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Streptococcus pneumoniae represents a major Gram-positive human pathogen causing
bacterial pneumonia, otitis media, meningitis, and other invasive diseases. Several
pneumococcal isolates show increasing resistance rates against antibacterial agents.
A variety of virulence factors promote pneumococcal pathogenicity with varying
importance in different stages of host infection. Virulence related hair-like structures
(“pili”) are complex, surface located protein arrays supporting proper host interaction.
In the last two decades different types of pneumococcal pili have been identified:
pilus-1 (P1) and pilus-2 (P2) are formed by the catalytic activity of sortases that
covalently assemble secreted polypeptide pilin subunits in a defined order and
finally anchor the resulting pilus in the peptidoglycan. Within the long pilus fiber the
presence of intramolecular isopeptide bonds confer high stability to the sequentially
arranged individual pilins. This mini review will focus on S. pneumoniae TIGR4 P1
molecular architecture, the subunits it builds and provides insights into P1 sortase-
mediated assembly. The complex P1 architecture (anchor-/backbone-/tip-subunits)
allows the specific interaction with various target structures facilitating different steps of
colonization, invasion and spreading within the host. Optimized pilin subunit confirmation
supports P1 function under physiological conditions. Finally, aspects of P1- host
interplay are summarized, including recent insights into P1 mechanobiology, which have
important implications for P1 mediated pathogenesis.

Keywords: pilus, bacteria, Streptococcus pneumoniae, architecture, sortase, virulence, host-interaction,
mechanobiology

INTRODUCTION: Streptococcus pneumoniae A MAJOR
HUMAN PATHOGEN EXPRESSING DIFFERENT TYPES OF PILI

Streptococcus pneumoniae (the pneumococcus) is a human commensal bacterium that can cause
lethal diseases like pneumonia, septicemia, and meningitis. As major human pathogen, it provokes
high morbidity and mortality rates especially in children and the elderly. Licensed pneumococcal
vaccines are not covering all relevant virulent strains and an increasing number of antibiotic
resistant isolates makes treatment challenging (Subramanian et al., 2019). Novel, broad-spectrum
vaccination strategies and new antibacterials are of utmost importance to combat S. pneumoniae.
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The switch from a human commensal to an invasive
pneumococcal pathogen and its disease causing capacity in
various host niches is an area of intense study (Loughran
et al., 2019). A multiplicity of differentially regulated cell
surface located molecules mediate the complex interplay of
S. pneumoniae and the human host. This includes several types
of high molecular weight protein assemblies, so-called pili, which
promote pneumococcal virulence. Although S. pneumoniae
was first isolated by Pasteur in 1881, pneumococcal pili were
discovered only at the beginning of the 21st century. Besides a
recently described type IV competence pilus (Laurenceau et al.,
2013; Muschiol et al., 2019), pneumococcal isolates express two
variants of Gram-positive, sortase cross-linked multi-subunit
pili [“pilus-1 (P1) and pilus-2 (P2)”] (Barocchi et al., 2006;
Bagnoli et al., 2008). In this review, we focus on the assembly
and particular architecture of pneumococcal P1 and derived
from that summarize its role as multifunctional host-interaction
tool. This indicates a virulence-mediating role of P1 at different
phases of pneumococcal diseases and an optimized P1-structure
for various host environments.

