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Abstract To interact with the external environments, bacteria often display long
proteinaceous appendages on their cell surface, called pili or fimbriae. These
non-flagellar thread-like structures are polymers composed of covalently or non-
covalently interacting repeated pilin subunits. Distinct pilus classes can be identified
on basis of their assembly pathways, including chaperone-usher pili, type V pili,
type IV pili, curli and fap fibers, conjugative and type IV secretion pili, as well as
sortase-mediated pili. Pili play versatile roles in bacterial physiology, and can be
involved in adhesion and host cell invasion, DNA and protein secretion and uptake,
biofilm formation, cell motility and more. Recent advances in structure determination
of components involved in the various pilus systems has enabled a better molecular
understanding of their mechanisms of assembly and function. In this chapter we
describe the diversity in structure, biogenesis and function of the different pilus sys-
tems found in Gram-positive and Gram-negative bacteria, and review their potential
as anti-microbial targets.

Keywords Pili - Fimbriae - Chaperone-usher - Curli - Sortase + Secretion -
Adhesion * Biofilm - Conjugation

Introduction

Bacterial cells are frequently decorated with non-flagellar proteinaceous cell surface
appendages, referred to as pili or fimbriae. The appendages usually have low nanome-
ter scale width, but can be multiple microns in length, often exceeding the diameter of
the producing bacterium. The structures are made up of many hundreds or thousands
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of pilus subunits, which are covalently or non-covalently associated depending on
the pilus system. The function of bacterial pili is varied. The vast majority is impli-
cated in adherence and/or multicellular behaviour. Pili frequently mediate adherence
and/or invasion (in)to eukaryotic host cells, but can also be implication in biofilm for-
mation through pilus self-association, binding of neighbouring cells or giving shape
to the extracellular matrix. In other systems, though, the pili serve a role as a hollow
conduit or a scaffolding structure for the secretion or uptake of proteins and nucleic
acids, or in rare instances extracellular electron transport. In this review we sum-
marize the current molecular and structural understanding of the function, build-up
and assembly of the major pilus systems found in Gram-positive and Gram-negative
bacteria. For each system, we provide a review of the main architecture of the pili
and its constituent components, as well as the prevailing mechanistic understand-
ing of the assembly pathways. Since pili are frequently first line virulence factors,
a great interest has been gathered for their chemical inhibition as a means towards
the development of non-antibiotic, virulence targeted antibacterials (Steadman et al.
2014; Ruer et al. 2015). For some systems, like the type 1 fimbriae implicated in
urinary tract infections (UTIs), significant progress has been made, to the point that
anti-adhesive compounds are undergoing clinical trials and may reach the market
in coming years. For many more systems, the molecular understanding is now such
that selective inhibitory compounds can be sought and are being identified. Coming
years will show if more of these pathways can be targeted in a clinical setting.

The Chaperone-Usher Pilus System

Arguably the most abundant pilus assembly system in Gram-negative bacteria is the
chaperone-usher (CU) pathway. It is a conserved protein secretion-assembly system
found in the Gram-Negative classes a-, B-, y- and d-proteobacteria, where it is pri-
marily associated with human and animal pathogenic genera including Escherichia,
Shigella, Proteus, Klebsiella, Salmonella, Pseudomonas, Yersinia and many others
(Sauer et al. 2004). CU fimbriae are linear non-covalent multi-subunit polymers that
require two accessory proteins for their assembly and translocation to the cell sur-
face: a periplasmic chaperone and an outer membrane usher. The chaperone stabilizes
fimbrial subunits in the periplasm and targets them to the usher, a pilus assembly
platform in the outer membrane (OM) that facilitates subunit polymerization and
transport to the cell surface (Thanassi et al. 1998).

Pili assembled by the chaperone-usher pathway are prime virulence factors of
proteobacteria. They contribute to the establishment and persistence of the infection
by mediating host- and tissue-specific adherence, and can play arole in the evasion of
host defence mechanisms by contributing to biofilm formation or inducing host cell
invasion (Sauer et al. 2004). Chaperone-usher pili are associated with a wide range of
diseases, such as urinary and gastrointestinal tract infections, meningitis and sepsis
(Proft and Baker 2009). Amongst the earliest and most comprehensively studied
chaperone-usher systems are type 1 and P fimbriae produced by uropathogenic E.
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coli (UPEC) (Hultgren et al. 1993). The type 1 fimbrial adhesin FimH binds to the D-
mannosylated receptors of the human and animal bladder, whereas the P pilus adhesin
PapG binds galabiose-containing glycosphingolipids in the kidney epithelium. These
two systems formed the basis of extensive structural and molecular studies, which
together with those on the Yersinia pestis capsular antigen Caf, have revealed the
canonical principles of CU biogenesis (Sauer et al. 2004).

