

these extend to the outside (Hoskins et al., 2001). In addition to immune escape, several proteins have 78 

structural functions, whereas others mediate carbohydrate and sugar metabolism, or control the cell 79 

division machinery (Pérez-Dorado et al., 2012; Gisch et al., 2013; Heß et al., 2017; Waldow et al., 80 

2018). One family of these surface proteins shares related anchor domains that bind non-covalently to 81 

phosphoryl choline moieties, which are common constituents of the peptidoglycan layer and are 82 

therefore called choline-binding proteins (CBPs). CBPs are key players in immune evasion, virulence 83 

(Dockrell and Brown, 2015) and host pathogenicity (Roig-Molina et al., 2020; Shizukuishi et al., 2020; 84 

Park et al., 2021). Their pathogenic roles range from proteolytic activities, binding of human plasma 85 

regulators, complement proteins and immune components, and cell-mediated contact to inactivate 86 

human immunoglobulins prior to nasopharyngeal colonization (Agarwal et al., 2010; Galán-Bartual et 87 

al., 2015; Gutiérrez-Fernández et al., 2016; Saumyaa et al., 2016). 88 
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Two CBPs, PspA and PspC (also termed CbpA), are surface-exposed immune evasion proteins, 89 

which bind human plasminogen, Factor H, secretory IgA, vitronectin, thromospondin, laminin, C3, 90 

etc. (Jarva et al., 2002; Zipfel et al., 2008; Orihuela et al., 2009; Voss et al., 2013; Binsker et al., 2015; 91 

Meinel et al., 2018; Haleem et al., 2019). 92 

PspA and PspC share structural similarities: each have modular, unique and variable N-terminal 93 

regions, a proline rich domain that varies in size and almost identical C-terminal regions (Yother and 94 

Briles, 1992; Du et al., 2020). The role of both proteins in immune evasion has been attributed to their 95 

domain organization, and to sites that bind human plasma proteins. Another CBP is LytA, an intensely 96 

studied pneumococcal autolysin (also called N-acetylmuramoyl-l-alanine amidase) (Frolet et al., 2010) 97 

that belongs to a widely distributed group of cell wall-degrading enzymes responsible for 98 

peptidoglycan cleavage; as such, LytA plays a crucial role in cell division (Eldholm et al., 2009).  99 

Pneumococcal bloodstream infections start with colonization of the upper respiratory tract, 100 

crossing of the epithelial barrier and culminates with contact to human plasma, where the pathogen is 101 

immediately confronted and attacked by the complement system (Zipfel et al., 2007; Ramos-Sevillano 102 

et al., 2011). During nasopharyngeal colonization and recurrent otitis media in children, S. pneumoniae 103 

forms heterogeneous microbial communities embedded in a self-producing polysaccharide matrix 104 

called a biofilm (Hall-Stoodley et al., 2004; Ackermann, 2015; Chao et al., 2019). Pneumococci, 105 

similar to many other pathogenic bacteria, co-exist and colonize the host in their multicellular form 106 

rather than in their planktonic form (Reid et al., 2009; Marks et al., 2012; Shak et al., 2013). Biofilms 107 

are three-dimensional structures formed by agglomerates of bacteria embedded in a self-forming 108 

polysaccharide matrix (Flemming et al., 2016). This complex structure protects the bacteria against 109 

any external dangers, such as host toxins and antibiotics. Members of the Streptococcus genus do form 110 

biofilms (Moscoso et al., 2006). However, formation of these multicellular three-dimensional 111 

structures by S. pneumoniae has not been studied widely (Cvitkovitch et al., 2003; Donlan et al., 2004). 112 
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Even though a lot of effort has been put into understanding pneumococcal biofilm formation and its 113 

role in pathogenesis, some questions remain unanswered.  114 

Therefore, the aim of this study was to increase our knowledge of the role of PspA, PspC and LytA in 115 

adhesion and pathogenicity of S. pneumoniae. To this end, we generated bacterial mutants each lacking 116 

the gene encoding PspA, PspC or LytA, and compared them with the parental pathogenic reference 117 

strain S. pneumoniae D39 (wild-type, WT). By combining state of the art single-cell microscopy, 118 

electron microscopy and infection assays, we systematically examined the relevance of each CBP to 119 

bacterial adhesion, haemolysis and cytotoxicity.  120 
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Material and Methods 121 

Bacterial strains, media, and growth conditions 122 

The pathogenic strain Streptococcus pneumoniae D39 was used as reference strain (Lanie et al., 2007). 123 

The D39-derivated mutants used comprised: ∆pspA, ∆pspC and ∆cps∆lytA. All S. pneumoniae strains 124 

were grown in liquid Todd- Hewitt broth (Roth®) supplemented with yeast extract (THY) at 37ºC with 125 

5% CO2. Blood agar plates were prepared from Blood agar (VWR®) with addition of 5% defibrinated 126 

sheep blood (Thermo Scientific®). When required, 5 µg/mL erythromycin or 100 µg/mL kanamycin 127 

was used for selection. Growth was monitored by measuring the optical density at 600 nm (OD600). 128 

Construction of S. pneumoniae D39-derivated mutants 129 

The pspA, pspC and the lytA deletion mutants were generated in the genetic background of the 130 

nonencapsulated strain D39∆cps (Pearce et al., 2002; Rennemeier et al., 2007). The construction of the 131 

pspC mutant was described earlier (Voss et al., 2013). For the lytA mutant, the gene region of lytA from 132 

a S. pneumoniae D39∆lytA insertion deletion mutant was amplified from genomic DNA (kind gift of 133 

R. Brückner, Kaiserslautern) using primer LytA_KO_f (5´ GGTGTTATCCTTTGTGAACCTC 3´) 134 

and LytA_KO_r (5´GCAATCATGCTTTGATTCAAA 3´). The resulting, 1973 bp fragment contains 135 

498 bp upstream of lytA, 38 bp from the beginning of the lytA gene, followed by ermR, 42 bp from the 136 

end of the lytA gene and 486 bp downstream of lytA. The amplified PCR fragment was used to 137 

transform D39∆cps using routine protocols (Rennemeier et al., 2007). Resulting colonies were selected 138 

on LB agar plates containing kanamycin and erythromycin and verified by PCR and agarose gel 139 

analysis. Th pspA-mutant was described earlier (Voß et al., 2018). Briefly, plasmid pQSH29 containing 140 

the full-length pspA gene of strain ATCC 11733 (serotype 2) amplified by PCR using the primer 141 

combination SH20 (5´GCGCGCGCGCGGATCCTTGAATAAGAAAAAAATGATTTTAACA 3´) 142 

and SH21 (5´CTCAGCTAATT AAGCTTGCTTAAACCCATTCACCATTGGC 3´) was used to 143 
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insert the antibiotic gene cassette. The BamHI/HindIII digested PCR product was then ligated with the 144 

similarly digested vector pQE30 (Qiagen, Hilden, Germany), resulting in a 1.860 pspA DNA-insert. 145 