SUBUNITS AND SORTASE-MEDIATED
ASSEMBLY OF PNEUMOCOCCAL
PILUS-1

While typical Gram-negative pili are formed by non-covalent
interactions between pilins, the covalent assembly of Gram-
positive pili is catalyzed by specific sortases involving pilus
subunit polymerization and cell wall anchoring of the resulting
pilus fiber (Telford et al., 2006; Hendrickx et al., 2011; Hospenthal
et al., 2017). Streptococcus pneumoniae TIGR4, belonging to
the highly invasive pneumococcal serotype 4, is a patient
isolate were P1 was initially identified (Barocchi et al., 2006)
that represents an important reference strain studying P1
biology. Major components involved in pneumococcal TIGR4
P1 formation are clustered in a defined genetic region [pilus
island 1 (PI-1)] that encodes 3 P1 specific class C sortases (SrtC-
1, SrtC-2, SrtC-3), 3 P1 subunits (RrgA, RrgB, and RrgC) and
a transcriptional regulator (RlrA) (Figure 1-A1). Analysis of
strain collections indicates that only a subset of pneumococcal
isolates expresses P1 (∼ 30%) (Dzaraly et al., 2020). Electron
microscopic analysis allowed the initial visualization of pili on
the surface of negative stained TIGR4 isolates. Negative staining
procedure improves contrast for better visualization of few nm
thin pilus filaments. The explicit identification of PI-1 encoded
pilins within P1 required specific immuno-labeling strategies
and resulted in heterotrimeric P1 working models with RrgB
as major pilin and 2 minor pilins (RrgA and RrgC) (Barocchi
et al., 2006; LeMieux et al., 2006, 2008; Hilleringmann et al., 2008;
Fälker et al., 2008).

Similar to other Gram-positive pilus systems, the current
model of P1 formation involves pilus subunit- and Srt-
synthesis in the cytoplasm and respective surface localization
followed by a biphasic process of pilus-polymerization and -
anchoring to the bacterial cell wall (Khare and Narayana, 2017;
Figure 1-A2): After their cytoplasmic expression, respective

N-terminal signal sequences of P1-pilins and -sortases allow
Sec-translocation into the exoplasmic zone. A C-terminal
hydrophobic stretch functions as membrane anchor and
promotes their embedding into the lipid bilayer. Since P1
discovery, a main research focus lies on the respective role
of PI-1 sortases for P1 assembly, including molecular details
of the catalyzed transpeptidation and Srt-regulation: during
P1 polymerization, PI-1 individual class C sortases recognize
particular variants of LPXTG motif pentapeptide-cell wall sorting
signals (CWSSs) at the C-terminus of individual P1 pilins as
described for other Gram-positive pilus systems. The sortase-
catalytic activity hydrolyses between the CWSS threonine and
glycine residues by an initial nucleophilic attack of the threonine’s
carbonyl carbon atom via the enzyme’s active site cysteine
residue (Figure 1-A2/I). The Thr C-terminus in the formed
sortase-pilin thioacyl intermediate is linked to a conserved
lysine ε-amino group within the pilin motif of the next
P1 subunit of the growing pilus, RrgB K183 (within RrgB
pilin motif WXXXVXVYPK) and finally specific lysine residue
of RrgC (structural analysis suggest Lys K142 as respective
nucleophilic residue of RrgC, although experimental proof is
missing; (Figure 1-A2/II–III; LeMieux et al., 2006, 2008; Fälker
et al., 2008; Manzano et al., 2008; Neiers et al., 2009a,b; El
Mortaji et al., 2012b; Shaik et al., 2014). The data support
a gradual selectivity of the three PI-1 SrtC isoforms to
individual P1 pilin CWSSs during P1 polymerization (Figure 1-
A2/II). Differences in CWSSs (RrgA: YPRTG; RrgB: IPQTG;
RrgC: VPDTG) and resulting conformational changes might
direct binding preferences of respective PI-1 SrtCs. Recent
molecular dynamics simulations suggest a key role of the
middle amino acid in the five-residue pilin CWSSs for selective
and specific sorting signal targeting of the individual SrtCs
(Naziga and Wereszczynski, 2017).

The second step in P1 biosynthesis is the covalent linkage
of the polymerized P1 to the bacterial cell wall. Deletion
of minor pilin RrgC leads to P1 polymers secreted into the
supernatant and identifies RrgC as P1 cell wall anchor molecule
(Hilleringmann et al., 2009; Shaik et al., 2014). The primary
sortase for Lipid II-mediated RrgC anchoring to peptidoglycan is
the pneumococcal housekeeping sortase SrtA (Shaik et al., 2014;
Naziga and Wereszczynski, 2017). This is in agreement with SrtA
pilus-anchoring activity in other Gram-positive pili systems.