Morphology and Structure of CU Pili

CU pili are encoded in gene clusters comprising a cognate chaperone and usher,
and up to seven different pilus subunits of approximately 10-30 kDa (Sauer et al.
2004; Nuccio and Baumler 2007). The assembled pili are homo- or heteropoly-
mers of hundreds to thousands of pilus subunits organized into linear single-start
filaments. These filaments can undergo additional quaternary condensation to form
rigid, helically wound rods or are found as long flexible filaments that often col-
lapse into a dense capsular mass on the bacterial cell surface. Archetypal examples
of rod-forming pili are type 1 and P pili of E. coli. These are monoadhesive struc-
tures, capped by a single copy of an adhesive subunit. In this review, the general
description of pilus assembly by chaperone-usher pathway will be based primar-
ily on the type 1 pilus, encoded by the fim operon. The type 1 pilus consists of a
long, rigid and helical pilus rod composed of several thousand copies of the major
pilus subunit FimA (Fig. 12.1) and is terminated with a short flexible tip fibrillum
built of the two adaptor subunits FimG and FimF and the adhesin FimH, which is
located in a single copy at the distal tip of the pilus. Consecutive subunits interact
through non-covalent contacts. Each pilin subunit is characterized by an incomplete
immunoglobulin-like fold, lacking its C-terminal p-strand, and by the presence of
an unstructured N-terminal extension (Nte) of 10-20 amino acids (Fig. 12.1). In the
mature pilus, the Nte of one subunit complements the incomplete Ig-fold of the con-
secutive subunit in a mechanism called donor strand exchange (DSE) (Choudhury
etal. 1999; Saueretal. 1999) (Fig. 12.1d). Although non-covalent, these fold comple-
mentation interactions between pilus subunits and their complementary Nte peptides
have extremely high activation barriers for dissociation, displaying extrapolated dis-
sociation half-lives of 10°-10'! years (Puorger et al. 2008, 2011). The long-lived
fold complementation interactions effectively protect the pili from loss-of-function
by breakage at one of the several hundred DSE contacts. In addition, the pilus rods
are dynamic structures characterized by remarkable spring-like properties (Fillman
et al. 2005). Force spectroscopy and EM imaging have shown reversible uncoiling of
the helical structure in the pilus rod. The recent atomic cryoEM models of both type
1 and P pilus provide the details of the extensive subunit-subunit interaction network
within the rod (Hospenthal et al. 2016, 2017; Spaulding et al. 2018). In their coiled
state, both pili are right-handed superhelical structures, where the Nte of one pilus
subunit complements the hydrophobic groove of the adjacent subunit. The type 1
pilus rod has a diameter of ~70 A with a ~14 A wide central hollow lumen, whereas
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Fig. 12.1 The pilus architecture and schematic assembly pathways for chaperone-usher pilus (left)
and type V pilus systems (right). Fimbrial subunits are shown in blue, tip adhesins/pilins in pink,
transmembrane pores in green, chaperones in yellow. At the bottom representative operons coding
for both systems are shown. Left: Type 1 pilus biogenesis as model chaperone-usher assembly
pathway. The chaperone FimC (yellow) binds the fimbrial subunit FimA (light blue) (PDB entry:
4DWH) in the periplasm. The pilus tip fibrillum complex composed of FimC:FimF:FimG:FimH
traverses the outer membrane usher FimD (PDB entry: 4j30). Type 1 pilus is composed of a pilus
rod (EMDB entry: EMD-7342, PDB entry: 6¢53) built of over 1000 FimA subunits and a tip fibril-
lum (FimF:FimG:FimH) (PDB entry: 3JWN). a Cryo-EM map of type 1 pilus rod (EMDB entry:
EMD-7342, PDB entry: 6¢53) with the neighbouring subunits n_j, ng, ny;. b Structure of FimH