The knockout plasmid was constructed by digestion of the cloned pspA gene with SacI and blunt 146 

ligation with the PCR amplified erythromycin gene cassette ermB, resulting in plasmid pMSH5.1. This 147 

plasmid was used to transform S. pneumoniae strains and knockouts are verified by immunoblot 148 

analysis (Voß et al., 2018). 149 

Cell culture and cell harvesting 150 

Human umbilical vein endothelial cells (HUVEC, CRL-1730) and adenocarcinomic human alveolar 151 

basal epithelial cells (A549, ATCC 107) were cultivated in Dulbecco’s modified Eagle’s medium, 152 

DMEM (BioWhittaker®) supplemented with 10% fetal calf serum (Biochrom®), 6 mmol/L l-glutamine 153 

(BioWhittaker®) and a mixture of penicillin/streptomycin (100U/100 µg/mL, Sigma®) at 37°C in the 154 

presence of 5% CO2. The full supplemented DMEM medium will be referred to as growth medium.  155 

Adherent human cells were washed with pre-warmed Dulbecco's phosphate-buffered saline (DPBS) 156 

(BioWhittaker®) and harvested by incubation for 10 minutes at 37°C with PBS containing 157 

trypsin/EDTA (Gibco®). Cell detachment was stopped by adding 10 mL of growth medium. After 158 

centrifugation, the pellet was resuspended in 1 mL growth medium and the cells were counted using 159 

the cell counter CASY (OLS®CASY).  160 

Static biofilm model 161 

Pneumococci biofilms were grown in either THY or DMEM media to mid-logarithmic phase. Bacteria 162 

were washed and resuspended in the corresponding medium at a concentration of 1 x 106 cells/mL). 163 

Bacterial suspensions were incubated on sterile, 18 mm round glass 1.5 H coverslips (Roth®) in the 164 

bottom of 24-well polystyrene plates (Thermo Scientific®). Exceptionally, bacterial suspensions were 165 

incubated on 12-well plates containing 12 mm round glass coverslips. The plates were incubated at 166 

37ºC with 5% CO2 for 48 h. The growth medium was changed every 6 h. Bacterial biofilms were either 167 
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evaluated by Scanning Electron Microscopy (SEM) or visualized by Confocal Laser Scanning 168 

Microscopy (CLSM). 169 

Biofilm quantification 170 

For quantification of biofilm formation, the Microtiter Dish Biofilm Formation Assay was performed 171 

with small changes (O’Toole, 2010). Pneumococci were grown overnight on solid agar blood plates. 172 

Bacteria were resuspended in PBS and diluted in THY or DMEM media to reach OD600 of 0.1. Bacteria 173 

were statically grown on 96-well plates to obtain biofilms (Thermo Scientific®), at 37ºC with 5% CO2. 174 

At the indicated time points, the supernatant was transferred to another plate and OD600 measured as a 175 

read for planktonic growth. To each well of the original plate, 100 µL of a 1% crystal violet solution 176 

was added and the plate was incubated for 30 min at room temperature. After repeated washing with 177 

water, the plate was left to dry for 1h. Ethanol (95% (v/v)) was added to each well and left for 30 min 178 

at room temperature. The released crystal violet was finally transferred to a new 96-well plate and 179 

absorbance at 620 nm measured. Statistical analysis was performed using Prism version 9 for Windows 180 

(GraphPad Software, La Jolla, CA). 181 

Confocal Laser Scanning Microscopy (CLSM) 182 

Bacterial viability within the biofilms was evaluated using the Bacterial Viability Stain kit (Biotium®) 183 

according to the manufacturer’s description. Bacteria were treated as described on static biofilm 184 

section. Planktonic bacteria were removed and the remaining biofilm layer was washed with DPBS and 185 

stained with a fluorescence red marker for dead cells, Ethidium Homodimer III (EthD-III) and a green 186 

peptidoglycan dye, wheat germ agglutinin (WGA) conjugated to CF®488A. After staining, biofilms 187 

were washed to remove unbound dyes and mounted using SlowFade Diamond® (Invitrogen®) 188 

mounting oil. Then the coverslip was sealed with nail polish and biofilms were evaluated by confocal 189 

laser scanning microscopy using a LSM 710 fitted with ZEN 2011 software (Zeiss GmbH). 190 

Scanning Electron Microscopy (SEM) 191 
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For SEM, biofilms were grown on 12-well plates containing 12 mm coverslips (Roth®), as described 192 

above for the static biofilm model. At designated time points, medium was aspirated. Then cells were 193 

fixed for 1h in 2.5% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.0) and washed three 194 

times with sodium cacodylate buffer for 20 min each. Samples were dehydrated in rising ethanol 195 

concentrations followed by critical point drying, using a Leica EM CPD300 Automated Critical Point 196 

Dryer (Leica) and finally coated with gold (25 nm) in a Safematic CCU-010 HV Sputter Coating 197 

System (Safematic). SEM images were acquired at different magnifications in a Zeiss-LEO 1530 198 

Gemini field-emission scanning electron microscope (Carl Zeiss) at 6-8kV acceleration voltage and a 199 

working distance of 5-7 mm using an InLense secondary electron detector for secondary electron 200 

imaging. 201 

Haemolysis assays 202 

S. pneumoniae strains were grown at 37ºC with 5% CO2 until reaching mid-logarithmic phase. Bacteria 203 

were washed and a 100 µL suspension was combined with 100 µL red blood cells (isolated from buffy 204 

coat as previously described (Repnik et al., 2003; Schmidt et al., 2019; Luo et al., 2020) and the mixture 205 

was incubated in a 96-well plate (Thermo Scientific®) at 37ºC with slight agitation (300 rpm) for 30 206 

min (positive control was only added 10 min prior to the end of the incubation). PBS was used as 207 

negative control and bi-distilled water as positive control for erythrocyte lysis. Erythrocytes derived 208 

from 9 different volunteers were tested. Then the plates were centrifuged (400g, 15min, 4ºC), the 209 

supernatant was transferred to a new 96-well plate (Thermo Scientific®) and hemoglobin release was 210 

quantified at OD540nm. Statistical analysis was performed using Prism version 9 for Windows 211 

(GraphPad Software, La Jolla, CA). 212 

Bacterial incubation with human endothelial and epithelial cells 213 

Endothelial HUVEC cells and epithelial A549 cells were seeded on a 18 mm diameter glass coverslips 214 

in a 12-well plate (Thermo Scientific®), at a concentration of 200,000 cells/well and they were grown 215 
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at 37ºC with 5% CO2 until confluence was reached. The confluent cells were then transferred to 216 

antibiotic-free growth medium and infected with pneumococci using a multiplicity of infection (MOI) 217 

of 50 bacteria per cell. The mixture was incubated at 37ºC with 5% CO2. After washing with PBS, 218 

human cells and bacteria were fixed with 4% paraformaldehyde for 10 min at 4°C followed by blocking 219 

with 1% BSA for 1h at room temperature. A rabbit anti-S. pneumoniae antibody (Abcam®) was added, 220 

in order to visualize attached extracellular bacteria and also proliferating bacteria for 16h at 4ºC. For 221 

HUVEC cells, concomitant incubation of a secondary anti-rabbit antibody with 4′,6-Diamidino-2-222 

Phenylindole, dihydrochloride (DAPI, Biotium®) and Platelet endothelial cell adhesion molecule 1 223 