Both, PI-1 class C-Srts and SrtA are central elements for
P1 formation. Their coordinated activity seems essential for
proper P1 assembly. Interestingly, all P1 class C Srts contain a
N-terminal lid-region that covers the active catalytic site triad
region constituted of His, Arg, and Cys that is missing in the
respective housekeeping sortase and suggest a regulatory element
of SrtCs activity. Whereas initial results indicate a flexible,
“mobile” lid behavior of SrtC-1 in solution (Manzano et al.,
2009), recent data propose a rather rigid SrtC-lid condition in the
absence of substrate with a potential negative regulatory function
(Jacobitz et al., 2016).

Some important questions regarding the mechanistics of
Srt-mediated P1 fiber assembly are ambiguous: (i) Precise
chronology of P1 formation including the factors determining
the starting of the biosynthesis until final anchoring of P1
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FIGURE 1 | Pilus-1 of Streptococcus pneumoniae – assembly, architecture and structure-derived properties. (A1) Streptococcus pneumoniae TIGR4 pilus-island 1
(PI-1) and related genes involved in P1 biosynthesis. (A2) Model of sortase-mediated assembly of pneumococcal pilus-1. A2-I: P1-pilins and relevant sortases are
expressed in the cytoplasm, exported by the Sec secretion system and surface located via a C-terminal hydrophobic stretch in the bacterial plasma membrane. The
initial step of sortase-catalyzed transpeptidation is a pilin CWSS specific hydrolysis between Thr and Gly of particular variants of the LPXTG motif via the enzyme’s

(Continued)
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FIGURE 1 | Continued
active site Cys resulting in a sortase-pilin thioacyl intermediate. A2-II: C-terminal pilin Thr in the activated sortase-pilin complex (A2-I) is linked to a conserved Lys in
the next P1 subunit of the growing pilus. P1 heterotrimeric formation is a complex process involving the sequential incorporation of RrgA, RrgB, and RrgC via pilin
specific PI-1 class C-sortases. Shown are details of individual P1 sortase-pilin intermediates and respective Lys residues involved in transpeptidation reactions during
P1 formation. Simulation results combined with existing biochemical and genetic data of several groups suggest the following PI-1 class C-Srt specificities (Naziga
and Wereszczynski, 2017): SrtC1 is the primary Srt for RgB polymerization; in the absence of RrgB, SrtC1 might add RrgA, and RrgC to the pilus. SrtC3 shows a
pronounced RrgB crosslinking activity when compared to RrgA and RrgC although less distinctive than SrtC1-RrgB. The first substrate of SrtC2 is RrgA linking the
P1 adhesin to the RrgB backbone. Apart from background activity of SrtC-1, housekeeping SrtA is defined as principal RrgC-related sortase. A2-III: P1 assembly is
a biphasic process of P1 polymerization and final, lipid II-mediated, cell wall anchoring. (A3) P1 heterotrimeric architecture and pilin characteristics. P1 is a thin, long
filament composed of a proximal RrgC anchor, n-serial RrgB backbone molecules and a distal RrgA adhesin. TEM images and high-resolution structures of P1-pilins
(RrgA, RrgB, and RrgC) identify elongated molecules containing intramolecular, isopeptide bond stabilized domains. A distinctive feature of RrgB is a lateral subunit
(D3) that is involved in host interaction (#parts adapted from Hilleringmann et al., 2009). (B) P1 expressing pneumococci exhibit multiple pilus filaments on the
bacterial surface functioning as single fiber or potential P1 aggregations. In addition to P1 subunit stabilization (A3), the entire P1 fiber shows a pronounced
bendability. Longitudinal rotation of serial arranged RrgB subunits along the P1 axis suggest additional optimization of P1 architecture. P1 host interaction is
complex, mainly mediated by terminal adhesin RrgA. Force induced RrgB host factor interaction indicate a functional role of P1 backbone in addition to its role as
stabilized stalk exposing terminal P1 adhesin. *Potential nucleophilic RrgC Lys residue. CWSS, cell wall sorting signal; LP II, lipid II; M, bacterial plasma membrane;
PG, peptidoglycan; P1, Pilus-1; Srt, Sortase.