binding pocket interacting with a-D-mannose (PDB entry: 1KLF). The D-mannose (yellow) and the
mannose-interacting residues (Phel, Asn46, Asp47, Asp54, GIn133, Asn135, Asp140 and Phe142)
(red) are shown in ball and stick model. ¢ Donor strand complementation (DSC) of the FimA (blue)
pilus subunit by the G1 strand (in orange) of the chaperone FimC (yellow) (PDB entry: 4DWH). G1
strand of the FimC is located parallel to the strand F of FimA during DSC. d A topological diagram
of donor strand exchange (DSE) of adjacent subunits of type 1 pilus. The incomplete Ig-fold of
one subunit (light blue) is complemented by an Nte of the previous subunit (dark blue). Right:
The proposed pathway scheme of type V pilus biogenesis. e A topological diagram of proposed
strand-exchange mechanism of adjacent subunits of type V pilus. The hydrophobic groove exposed
along both NTD and CTD of one subunit (light blue) is complemented by the A1’ and A2’ strands
of the consecutive subunit. f Left: “open” conformation of anchor pilin BovFim4b (PDB entry:
5CAG). Right: “closed” conformation of FimA4 (PDB entry: 4Q98). The conserved C-terminal
appendage composed of A1’ and additional disordered region is shown in dark blue. In the “open”
conformation this appendage is extended, while in the “closed” conformation it folds back to the
C-terminal domain
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the P pilus has a diameter of ~81 A with a ~21 A lumen. In both structures the
pilin subunits form a continuous ascending path, with the N-terminal portion of Ntes
facing towards the pilus exterior and the C-terminal part towards the lumen. Both
pili have a similar helical pitch of ~25 A, though the type 1 structure comprises 3.13
FimA pilin subunits per turn, compared to 3.28 PapA subunits in the more tightly
packed P pilus. Subsequently, the axial rise of type 1 pilus is slightly higher (8 A for
type 1 and 7.7 A for P pilus). In the helical rod, each PapA subunit interacts with
five preceding and five succeeding subunits (Hospenthal et al. 2016), whereas each
FimA subunit interacts with four preceding and four succeeding subunits (Spaulding
et al. 2018); (Hospenthal et al. 2017). The overall interaction network responsible
for maintaining the helical quaternary structure involves mostly weak hydrophilic
contacts (Hospenthal et al. 2016). The combination of both strong DSE interaction
and weak hydrophilic forces explains the ability of pilus rod to uncoil elastically
when the shear force is applied, without breaking apart. At the distal tip, FimF and
FimG provide a short flexible linker between the rigid FimA pilus rod and the FimH
adhesin. FimH lacks an N-terminal extension. Instead, it has a two-domain structure
with a C-terminal pilin domain and a full N-terminal B-sandwich domain that car-
ries the adhesive function (Choudhury et al. 1999). The pilin domain interacts with
the penultimate pilus subunit (FimG) by DSE, whereas the lectin domain mediates
binding to the host receptors (Fig. 12.1). In the P pilus, the PapA pilus rod is sepa-
rated from the PapG tip adhesin by a longer flexible fibrillum made up of the linker
subunits PapK, PapE and PapF (Rose et al. 2008). Most chaperone-usher pili are
monoadhesive, displaying rigid pili with tip-localized two-domain adhesins similar
to the type 1 pilus (Nuccio and Bdumler 2007). The adhesins’ lectin domains share
an elongated B-jelly-roll topology. However, the structures of their ligand binding
pocket may differ remarkably (Moonens and Remaut 2017). For example, FimH
adhesin has a deep, negatively charged binding pocket which is located at the tip of
the lectin domain (Hung et al. 2002) whereas the PapG adhesin has a shallow cavity
localized on the side of the lectin domain (Dodson et al. 2001).