(PECAM-1) conjugated with FITC was carried out for 1h at room temperature. After final washing 224 

steps with PBS, the coverslips were embedded in SlowFade Diamond (Thermo Fisher®), sealed with 225 

nail polish and stored at 4°C for subsequent imaging. Images were taken on a confocal laser scanning 226 

microscope (LSM710, Zeiss®). 227 

Cytotoxicity assay 228 

Cytotoxicity of S. pneumoniae D39 or the isogenic mutants towards human epithelial cells was 229 

accessed using a CellTiter-Blue® (CTB) Cell Viability Assay (Promega), according to manufacturer 230 

instructions. Human cells were seeded on a 96-well plate (Thermo Scientific®) with a concentration of 231 

15,000 cells/well. Cells were cultivated at 37°C with 5% CO2
 until confluence was reached. Then 232 

bacteria were added and the mixture was incubated for 1h under the same growth conditions. 233 

Subsequently unbound bacteria were removed by washing with DPBS. The extracellular and human 234 

cell bound pneumococci were killed by treatment of the cells with gentamicin (500 µg/mL) for 1h at 235 

37°C under 5% CO2. CTB (100 μl) was added to each well. Following incubation for 16h at 37 °C in 236 

5% CO2, the absorbance was measured using a Tecan® Safire 2 microplate reader at an absorption of 237 

570 nm. In this assay, intact metabolically active endothelial cells can convert the redox dye (resazurin) 238 
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into a fluorescent end product (resorufin). Statistical analysis was performed using Prism version 9 for 239 

Windows (GraphPad Software, La Jolla, CA). 240 

Construction of protein-protein interaction (PPI) network 241 

The Search Tool for Retrieval of Interacting Genes (STRING) (https://string-db.org) database, which 242 

integrates both known and predicted PPIs, was applied to predict functional interactions of S. 243 

pneumoniae proteins (Szklarczyk et al., 2019). First, this interaction tool was used to evaluate the 244 

interaction of LytA, PspA and PspC. Second, active interaction sources, including text mining, 245 

experiments, databases, co-expression, neighborhood, gene fusion and co-occurrence and an 246 

interaction score > 0.4 were applied to construct the PPI networks. STRING is a database of known 247 

and predicted protein-protein interactions. Given a list of the proteins as input, STRING can search for 248 

their neighbor interactors and generate the PPI network consisting of all these proteins and all the 249 

interactions between them. The interactions include direct (physical) and indirect (functional) 250 

associations; they stem from computational prediction, from knowledge transfer between organisms, 251 

and from interactions aggregated from other (primary) databases (von Mering et al., 2005; Szklarczyk 252 

et al., 2021). 253 
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Results 254 

LytA prevents bacterial survival within mature-biofilm structures 255 

To explore whether and how PspA, PspC and LytA contribute to biofilm formation as the first step of 256 

adhesion, S. pneumoniae strains lacking the pspA, pspC or lytA genes were grown in polystyrene multi-257 

well plates, and biofilm formation was quantified. LytA-lacking bacteria produced significantly more 258 

biofilm mass, whereas biofilm formation by the pspA and pspC mutants was comparable to that by the 259 

reference strain (Fig. 1A). To evaluate the structure of the newly formed biofilms, and bacterial 260 

survival within the tri-dimensional structure, we quantified bacterial viability using CLSM. Within the 261 

biofilms, most lytA-lacking bacteria were viable, as shown by green fluorescence, whereas most 262 

bacteria derived from the pspA and pspC knockout strains and WT bacteria were dead, as revealed by 263 

red fluorescence (Fig. 1B), which goes in accordance with the absence of lytic phase of the lytA-mutant. 264 

Thus, absence of lytA initially affects bacterial lysis and then biofilm formation is altered, whereas 265 

absence of either pspA or pspC does not influence either biofilm formation or bacterial viability. 266 

Next, we used SEM to evaluate matrix formation by the lytA mutant and the reference strain D39 in 267 

more detail. The lytA mutant produced less extracellular matrix than the parental strain D39 (Fig. 1C). 268 

At both low (Fig. 1C, panel 1 and 2) and high magnifications (Fig. 1C, panel 3 and 4), the WT strain 269 

(but not the lytA mutant) generated a prominent granular matrix. Furthermore, the lytA mutant 270 

generated filament-like biofilms (Fig. 1D, panel 1 and 2) that allowed dense bacterial agglomeration 271 

(Fig. 1D, panel 3 and 4). To exclude an effect of growth medium, we compared growth in THY and 272 

DMEM (Supplementary Fig. S1). When grown in DMEM, the lytA strain did not produce 273 

extracellular matrix; the biofilms were less dense; and bacterial cells were rounder, suggesting 274 

deregulated cell division. Taking into consideration the differential morphology and growth profile of 275 

lytA strain, these results suggest an impaired extracellular matrix production on lytA deletion 276 

background. 277 
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 278 

PspA, PspC and LytA reduce metabolic activity of epithelial cells 279 

To examine the role of the three bacterial surface proteins in host cell damage, we first asked whether 280 

the mutants affect the metabolism of human alveolar epithelial cells (A549). To this end, A549 cells 281 

were co-cultivated with either knockout or WT D39 bacteria, and cell metabolism was evaluated by 282 

measuring conversion of resazurin to the fluorescent product resorufin, which only occurs in 283 

metabolically active cells. Upon contact with each of the three mutants ( pspA, pspC and lytA), 284 

metabolic activity in cells increased, and was higher in cells challenged with the reference strain D39 285 

(Fig. 2A). This shows that the pathogenic reference strain can damage human epithelial cells, and that 286 

deletion of a single CBP gene affects the ability to cause cell damage. Each mutant showed different 287 

effects. The lytA strain affected cell metabolism more strongly than pspA or pspC. Thus, deletion 288 

of one single CBP affects the metabolic turnover of human epithelial cells, thereby confirming that 289 

each CBP contributes to pathogenicity.  290 

 291 

The three CBPs mediate pneumococcal haemolytic activity  292 

To further define the role of the three CBPs on interactions with host cells, we evaluated the haemolytic 293 

capacity of the knockout mutants. The S. pneumoniae mutants were added to human red blood cells 294 

and, following incubation, erythrocyte lysis was evaluated. Erythrocyte lysis induced by each knockout 295 

was less than that induced by the pathogenic reference strain D39 (Fig. 2B). Thus, each CBP 296 

contributes to the ability of the bacteria to induce erythrocyte lysis.  297 

 298 

The three CBPs induce expression of PECAM-1 by endothelial cells  299 

After addressing adhesion (biofilm formation) to pulmonary epithelial cells and the effects on red blood 300 

cells, we next examined the effects of the bacterial mutants to examine their effects on human 301 
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endothelial cells (HUVECs). Expression of the human endothelial cell surface marker platelet-302 

endothelial cell adhesion molecule-1 (PECAM-1) (Iovino et al., 2014) was monitored by CLSM. 303 

HUVEC cells were cultivated with either the CBP mutants or the WT strain. Each knockout mutant 304 

strongly reduced surface expression of PECAM-1 (Fig. 3A). Moreover, lytA strain sustained bacterial 305 

growth when in contact with human endothelial cells, as seen by the intense red fluorescence signal 306 