to the cell wall is missing. (ii) Sequence details of P1 pilin
incorporation: although major backbone RrgB polymerization
was observed in a RrgA deletion strain background (Nelson
et al., 2007), the “tip first rule” proposing a first transpeptidation
reaction between the terminal pilus adhesin and a pilin backbone
molecule [as described for the well studied heterotrimeric
SpaA pili of Corynebacterium diphtheriae (Ramirez et al.,
2020)] seems reasonable for other Gram-positive pili systems,
but needs detailed experimental proof in the P1 system.
(iii) Regulation of P1 length: based on a model of “pilus
chain terminator role” of anchor pilin SpaB in C. diphtheriae
SpaA pilus (Mandlik et al., 2008), it should be investigated
whether the step of RrgC anchor incorporation into the
SrtC-activated RrgBnRrgA fiber has a similar role in defining
P1 final length. Importantly proper regulation of P1 RrgB
mediated length determines the relative position of major
adhesin RrgA and might be crucial for P1 functionality as
recently demonstrated in other Gram-positive pilus systems
(Chang et al., 2019).

TIGR4 bacterial surface is covered with multiple copies of P1
(Barocchi et al., 2006; Hilleringmann et al., 2009). The regulation
of the spatio-temporal P1 distribution, including signal sequence
directed cellular export and surface-positioning of pilins and
Srts (Spirig et al., 2011), plus the precise interplay between
P1 assembly and peptidoglycan metabolism is not understood.
Topological studies describe a specific pattern of P1 subunits
on the bacterial surface (“symmetric P1 foci”) indicating a non-
homogenous P1 distribution (Fälker et al., 2008).

In addition to specific control mechanisms focused on proper
P1 biosynthesis, signals from general regulatory networks of
the complex interplay between S. pneumoniae and the human
host are supposed to influence P1 expression (Kreikemeyer
et al., 2011; Gómez-Mejia et al., 2018). Transcriptional P1
regulation seems to be of major importance: besides a suggested
negative regulation by RrgA (Basset et al., 2011), PI-1 was
described to be positively controlled by a RlrA feedback loop
(Basset et al., 2012). In addition to central rlrA, other PI-1
positive regulators were described (Hava et al., 2003; Kreikemeyer
et al., 2011). Within the growing list of negative regulators
(Basset et al., 2011; Kreikemeyer et al., 2011; Herbert et al.,

2015), some of them might require additional validation (Basset
et al., 2017). Detailed investigations with extending systems
that reflect the in vivo situation as closely as possible will
help to further clarify the overall context of pneumococcal
P1 regulation during host colonization and invasion (Pancotto
et al., 2013; Figueira et al., 2014). The described absence
of P1 expression below 31◦C indicates the importance of
host environmental factors on P1 regulation (Basset et al.,
2017). Analysis of PI-1 containing isolates identified sub-
populations of P1-expressing and – non expressing bacteria.
Angelis et al. (2011), Basset et al. (2011) which might be
a compromise balancing P1-related advantages like improved
human colonization and –potential disadvantages of P1 induced
immunogenicity and biosynthesis costs (Binsker et al., 2020;
Iovino et al., 2020).

DESIGN OF MULTIMERIC TIGR4 PILUS-1
ARCHITECTURE REFLECTS AN
OPTIMIZED INTERACTION TOOL

High resolution analysis of surface digested individual pili
allowed a detailed analysis of heterotrimeric P1 architecture
and pilin stoichiometry, overcoming interferences and reducing
complexity of respective cell bound-P1 study objects. TIGR4
P1 basic structure is a long, only ∼ 6–7 nm-wide filament
composed of a multiple repetition of RrgB backbone molecules,
with one RrgA adhesin and one RrgC minor pilin at the P1
distal and proximal end, respectively, associated in a head-to-
tail covalently linked fashion. Scanning TEM analysis indicated
that a 1.5-µm-long pilus comprises approximately 150 RrgB
monomers in which a nose-like protrusion in each RrgB subunit
defines the polarity of the fiber (Hilleringmann et al., 2009;
Figure 1-A3). Adjacent P1 filaments on the cell wall surface
can tangle or form bundles. Aggregations of different length pili
with terminal RrgA, could explain the described P1 coiled-coiled
phenotype with surface located RrgA molecules (Hilleringmann
et al., 2008). RrgA aggregates were described as better TLR2
agonist in vitro when compared to RrgA monomer (Basset et al.,
2013). Respectively, clustered P1 RrgA on the bacterial surface
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might be better recognized by the innate immune receptor
TLR2 in vivo.