(bacteria) in the lytA panel; however, it did not induce expression of this surface marker. Quantitative 307 

analysis of the microscopy data showed significant upregulation of PECAM-1 expression only in the 308 

presence of the reference D39 strain (Fig. 3B), corroborating the observed absence of cellular damage 309 

upon incubation with any of the CBP mutants. 310 

Table 1 summarizes the effects of each pneumococcal mutant and the reference D39 strain. Apart from 311 

the effect of ∆lytA on biofilm formation, all other effects suggest that mutants show impaired 312 

pathogenic capacity, suggesting that the corresponding proteins play a crucial role in evading host 313 

immune responses. 314 

 315 

PspA, PspC and LytA are part of a complex network that regulates host–pathogen interactions  316 

So far, the results show that each pneumococcal protein plays multiple roles during host–pathogen 317 

interactions, i.e., biofilm formation, haemolysis, and epithelial and endothelial cell damage. These 318 

effects are distinct and involve diverse pneumococcal cellular subsystems, such as the cell division 319 

machinery (to regulate growth rate), expression of toxins (to induce host cell damage), and 320 

peptidoglycan synthesis (to release haemolytic enzymes). Therefore, we evaluated the connections 321 

between the three proteins within protein networks. 322 

We constructed protein-protein interaction (PPI) networks for each pneumococcal protein using the 323 

STRING database. The initial network focused on PspA, PspC and LytA, and showed that LytA 324 

mediates the interaction between PspA and PspC (Fig. 4A). An enlarged and more complex network 325 
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map was then constructed based on several criteria; strong connections are represented by thick, dark-326 

grey lines whereas weaker connections (with fewer matching criteria) are represented by shaded, light-327 

grey lines (Fig. 4B). The annotated proteins are presented next to the circular intersection node icon. 328 

After PPI construction, a Markov Cluster Algorithm (MCL) was used to identify cluster-specific 329 

groups (Enright et al., 2002). Four protein clusters appeared: a very densely interconnected cluster I 330 

(red), a small yet strongly interconnected cluster II (brown), cluster III comprising connections with 331 

different degrees of strength (green), and cluster IV (yellow) representing fewer interacting partners. 332 

Each cluster contained (predominantly) members related to a specific cellular machinery: cluster I = 333 

cell division; cluster II = chromosome replication; cluster III = peptidoglycan biosynthesis; and cluster 334 

IV = unannotated proteins. 335 

Each protein (PspA, PspC or LytA) is embedded in a complex network of cross-interactions, and each 336 

is integrated at a very prominent position, suggesting that targeting the proteins therapeutically can 337 

destabilize intracellular bacterial homeostasis. Additionally, this prominent positioning contextualizes 338 

and connects all of the data, suggesting that these CBPs have a multifactorial effect on host invasion 339 

and cell damage. 340 
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Discussion  341 

S. pneumoniae expresses a family of CBPs that use related cell wall anchors and act as central virulence 342 

proteins that interact with the soluble host complement regulators and with human immune system. 343 

Here, we evaluate and compare three important CBPs, i.e., PspA, PspC and LytA, with respect to their 344 

effects on bacterial biofilm formation and host cell damage, and their integration into bacterial protein 345 

networks.  346 

Pneumococci lacking LytA form more biofilm extracellular matrix. By contrast, PspA and PspC have 347 

no such effects on biofilm matrix formation. Previous studies show that CBPs play roles in invasion of 348 

the host under various environmental conditions (Moscoso et al., 2006; Domenech et al., 2015). Efforts 349 

have been made to evaluate the role of extracellular DNA-CBPs complexes during establishment of 350 

biofilms; interestingly, LytA-mediated DNA complexes are relevant to biofilm formation (Moscoso et 351 

al., 2006). Here, we show that PspA and PspC mediate biofilm formation, which supports current 352 

knowledge; however, our observations regarding LytA are rather different (Fig. 1). We found that 353 

LytA prevents, rather than promotes, biofilm formation, as bacteria lacking the gene encoding autolysin 354 

were more likely to form biofilms. Similar to the results presented here, another study reported an anti-355 

biofilm effect of LytA (Domenech et al., 2011); however, few studies have examined the specific and 356 

peculiar role of LytA in pneumococcal biofilms. Protein network analysis revealed that LytA is linked 357 

and integrated into the bacterial cell division machinery and teichoic acid biosynthesis (Fig. 4). 358 

Triggering of the bacterial SOS response cascade, which is required for establishment of biofilms, 359 

might affect transcription of the lytA operon, most likely leading to repression.  360 

This study also identifies a novel role for PspA, PspC and LytA in haemolysis. Bacteria lacking pspA, 361 

pspC or lytA are less efficient at inducing lysis of human erythrocytes (Fig. 2B). The PPI network map 362 

(Fig. 4B) shows that pneumolysin (ply), a lytic pore forming pneumococcal enzyme (Rai et al., 2016), 363 
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interacts closely with LytA (and even LytC, another pneumococcal CBP). However, PspA and PspC 364 

do not interact with ply. Instead, these two proteins interact with neuraminidase (NanA), a S. 365 

pneumoniae enzyme that is upregulated upon contact with the host cells; secreted NanA cleaves host 366 

glycoconjugates (Parker et al., 2009). This relationship between PspA, PspC and NanA might connect 367 

haemolysis and the two surface-bound pneumococcal proteins, and provide another link to biofilm 368 

formation. A recent study proposes that pneumococcus haemolysis activity is mediated mainly by 369 

hydrogen peroxide (H2O2) rather than by excreted pneumolysin (Luo et al., 2020; McDevitt et al., 370 

2020; Ulrych et al., 2021). In terms of the haemolytic profile, the pneumococcal mutants presented in 371 

that study, which do not produce H2O2, show a surprising resemblance to the pspA, pspC and lytA 372 

mutants in the present study. Moreover, H2O2 produced by S. pneumoniae damages human lung cells 373 

(Rai et al., 2015). Therefore, the reduced cytotoxicity of the CBPs mutants toward human epithelial 374 

and endothelial cells (Fig. 2A and 3) might be a consequence of decreased H2O2 production.  375 

To obtain a deeper understanding of the role of CBPs in epithelial and endothelial damage, a thorough 376 

metabolome analysis should be performed to examine the intracellular metabolic status of the mutants.  377 

The association between bacterial cell wall- and/or membrane-anchored proteins and the stress 378 

response has been described before, with extensive studies being carried out in Gram-negative bacteria, 379 

particularly Escherichia coli (Hews et al., 2019; Vilhena et al., 2019; Sueki et al., 2020). In Gram-380 

positive bacteria, the thick peptidoglycan layer is responsible for protection against environmental 381 

cues. Yet, other studies show the dynamic nature and diverse structure of the peptidoglycan layer across 382 

the cell wall of even a single bacterium (Hayhurst et al., 2008; Beeby et al., 2013). This diversity may 383 

lead to distinct distributions of bacterial surface-exposed proteins within a certain period of time, which 384 

might dictate the interaction with the human host. The interchange of information between the different 385 

intracellular metabolic pathways, and the arrangement of the cell wall (mainly the CBPs) is a crucial 386 

immune evasion strategy.  387 
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A thread connecting all of our experimental findings is the intermingled network of interactions 388 

sustained by the three CBPs (Fig. 4B). The PPI network map shows four clusters that relate to different 389 

cellular pathways. Cluster I contains mainly proteins related to the cell division machinery (DivIVA, 390 

FtsZ, FtsL, FtsX and GpsB) (Goehring and Beckwith, 2005); cluster II contains proteins related to 391 

chromosome replication (DnaA, DnaN, ParE and PriA) (Van Raaphorst et al., 2017); and cluster III 392 

contains proteins related to peptidoglycan biosynthesis (Pbp1B, Pbp2A, PenA, MurC and MurD) 393 

(Pinho et al., 2013). A relevant interaction partner for each evaluated protein is the serine/threonine-394 

protein kinase StkP (Beilharz et al., 2012; Fleurie et al., 2014; Grangeasse, 2016; Ulrych et al., 2021). 395 

StkP plays a crucial role in regulating cell shape and division of S. pneumoniae through control of 396 

DivIVA activity. StkP is thought to sense intracellular peptidoglycan subunits in the division septum 397 

of actively growing cells and to adjust the regulation of DivIVA. The bond between StkP and the triad 398 

PspA-PspC-LytA suggests a link between each CBP in the cell wall of pneumococci and intracellular 399 

regulation subjacent to the synthesis of the cell wall itself, as well as coordination of cell division. 400 

Hence, S. pneumoniae fine-tunes expression of surface-anchored immune evasion proteins in response 401 

to the cell cycle. Cluster II comprises additional CBPs such as CbpC and CbpF (Maestro and Sanz, 402 

2016), and proteins related to teichoic acid biosynthesis (LicB, LicC and LicD) (Denapaite et al., 2012). 403 

The large cluster III also contains regulators with different backgrounds and functions, e.g., Ply 404 

(pneumolysin) (Rai et al., 2016), NanA and NanB (both of which are implicated in biofilm formation 405 

and in colonization of the upper airway) (Parker et al., 2009) and PavA (which is critical for the overall 406 

virulence of pneumococci) (Pracht et al., 2005). Cluster IV harbours transcriptional regulators, 407 

enzymes and other uncharacterized proteins.  408 

Understanding the interconnectivity of PspA, PspC and LytA with other subcellular systems and their 409 

impact on bacterial homeostasis, is pivotal to mechanistically comprehend immune evasion by these 410 

proteins and to developing effective therapeutics.411 
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Figures Caption: 617 

Figure 1- Comparison of biofilm formation among different S. pneumoniae strains. (A)- Quantification of 618 

biofilms grown on multi-well plates via crystal violet staining. Brown-Forsythe ANOVA test with Dunnett's T3 619 

multiple comparisons test and ρ< 0,0001(****). (B)- Representative images of live/dead staining on biofilms 620 

grown in glass coverslips. Red color represents dead and green alive bacteria. Scale bar is 10 µm. (C)- 621 

Representative SEM images of WT and lytA mutant biofilms formed on glass coverslips, at 10,000x (panel 1 622 

and 2) or 20,000x magnifications (panels 3-4) (D)- Representative SEM images of lytA mutant with increasing 623 

magnifications (panel 1 to 4). 624 

Figure 2- Evaluation of the effect of different S pneumoniae strains on red blood and epithelial cells. (A)- 625 

Assessment of A549 cell viability by cell cytotoxicity assay. Human epithelial cells were challenged with either 626 

WT (S. pneumoniae D39) or the indicated mutant strains. DMEM, THY and dead A549 cells were used as 627 

controls. One-way ANOVA with Dunnett's multiple comparisons test and ρ<0,0001(****),ρ<0,0005(***). (B)- 628 

Hemolysis of human red blood cells by S. pneumoniae strains. One –way ANOVA with Tukey's multiple 629 

comparisons test and ρ<0,05(*). 630 

Figure 3- Evaluation of the effect of different S pneumoniae strains on human endothelial cell surface 631 

marker expression. (A)- Representative images of HUVEC-bacteria co-incubation visualized by CLSM. 632 

PECAM-1 FITC signal is represented in green, nuclei are stained in DAPI (blue) and bacteria are stained with 633 

anti-pneumococcus antiserum (red fluorescence). Scale bar 10µm. (B)- Quantification of PECAM-1 expression. 634 

One-way ANOVA with Dunnett's multiple comparisons test and ρ<0,05(*).  635 

Figure 4- STRING Protein-Protein Interaction (PPI) Networks. (A)- Linear interaction network of the three 636 

studied CBPs, LytA, PspA and PspC (CbpA). Colorful circles or nodes represent the input proteins. (B)- PPI of 637 

interaction partners of PspA, PspC (CbpA) and LytA. Strength (confidence) of interaction is represented by 638 

thicker grey lines. Dashed lines represent interactions based in fewer criterions. The different colors are specific 639 

of different clusters (MCL clustering).  640 
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Tables: 641 

 642 

Table 1- Summarizing table of the influence of each strain on pneumococcal pathogenic features. 643 

Upwards arrow indicates an increase activity, downwards arrow indicate a decrease activity. 644 

 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

Feature D39 ∆pspA ∆pspC ∆lytA 

Biofilms ↓ ↓ ↓ ↑ 

Epithelial 
metabolism 

↓ ↑ ↑ ↑ 

Haemolysis ↑ ↓ ↓ ↓ 

Endothelial PECAM‐
1 expression 

↑ ↓ ↓ ↓ 
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5 Discussion 

The human pathobiont S. pneumoniae, to survive in a human, uses diverse surface 

proteins to interact with and control human immune attack. Immune evasion of S. 

pneumoniae includes control of the complement as well as innate and adaptive immunity. 

As a surface exposed protein, PspA influences the interaction of the bacterium with the 

host by interfering with the fixation of complement C3 which plays a central role in the 

activation of the complement system22. In addition, two other pneumococcal surface 

proteins, PspC and Hic contribute to complement evasion by binding Factor H105. In this 

work, I studied three pneumococcal immune evasion proteins: PspA, PspC, and PspC/Hic 

regarding sequence variation, domain composition, and functional analyses. Furthermore, 

the analytical methodology in this study has been applied to pHUS isolates’ PspA and 

PspC to understand the pathogenetic of Sp-HUS disease and vaccine design. 

Molecular strain typing 

By comparing 48 PspA proteins encoded by various S. pneumoniae strains, the proteins 

split into three families and the pattern and sequence variability of PspA seems to extend 

to the strain level. All strains of the human pathobiont S. pneumoniae have pspA genes 

and are serologically variable117. PspC and Hic were assumed for a long time that these 

pneumococcal surface proteins represent a protein family comprising eleven subgroups. 

However, sequence and domain evaluation of PspC and Hic proteins revealed a greater 

diversity among individual proteins. In contrast to previous assumptions, Hic, a highly 

atypical pspC allele is distinct from PspC. 85.4% of invasive disease associated S. 

pneumoniae strains present PspC genes; 5.4% of strains that contain both PspC and 

PspC/Hic with LPsTG anchor; 6.3% of isolates contain only Hic; and the remaining isolates 

have neither PspC nor Hic118. The extreme diversity of PspA, PspC, and Hic is much larger 

than that of serotypes, ultimately allowing molecular strain typing based on sequence 

fingerprints. These two studies on PspA, PspC and Hic allow us to have an overview of 

these three complement evasion proteins and make it possible for molecular strain typing 

(Manuscript 1, Manuscript 2). Four possible example strain types are shown in Figure 7. 