High resolution crystal structures of all P1-pilins have been
resolved (Figure 1-A3): major adhesion RrgA (PDB: 2WW8)
represents a four domain, elongated molecule, carrying segments
of eukaryotic origin important for host interaction, mainly
mediated by RrgA D3 domain (Izoré et al., 2010; Moschioni
et al., 2010). The backbone RrgB (PDB: 3RPK and 2Y1V)
subunit displays a four domain fold (Paterson and Baker,
2011; El Mortaji et al., 2012a). Interestingly a domain (D3)
is arranged laterally of the RrgB middle domain (D2) which
constitutes a special structural feature among Gram-positive
major pilins (Young et al., 2014) and presumes a specific
P1 adaptation for optimized interaction (Becke et al., 2019).
Reconstruction of P1 architecture by fitting of the P1 fiber with
high resolution crystal structure of RrgB D2-D4 molecules and
RrgB D1 computer model data showed a rotation along the
longitudinal P1 axis between two neighboring RrgB subunits
of about 17–22◦ (Spraggon et al., 2010). A resulting different
spatial domain arrangement of sequential RrgB molecules might
further improve host interaction via multiple linearly arranged
RrgB molecules (Figure 1-B), like a RrgB D3 mediated collagen
interaction (Becke et al., 2019). Anchor subunit RrgC is the
smallest P1 pilin and folds into three independent domains
(PDB: 4OQ1) (Shaik et al., 2014). P1 pilins show a characteristic
domain-based architecture that incorporated into P1 filament
resemble a “beads on a string” macroscopic phenotype. Like
described for other Gram-positive pilus systems, the existence
of eukaryotic IgG-like subdomain variants within all P1 pilins
(Izoré et al., 2010; Paterson and Baker, 2011; Shaik et al., 2014)
suggest an adaptation strategy for proper P1 mediated host
factor interaction while minimizing adverse host immune system
responses by mimicry of eukaryotic immune system elements
(Krishnan et al., 2007; Shaik et al., 2014).

Structural analysis of Gram-positive pilins revealed domain
stabilization via intramolecular isopeptide bond formations
(Kang et al., 2007; Baker et al., 2015). P1 subunits show
different numbers of stabilized individual domains [RrgA:
2 (Izoré et al., 2010); RrgB: 4 (El Mortaji et al., 2010,
2012a; Paterson and Baker, 2011), and RrgC: 2 (Shaik
et al., 2014); Figure 1-A3] that might reflect individual
pilin adaptation to generate an optimized P1 multimeric
tool able to withstand mechanical perturbations induced
during host interaction and supporting P1 assembly.
Recent single-molecule force spectroscopy data propose
structural concepts to protect covalent bonds of Gram-
positive pilins from cleavage under mechanical challenge
(Echelman et al., 2016).

In addition to pure pilus mechanical stability and similar to
other Gram-positive pili, functional P1 mediated host interaction
requires a certain extent of flexibility of the P1-filament to
efficiently target host structures (Figure 1-B). Macroscopic
analysis of P1 phenotype of cell-bound and isolated pili revealed
a substantial degree of fiber bendability (Barocchi et al., 2006;
Hilleringmann et al., 2009). The respective percental contribution
of the flexible linker regions between individual P1 pilins
within the fiber and subunit derived flexibility, i.e., interdomain

malleability, needs further investigation and might be P1 subunit
specific (Spraggon et al., 2010; El Mortaji et al., 2012a).

MULTIFUNCTIONAL PNEUMOCOCCAL
TYPE-1 PILI PROMOTE VARIOUS
INTERACTION SCENARIOS

The deletion of P1 attenuated the virulence of respective
clinical isolates in mouse models of pneumococcal infection
(Barocchi et al., 2006). Work by several groups indicate a
significant involvement of major adhesin RrgA in various steps
of pneumococcal colonization and virulence addressing different
host niches, which is described in a recent, comprehensive
review (Iovino et al., 2020) and summarized in Table 1A). RrgA
mediates in a RrgB backbone independent way, adherence to host
epithelial cells, potentially promoting initial host colonization
(Nelson et al., 2007). Dose-dependent interactions of RrgA
with ECM molecules (fibronectin, laminin, and collagen I),
not seen for RrgB and RrgC, indicate specific binding to
host cell associated molecules (Hilleringmann et al., 2008).
In addition to static ELISA approaches, data from single
molecule force spectroscopy specify a two-domain binding
mechanism for RrgA with Fn, that suggest a P1-mediated
bacterial adaptation to keep contact with host tissue surface in
shear force environments (Becke et al., 2018). RrgA was found
to interact with complement receptor 3 (CR3) that promotes
CR3 –mediated uptake of S. pneumoniae expressing P1-RrgA
by macrophages and results in pneumococcal stimulation of
macrophage motility. Additionally, expression of P1 RrgA
together with host expression of CR3 affects virulence and
spreading of the pathogen from local sites to the bloodstream in
mice (Orrskog et al., 2012). Data of a RrgA D3 dependent TLR2-
activation and induction of inflammatory TNF-α responses
(Basset et al., 2013) suggest further P1-mediated interaction with
components of the innate immune system. Overall implications
of the RrgA-mediated TLR2-activation of the host immune
response, a potential limiting consequence of P1 expression on
pneumococcal fitness and virulence, need further investigation.
The described more potent activation of TLR2 by oligmeric
forms of RrgA might be mediated by aggregated monomeric
RrgA of individual P1 fibers on the pneumococcal surface
(Figure 1-B). Lethal meningitis caused by S. pneumoniae
requires the penetration of the blood-brain-barrier (BBB) by
the bacteria (Iovino et al., 2016b): an interaction of RrgA
with polymeric immunoglobulin receptor (pIgR) and platelet
endothelial cell adhesion molecule 1 (PECAM-1), two BBB
endothelial receptors, was found to promote the entry of
bacteria into the brain and meningitis development (Iovino
et al., 2017). Interestingly, a subpopulation of spherical single
pneumococci, that do not express DivIVA, with surface-
located P1-RrgA seem to be favored to cross the BBB. In
addition to the expression of RrgA, the small size of these
pneumococcal variants might explain easier penetration of
the BBB (Iovino et al., 2016a). In addition, recent data
imply that meningitis related neuronal death is mediated
by an interaction of RrgA and pneumolysin with β-actin
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TABLE 1 | Streptococcus pneumoniae pilus-1 mediated interactions.

Pilin (PI-1) Variant Category* Major characteristics and target References

A: RrgA PBD: 2WW8 RrgA recombinant; bacteria
associated RrgA (P1-variants)

I RrgA binds to human respiratory epithelial A594 cells
(independent of P1-RrgB polymerization); P1-Rrg A
mediates colonization of the upper respiratory tract in mice.

Nelson et al., 2007

recombinant RrgA; purified P1
(TIGR4 WT)

I Dose-dependent binding of RrgA monomer and isolated pili
to ECM components (fibronectin, collagen I, laminin)/ELISA.

Hilleringmann et al., 2008

recombinant RrgA FL and
individual RrgA domains

I◦ D3/D4 – domain binding mechanism of RrgA with ECM
fibronectin under force/AFM-based single molecule force
spectroscopy.

Becke et al., 2018

RrgA recombinant; bacteria
associated RrgA (P1-variants)

I/II RrgA mediated binding to CR3 and CR3 dependent uptake
of RrgA containing pneumococci by macrophages;
RrgA-expression promotes systemic pneumococcal spread
and virulent in mice expressing CR3.

Orrskog et al., 2012

RrgA recombinant; bacteria
associated RrgA (P1-variants)

I P1 functions as TLR2 agonist – with major contribution of
RrgA D3 – in human epithelial cells. Rekombinant RrgA
oligomers show increased TLR 2 activation. RrgA D3 is
involved in pneumococcal mediated TLR2-activation,
TNF-α induction and virulence in a mouse model of
infection.

Basset et al., 2013

RrgA recombinant; bacteria
associated RrgA (P1-variants)

I/III RrgA-containing P1 facilitate passage of S. pneumoniae
through the blood-brain barrier (BBB) to cause lethal
meningitis. Favored variants passing BBB of mice are
spherical, single, P1-RrgA + pneumococci.