This methodology is a new way to type the strain independent of serotypes. 
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Figure 7 Molecular strain typing of PspA, PspC and Hic. Representative molecular typing of four 

strains. 3 PspA variants, 6 PspC variants, and 5 Hic variants are shown in different color and items.  

Pneumococcal complement evasion proteins: PspA, PspC and Hic generate 

diversity in multiple ways. 

PspA variants are separated into three families. Due to structural similarities and 

conserved binding profiles, PspC and Hic were assumed for a long time that both proteins 

represent the same protein family comprised of eleven subgroups. All three pneumococcal 

evasion proteins generate diversity by assembling different domains, using domains in 

different combinations, and forming different domain patterns. In my study, domain 

composition inspection was applied to three proteins PspA, PspC, and Hic, which offers a 

new approach to analyze the three pneumococcal strain diversity (manuscript 1 and 2). 

The three pneumococcal evasion proteins display mosaic structures, and show domain 

pattern variability and sequence variation between single strains. The mature PspA is 

composed of six domains (HVD, VD, FDD, D4, PRD, CBD), being selected from a portfolio 

of nine domains. The mature PspC and the Hic/PspC proteins are more heterogeneous 

and show a complex domain composition and a high degree of sequence variability. PspC 

and Hic variants are composed of variable number of domains ranging from 4 to 11 (HVD, 

RD, RCD, SnD/GS2, RCD-E, PspA-like, ExPRD, b-AG, unique domain, PRD, CBD/LPsTG). 

Each domain shows the sequence variation among the tested strains. At the next level, 

some domains have a modular composition. The repetitive composition specific elements 
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are mostly related to each other both in the number of modules and in sequence. Repetitive 

modules exist in three domains of PspA: FDD, PRD, and CBD, in the two domains of PspC: 

PRD and CBD. The repetitive composition also occurs at the domain level, for example, 

the repeat domain repeats itself in some PspC and Hic variants. Such domain duplication 

could evolve a new or modified function either by sequence divergence or by combination 

with other domains to form new domain architecture119. I also identified new domains and 

PspA’s new domain variants (HVD, VD, FDD, PRD), PspC’s nine new domains, and also 

three new alternates of the PRD. This diversity of three proteins results in antigenic 

variation, functional specialization, and mechanisms of cell wall anchoring120,121. 

The NBCI protein database includes over 20,000 entries of PspA proteins and over 60,000 

PspC and Hic proteins. The application of the domain-based pattern approach is expected 

to improve the characterization of individual proteins and identify new domains in particular 

from clinical pneumococcal isolates. A combined evaluation of all three multivariant genes 

or proteins can clearly improve the precision of domain and sequence-based strain typing. 

As these three multidomain proteins differ in each strain, we recommend combining the 

name of protein and strain, for example, PspAD39, PspCTIGR4. 

Domain and structural relatedness of PspA, PspC, and Hic  

By analyzing the secondary structure of PspA, PspC and Hic proteins, I provide in my 

thesis project a new way to study pneumococcal multidomain immune evasion proteins. 

PspA and PspC have related structural compositions with three different regions, including 

an N-terminal a-helical region, a coiled-coil structured middle region followed by b-sheet 

structured regions (Figure 8A). Similarly, Hic variants have related structural with PspA 

and PspC in the N-terminal region. However, Hic proteins use a distinct a-helical region as 

the anchor in the C-terminus. Given the secondary structure, amino acid composition, and 

homology differences between the N-terminal and C-terminal, PspA’s family separation is 

determined by the N-terminal (manuscript 2); the separation of PspC and Hic is mainly 

determined by the C-terminal (manuscript 1).  

According to the domain pattern inspection of PspA, PspC, and Hic, here I show that each 

PspA is composed of six domains (HVD, VD, FDD, D4, PRD, CBD) out of a 9-domain 

reservoir (HVD, VD, FDDI, FDDII, FDDIII, D4, PRD1, PRD2, CBD). PspC and Hic are 
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composed of a variable number of domains ranging from 3 to 10 (HVD, RD, RCD, RCD-E, 

PspA-like, ExPRD, b-AG, unique domain, PRD, CBD/LPsTG). As shown in Figure 8B, five 

PspA domains: the HVD, VD, FDDII, and FDDIII are PspA specific. In contrast, the well-

researched domain FDDI, which represents a lactoferrin binding domain is also used by 

some PspC variants (PspC1.1, PspC5.1); PRD1, PRD2 are also shared with some PspC 

and Hic variants (PspC3.1, PspC10.1), and some of these proteins use different “proline 

segment core”. Additionally, CBDs are used by both PspA and PspC (Figure 8), CBD is 

also found in other pneumococcal choline binding proteins, for example, LytA, LytB, and 

LytC. The related domains (HVD with Factor H binding site, RD with sIgR binding site, 

RCD) between PspC and Hic variants are located in their N-terminal, not the C-terminal 

regions. PspA, PspC, and Hic have different C-terminal anchors. PspA and PspC proteins 

use the CBDs, which contact multiple choline-moieties in a non-covalent manner. However, 

Hic with the LPsTG anchors attaches the proteins covalently to the peptidoglycan122. The 

different C-terminal anchor not only influences the strengths of the interaction of the protein 

to the bacterial surface, but also the length and composition of the PRD influence proteins 

position and topology. Furthermore, the C-terminal anchors seem to influence the selection, 

composition, number of the N-terminal domain, and distribution of the protein on the 

surface. These differences in domain composition likely influence protein function 

regarding also immune evasion and may result in different domains extending beyond the 

cell wall. Domain, as the evolutionary unit, their similarities in the N-terminal domains may 

reflect that they tend to have a common ancestor or have the same function123.  
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Figure 8 Structure and domain composition of pneumococcal PspA, PspC, and Hic. A. 

Representative structural profile from each protein. PspA from strain D39, PspC from EF6796, and 

PspC7.1/Hic from G54. PspA and PspC are formed by three different structural regions: a-helical region 

(red), a coiled-coil structured middle region (grey), and a b-sheet structured regions (blue). B. Domain 

composition of three proteins. PspAD39 is composed of HVD, VD, FDD, D-4, PRD1, and CBD. PspCEF6796 

is composed of HVD, 2 copies of RD, RCD, RCE, Lactoferrin binding domain (FDDI of PspA), PRD1, and 

CBD. HicG54 is composed of HVD, RD, RCD, RCE, Lactoferrin binding domain (FDDI of PspA, PspA like), 

PRD1, R-type, IgA binding, PRD2, and LPsTG anchor. 

Module diversity of CBD of PspA and PspC 

CBDs are the anchor of pneumococcal choline binding proteins by binding choline in the cell 

wall. CBDs of choline-binding protein J has also been reported to contribute to the 

pneumococcal adhesion to human lung epithelial cell A549124. The simulated choline binding 

polypeptides derived from CBDs of LytA show growth inhibitory functions125. PspC and PspA 

both proteins belong to choline binding proteins (CBPs) and the proteins share related choline-

binding domains as anchors. Besides, as anchors, CBDs of PspC and PspA’s function needs 

more study to reveal.  

Further study on CBDs’ sequence analysis in detail reveals that: (1) CBD is composed of 5 

different module patterns; (2) PspA and PspC share similar modules in the CBD. As shown in 

Figure 9, both PspA and PspC’ CBD consist of 5 specific tandem module patterns: one copy 

of the first module, several copies (5-10) of the middle module depending on the pneumococcal 
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strain, and one copy of the last three modules (defined as the last third, the last second and 

the last module respectively). The first module, middle modules, and the last second module 

are 20 aa long. The last third modules are 21 aa, and the last modules of PspA’ CBD are 17 aa 

long, but the last modules of PspC’ CBD are 18 aa long. Most amino acids in one module at a 

given position are rather conserved, the amino acids show a specific module pattern that is 

related to interaction with choline in the cell wall. Only some specific positions are variable and 

they are composed of two or three variable amino acids. For example, the first amino acid at 

the first position of the N-terminal module either is T or I. The 5 module patterns in Figure 9A1 

and B are similar between PspA and PspC. The outstanding feature of PspA CBD is that the 

middle modules with 20 amino acids have one exception. Some PspA middle modules have 

one or two copies of two consecutive specific patterns with 21 amino acids (Figure 9A2). This 

module pattern conservation and slight difference at specific positions might relate to the 

structural plasticity of CBD. The structural plasticity in each CBPs yields specific features 

regarding aspects such as localization on the surface, and specific catalytic activities126. What 

the exception and variability at specific position meaning need more study to find out.  

 

Figure 9 Sequence logos of PspA and PspC’ CBD. One stack (one amino acid) for each position in the 

sequence. The scale reflects the certitude of a particular amino acid at a given position. The amino acid 
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residues at each position are arranged in order of predominance from top to bottom, with the highest 

frequency residue at the top. Residue colors such as red define charged amino acid (D, E, K, R), blue 

correspond to neutral polar, and other amino acids are in black. 

The role of PspA, PspC, and LytA on bacterial biofilm formation, host cell damage, 

and their integration in bacterial protein networks. 

LytA, another choline binding protein, is central in biofilm formation. S. pneumoniae D39 

mutants that lack LytA protein form more dense filament-like biofilms. In contrast, although 

using related CBDs as anchors, pspA and pspC deletion does not affect the biofilm matrix 

formation. LytA prevents biofilm formation, as bacteria lacking this autolysin form increased 

biofilms, which was also proved that LytA has an anti-biofilm effect127. Lacking the three 

choline-binding proteins induced endothelial cells to express platelet endothelial cell 

adhesion molecule (PECAM-1) (manuscript 3). PECAM-1, as an efficient signaling 

molecule, is capable of exhibiting both input and output signaling128. PECAM-1 on 

endothelial cells was studied and reported that certain cytokine combinations, ie, TNF-α 

and IFN-γ, can reduce the expression of PECAM-1 from endothelial cell junctions129. Why 

exactly PECAM-1 is induced by these three choline binding proteins is still unclear and 

needs more research to find out. 

Protein-protein network analysis shows that once the bacterial SOS response cascade is 

triggered, biofilms need to be established, most likely leading to repression. S. pneumoniae 

lacking either pspA, pspC, or lytA is less efficient in inducing lysis of human erythrocytes. 

McDevitt proposes that pneumococcus hemolysis activity is mainly mediated by hydrogen 

peroxide (H2O2) than by excreted pneumolysin130. Pneumolysin is closely related to LytA, 

but PspA and PspC do not directly interact with ply, instead, they interact with 

neuraminidase (NanA). LytA is integrated into the bacterial cell-division machinery and in 

teichoic acid biosynthesis (manuscript 3). NanA is the enzyme that is upregulated upon 

contact with the host cells and it cleaves host glycoconjugates when it is secreted outside 

of the bacteria79. H2O2 is produced by S. pneumoniae DNA damage and apoptosis in the 

lung cells131. The hemolytic profile of the tested strains indicated that CBPs mutants reduce 

cytotoxicity of S. pneumoniae towards human epithelial and endothelial cells. 

PspAHUS and PspCHUS are specific clades predominate. 
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The analytic methodology applied here (manuscript 1 and manuscript 2) was further 

used for characterizing the PspA and PspC variants from HUS clinical strains. Each tested 

Spn-HUS isolate encodes a novel PspA and PspC variant that shows a unique, specific 

domain profile. Based on the homology analysis, PspAHUS and PspCHUS are specific clade 

determinants. PspAHUS have a preference for family II and family III. A functional 

consequence is that lactoferrin significantly binds more PspAG54 (family II), PspATIGR4 

(family III), and PspAHUS (family II / family III) than PspAD39 (family I). Lactoferrin (LF) is an 

iron-binding glycoprotein, that exists in human serum and has iron metabolism and 

antimicrobial function during inflammation132. LF inhibits the classical complement 

pathway133. The preferable domain pattern of PspAHUS to family II and family III which bind 

more lactoferrin might contribute to the HUS pathogenesis. Whether lactoferrin binding 

function directly relates to the sequence differences among the three FDDs (FDDI, 

FDDII,and FDDIII), needs to be evaluated by additional research. 

According to the inspection of the 38 sequenced PspCHUS, 38 PspCHUS, on one side, exhibit 

a considerable diversity but proteins show the same domain pattern. On the other side, 

FHR1, and FHR5 bind PspCHUS from different clades with different intensity. This result 

highlights a heterogeneity among pHUS strains in pathogen-host interactions. FHRs 

similar to Factor H share related domain structure, but both FHR1 and FHR5 lack a 

complement regulatory domain and compete for binding host cell glycans134. FHRs, 

particularly FHR1 and FHR5, are prevalently found in renal biopsies of C3 Glomerulopathy 

patients135,136. Some PspCHUS variants bind FHR1 and FHR5 which might relate to HUS 

pathogenesis. 

PspA and PspC contribute to immune evasion by interacting with human 

complement proteins. 

To study the role of PspA and PspC during S. pneumoniae evasion from complement, I 

used strain D39 stains which had the pspA or pspC genes deleted. PspAD39 and PspCD39 

switched from overall cell surface distribution (except the septum) and upon serum challenge 

both PspAD39 and PspCD39 moved to the division septum under serum challenge (Figure 10). 

In this setup, D39ΔpspA did reduce the amount of C3b deposition at the septum, but not 

changing the placement of C3b deposition under serum challenge was detectable as 
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compared with D39. PspAD39 might help C3b deposited on the septal area, likely as PspCD39 

recruited factor H to the septum. PspAD39 and PspCD39 are localization to the cell surface except 

for septa under normal growth conditions, which allows S. pneumoniae to maximize usage of 

the nutrients to divide. In contrast, once S. pneumoniae is challenged by the complement 

active serum, PspAD39 and PspCD39 change their surface localization; will move to the 

septum and protect these division sites from complement attack. The dynamic localization 

of PspA and PspC indicates that the cell wall might rearrange under the complement 

challenge, thus showing dynamic surface distribution upon immune escape. 