Iovino et al., 2016a

Binding of RrgA to BBB endothelial receptors (PECAM-1
and pIgR) promotes bacterial entry and meningitis
development.

Iovino et al., 2017

Interaction of RrgA and pneumolysin with β-actin stimulate
meningitis related neuronal death.

Tabusi et al., 2020

Bacteria associated RrgA
(P1-variants)

I + IV Potential role of RrgA in biofilm formation / promotion of
inter-bacterial interaction.

Muñoz-Elías et al., 2008

RrgA recombinant; bacteria
associated RrgA (P1-variants)

I + n/a Role of RrgA as lectin targeting different host glycosylation
pattern.

Day et al., 2017

B: Rrg B PDB: 3RPK/2Y1V RrgB recombinant; bacteria
P1-variants

I + n/a Role of RrgB as lectin targeting different host glycosylation
pattern.

Day et al., 2017

Recombinant RrgB FL and
RrgB 1D3 variants

I◦ RrgB binds to ECM collagen I in a force-dependent manner
and depends on the orientation of lateral RrgB D3-domain
and the respective position of the collagen fibrils.

(Becke et al., 2019

C: RrgC PDB: 4OQ1 RrgC recombinant; bacteria
P1-variants

I + n/a Role of RrgC as lectin targeting different host glycosylation
pattern.

Day et al., 2017

Category*: I, adhesion to ECM/surfaces/mammalian cells; II, evasion of innate and adaptive immune responses; III, invasion of non-phagocytic host cells by pathogen-
directed endocytosis; IV, cell–cell aggregation during biofilm formation.
◦ Interaction under mechanical force conditions; n/a, not available.
P1, pilus-1; WT, wild-type; ECM, extracellular matrix; FL, full length; CR3, complement receptor 3; TLR2, Toll-like receptor 2; TNFα, tumor necrosis factor α; PECAM-1,
platelet endothelial cell adhesion molecule 1; plgR, polymeric immunoglobulin receptor; AFM, atomic force microscopy.

of human neurons (Tabusi et al., 2020). The formation of
biofilms promotes the persistence of pathogenic bacteria on
patient’s tissues and overall virulence (Muhammad et al., 2020).
In vitro screening for biofilm-altered TIGR4 mutants identified
RrgA as potential molecule favoring bacterial interaction
(Muñoz-Elías et al., 2008).

Polymerized backbone subunits of Gram-positive pili are
primarily considered as stabilized and flexible stalk exposing
tip based adhesins for proper host interaction. Recent data
suggest a specific role for backbone pilins in host interaction, as
shown for pili of Streptococcus pyogenes (Tsai et al., 2017; Chen
et al., 2020). Interestingly, under mechanical load, P1 RrgB was
found to strongly interact with human collagen I (Table 1B)
not measurable using static ELISA (Hilleringmann et al., 2008;

Becke et al., 2019). The particular lateral domain D3 of RrgB
(Figure 1-A3) is essential for the observed exceptionally high
binding forces and a force-induced bond strengthening, a
described property of bacterial adhesins (Herman-Bausier et al.,
2018). This implies a discrete functional role of the P1 backbone
in host factor interaction. Specific binding characteristics
mediated by numerous linearly arranged RrgB molecules within
P1 needs further investigation. Broader experimental approaches
better mimicking in vivo conditions might reveal novel concepts
of host interaction, also mediated by backbone subunits of Gram-
positive pili.

A common class of host target structures of many bacterial
adhesins are glycoconjugates. Work by Day et al. (2017) describe
P1 subunits as new pneumococcal lectins binding several

Frontiers in Microbiology | www.frontiersin.org 6 February 2021 | Volume 12 | Article 615924

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-615924 February 2, 2021 Time: 18:55 # 7

Ness and Hilleringmann Pneumococcal Pilus-1 Architecture and Function

glycosylation pattern: major P1 adhesin RrgA shows the broadest
glycan binding repertoire (namely maltose, cellobiose, α/β linked
galactose, blood group A and H antigens) when compared to
RrgB and RrgC specificities. Interestingly, screening glycosylation
targets of P1 subunits also identified non-human and non-
mammalian patterns, assigning an even larger spectrum of
potential P1 interactions (Day et al., 2017).

Apart from its potential role as lectin (Day et al., 2017),
no further host interaction factor for P1 anchor RrgC is
known (Table 1C).

The multiplicity of described P1-mediated host interaction
scenarios makes P1 a pneumococcal virulence factor with
strong impact on the pathogenesis of S. pneumoniae. P1
was shown to contribute to initial steps of colonization
but also promotes invasion and spreading within the host
(Table 1). Despite obvious advantages, P1 was identified in
only a relatively small proportion of pneumococcal clinical
isolates (−30%) belonging to few clonal complexes (Dzaraly
et al., 2020) and PI-1 positive strains show a biphasic
P1 expression pattern (Angelis et al., 2011). This implies
potential limitations for pneumococcal fitness and virulence
related to P1 expression: synthesis of high molecular weight
architecture of P1 is complex (Figure 1) and might be tightly
regulated by the bacterial metabolism. Iovino et al. (2020)
propose two trade-off mechanisms explaining the relatively
low % of P1 expressing strains: a high P1 induced host
immunogenicity related to surface exposed P1 filaments that
may also prevent recolonization and a low host transmissibility
due to P1 adhesive properties. Additionally S. pneumoniae
produces a variety of surface exposed, virulence related factors
promoting various host interactions (Mitchell and Mitchell,
2010; Hilleringmann et al., 2015) that may substitute similar
P1 mediated functions (e.g., PavA – fibronectin recognition).
Importantly epidemiological data show that strain isolates that
contain PI-1 are often associated with successful pneumococcal
lineages and antimicrobial resistance pattern (Dzaraly et al.,
2020), suggesting P1 as a particular tool among the diversity of
pneumococcal virulence factors.

FUTURE DIRECTION AND CONCLUDING
REMARKS

One and a half decades after the first description of S. pneumoniae
P1 a considerable amount of data characterizes these very
long, thin and highly stable surface appendages as evolutionary
optimized subunit assemblies that promote pneumococcal
virulence mediating multifunctional interactions in different
host niches. Although the main components essential for P1

formation and the resulting architecture are well described,
details of the spatio-temporal interplay during P1 assembly on the
bacterial surface and their regulation (“P1-assembly machinery”)
needs further analysis, applying, e.g., novel high resolution
microscopic approaches. In addition, a more complete picture of
P1 functional aspects and the in vivo relevance demands a greater
focus on complementary experimental approaches mimicking
host environments [e.g., mechanical force- conditions (Dufrêne
and Persat, 2020; Viela et al., 2020)] in addition to suitable in vivo
models. These data will allow a more profound evaluation of
P1 mediated bacterial fitness benefits with related costs of P1
expression and the risk of P1 induced adverse host immune
responses. Promising antigenic properties of P1 subunits were
demonstrated in several animal studies (Gianfaldoni et al., 2007;
Moschioni et al., 2010; Gentile et al., 2011; Harfouche et al., 2012).
Although P1 is found in only ∼ 30% of clinical pneumococcal
isolates, its complex involvement with bacterial virulence, and
data implying an association of P1 with antibiotic resistance and
evolving non-vaccine serotypes (Dzaraly et al., 2020) make P1
subunits interesting protein-based vaccine candidates. Rational
antigen (AG) design and innovative formulation strategies
might enable a future non-serotype-dependent, efficient
vaccination against S. pneumoniae, containing several protective
pneumococcal protein-AGs, potentially in combination with
known polysaccharide-conjugate AG designs (Converso et al.,
2020). A direct interference with P1 function, like small molecule
or antibody-mediated inhibition of PI-1 sortase activity, blocking
of specific P1 epitopes involved in host interaction (Amerighi
et al., 2016) or destabilizing P1 backbone subunits to reduce P1
functionality in host environment as shown for Spy0128, the
major pilin from the Gram-positive human pathogen S. pyogenes
(Rivas-Pardo et al., 2018) constitute further potential strategies
to reduce P1-mediated virulence. In addition, understanding
P1 on a molecular level also enabled the design of innovative
bioconjugation tools (Bonnet et al., 2017) and demonstrates the
many facets of this fascinating structure.
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