 

Figure 10 Dynamic location of PspA and PspC interacting with complement regulators response 

upon serum challenge. PspA and PspC distribute on the cell surface of streptococci and are absent at 

the septum. Upon complement challenge by human serum, PspA and PspC mainly localized at the 

septum. Factor H is recruited by PspC and also localized on the septum of bacteria. PspA assists in C3b 

deposit on the septum. 

Sp-HUS response to the complement challenge.  

The inspection of complement resistance of Sp-HUS showed that Sp-HUS strains bind 

more factor H resulting in reduced C3b surface deposition. This makes Sp-HUS strains 

more resistant to the complement. Upon complement attack, the localization of PspAHUS 

and PspCHUS changes, and the proteins move mainly to the septal area; PspAHUS by 

binding C3b and PspCHUS by recruiting Factor H also localized on the septum in response 

to the normal human serum (NHS). Under the high concentration of NHS (50%), Factor H 

also assembles at the septum and occupies the majority area around the surface of 

bacteria for Sp-HUS, the distribution is different from D39. In contrast to strain D39, Sp-HUS 
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bind more factor H and the acquired human complement regulator apparently influences C3b 

deposition on the surface. This results in a consequent reduction in complement activation. 

Recently, Delgado reported that pHUS patients show a lower level of C3 and C4 in acute phase 

samples114. This suggests that Sp-HUS strains consume C3 in patient serum and result in less 

C3b deposition which relates to the interaction between Sp-HUS and complement regulators. 

Ágnes proved that complement component C3 and activity of complement pathway (the 

classical and alternative) are decreased in the acute phase of HUS patients137. Rodney also 

hypothesized that transiently dysregulated complement activation may be related to the 

pathogenesis of HUS by competitive binding of Factor H by PspC reduced binding of factor H 

to the endothelial cell138. All in all, besides the diverse and dynamic localization of surface 

protein PspAHUS and PspCHUS interact with complement proteins and complement regulators 

that contribute to the immune evasion, which may be involved in the HUS pathogenesis process. 
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6 Summary 

S. pneumoniae, as an important human pathogenic Gram-positive bacterium causes frequent 

infections associated with airways. In addition, this pathogen can also cause serve invasive 

diseases: pHUS. In order to evade the immune system, S. pneumoniae has evolved multiple 

mechanisms to control, avoid and inactivate host immune recognition and break host tissue 

barriers. More importantly, S. pneumoniae expresses a group of diverse surface proteins that 

bind and interact with human surface proteins. The purpose of my study, firstly, was to find a 

way to study the diverse sequence of three proteins (PspA, PspC, and Hic). I combined 

sequence homology and domain architecture evaluation of these three proteins which allow us 

to apply them to clinical protein variants. Secondly, by using super-resolution technology, the 

surface distribution of PspA and PspC under normal and complement challenge conditions has 

been inspected. Thirdly, I identified the function of PspA and PspC on bacterial biofilm formation 

under stress conditions and host cell damage. In the end, we applied the methodology above 

to study the Sp-HUS response to the complement challenge. 

For the first time, I provide a novel way to study the diverse surface pneumococcal proteins. 

Both PspA and PspC of Sp-HUS are classified into specific subgroups or families, which might 

be related to the HUS surviving environment in the human body. PspA and PspC play a role in 

bacterial biofilm formation under stress condition, and they are required factors to damage the 

host cell. In the normal growth condition, PspA and PspC are distributed at the cell surface 

except for the septa region. In contrast, under complement challenge, PspA binding C3b 

and PspC recruiting factor H do condense on the septum: this is likely correlated to protect 

the division sites from opsonization. In addition, all tested HUS strains bind factor H more 

efficiently as compared to the reference strain D39 and this can cause less C3b binding on the 

surface. In consequence, this makes them more resistant to the host complement and more 

virulent to humans. This work provided detailed information about PspA and PspC, especially 

from HUS strains help to understand the pathogenesis of Sp-HUS disease and vaccine design. 
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Zusammenfassung 

S. pneumoniae, als ein wichtiges pathogenes Gram-positives Bakterium verursacht häufige 

Infektionen mit den Atemwegen und kann auch invasive Erkrankungen verursachen: pHUS. 

Um der Immunimmunität zu entgehen, hat S. pneumoniae mehrere Mechanismen entwickelt, 

um die Erkennung des Immunangriffs des Wirtes zu vermeiden und um physikalische Barrieren 

zu überwinden und um in das Wirtsgewebes einzudringen. Noch wichtiger ist, dass S. 

pneumoniae eine Gruppe verschiedener Oberflächenproteine exprimiert, um mit der 

menschlichen Zell-Oberfläche oder humanen Serumproteinen zu interagieren. Der Zweck 

meiner Studie war es zunächst, einen Weg zu finden, die vielfältige Sequenz von drei Proteinen 

(PspA, PspC und Hic) zu untersuchen. Ich kombinierte Sequenzhomologie und 

Domänenarchitektur dieser drei Pneumokokken Proteine, die es uns ermöglichen, auf klinische 

Proteinvarianten anzuwenden. Zweitens wurde durch den Einsatz der Super-Resolution-

Technologie die Oberflächenverteilung von PspA und PspC unter normalen und 

komplementären Angriff untersucht. Drittens identifizierte ich die Funktion von PspA und PspC 

auf die bakterielle Biofilmbildung unter Stressbedingungen und Zellschäden des Wirtes. Mit 

diesen Ansätzen kann ich die Immunevasion von klinischen Sp-HUS Isolaten hinsichtlich 

Komplementherausforderung zu untersuchen.  

Zum ersten Mal ich eine neue Möglichkeit, die verschiedenen Oberflächen-Pneumokokken-

Proteine zu untersuchen. Sowohl PspA als auch PspC von Sp-HUS werden in bestimmte 

Untergruppen oder Familien eingeteilt, die mit dem Krankheitsbild von Pneumokokken HUS-

überlebenden Umwelt - dem menschlichen Körper - zusammenhängen könnte. PspA und PspC 

spielen eine Rolle bei der bakteriellen Biofilmbildung unter Stressbedingungen und sind 

bakterielle Virulenzfaktoren welche die Wirtszelle schädigen können. Im normalen 

Wachstumszustand verteilten sich PspA und PspC auf die Zelloberfläche, außer im Bereich 

des Septums. Im Gegensatz dazu kondensieren PspA-bindende C3b- und PspC-

Rekrutierungsfaktor H unter Komplement-Herausforderung im Bereich des bakteriellen 

Septums, um so möglicherweise die Divisionsstandorte vor Opsonisierung zu schützen. 

Darüber hinaus binden alle getesteten klinischen S. pneumoniae HUS-Stämme mehr Faktor H 

und zeigen eine verminderte C3b-Beladung auf der Oberfläche. Somit sind diese klinischen 

Isolate widerstandsfähiger gegen das Wirtskomplement und zeigen eine erhöhte Virulenz für 
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den Menschen. Diese Arbeit lieferte die detaillierten Informationen über PspA und PspC, 

insbesondere von HUS-Stämmen, um die Pathogenese der Sp-HUS-Krankheit und des 

Impfstoffdesigns zu verstehen.
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