In polyadhesive CU pili, subunits polymerize through DSE-mediated subunit
contacts, but lack the coil-forming quaternary interaction seen in the pilus rods of
monoadhesive pili. They form flexible filaments of one or more types of a major
structural subunit, which each contain one to two independent receptor binding sites
(Zav’yalov 2013). In such a way, the entire pilus structure is directly involved in the
adhesion. Examples include E. coli F4 (Fae) and Afa/Dr fimbriae (Moonens et al.
2015; Keller et al. 2002; Anderson et al. 2004), or the Y. pestis F1 (Caf) or pH6 (Psa)
antigens (Zavialov et al. 2003; Bao et al. 2013). Although the individual subunits
have low micromolar to millimolar affinity for their glycan or protein ligands, their
high valency results in high binding avidity (Moonens and Remaut 2017).
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Biogenesis of CU Pili

Chaperone-usher pili are encoded in gene clusters that hold both the structural sub-
units as well as the assembly machinery, consisting of a pilus-specific chaperone and
usher protein. The individual pilin subunits are translocated across the inner mem-
brane via the SecYEG translocon, after which chaperone and usher are sufficient for
the folding and stabilization of pilus subunits, their ordered assembly into pili, and
translocation to the cell surface (Sauer et al. 2004). The secretion-assembly pathway
is here described based on the fim operon. CU pilus subunits do not stably fold in
the periplasm as a result of an incomplete immunoglobulin (Ig)-like fold that lacks
seventh, C-terminal B-strand. In the periplasm, initial subunit folding is catalysed by
the chaperone (FimC) (Vetsch et al. 2004; Bann et al. 2004). Prior to incorporation
into the pilus, the missing C-terminal B-strand in the incomplete Ig-like fold of pilus
subunits is complemented by an extended f strand (G1) of chaperone (Fig. 12.1c), an
interaction referred to as “donor strand complementation” (DSC) (Choudhury et al.
1999; Sauer et al. 1999). However, the G1 strand of the chaperone lies parallel to
the subunit strand F during DSC, rather than the antiparallel pairing in a canonical
Ig-fold and seen for the Nte during the DSE interaction. As a result, the chaperone
traps pilus subunits into a more loosely packed, higher energy folding intermediate
compared to the subunit—Nte interaction (Sauer et al. 2002; Zavialov et al. 2005).
The chaperone:subunit complexes are recruited to the outer membrane usher (FimD),
which acts as a platform for pilus polymerization and OM translocation. The usher
is a five domain protein composed of a 24-stranded B-barrel that forms the pilus
translocation channel, a plug domain that occludes the pore in the resting state, two
C-terminal (CTD1 and CTD2) and an N-terminal domain (NTD) that reside in the
periplasm and forms the chaperone:subunit binding sites (Remaut et al. 2008; Phan
etal. 2011). The usher NTD domain recruits the chaperone:adhesin complex and this
interaction is mostly mediated by the chaperone (Nishiyama et al. 2005). The subunits
are sequentially incorporated at the base of the growing pilus, starting from the tip
adhesin. In type 1 and P pilus assembly, the affinity of the usher (FimD/PapC) NTD is
highest for the chaperone:adhesin complex (FimC:FimH/PapD:PapG) and decreases
for later subunits (Dodson et al. 1993). Together with the differential affinities of the
usher for different subunit:chaperone complexes, favourable DSE kinetics of cog-
nate versus non-cognate subunit—Nte interactions direct the order of pilus assembly
(Nishiyama et al. 2003; Rose et al. 2008). Binding of the chaperone:adhesin complex
primes the usher for pilus assembly (Nishiyama et al. 2008). The pre-initiation step
was recently captured for in a crystal structure of the P pilus usher PapC bound to the
PapD:PapG chaperone:adhesin complex (Omattage et al. 2018). In this pre-initiation
complex, the chaperone:subunit is bound to the usher NTD, whilst the usher is still
in a locked conformation with the plug domain residing inside the lumen of the
B-barrel. A previous crystal structure of the FimD usher bound to the FimC:FimH
chaperone:adhesin complex capture the usher in its primed conformation and gave
exquisite insight into the mechanism of pilus assembly at the usher (Phan et al.
2011) (Fig. 12.1). In this structure, the lectin domain of FimH displaces the usher
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plug domain and traverses the lumen of the usher p-barrel, whilst its C-terminal
pilin domain remains bound to the FimC chaperone, itself bound to the usher by
the CTD1 and CTD2 domains. This primed usher configuration leaves the NTD, the
primary chaperone:subunit recruitment platform of the usher, accessible to bind the
next chaperone:subunit (FimC:FimG). When the new chaperone:subunit complex
binds the NTD, the subunit is oriented such that its N-terminal extension is ideally
positioned to undergo DSE with the subunit at the base of the growing fiber and
bound at the CTDs. During this DSE reaction, the Nte of the incoming subunit com-
petes out the donor B-strand of the chaperone in the chaperone:subunit at the CTDs
(Remaut et al. 2006; Phan et al. 2011). DSE is a concerted zip-in-zip-out process that
initiates at the so-called P5 pocket, a hydrophobic pocket accepting the incoming
Nte and not occupied by the chaperone donor strand (Remaut et al. 2006). At the end
of DSE process the chaperone dissociates from the now penultimate subunit and the
usher CTDs, after which the newly added chaperone:subunit complex shifts from the
NTD to the now liberated binding site at the CTD. This makes the NTD accessible
for a new recruitment round and translocates the pilus outward with one subunit step.
Consecutive iterations of the recruitment, DSE and translocation steps result in the
stepwise build-up of the pili. At all times, the pilus is tethered to the usher via the last
incorporated chaperone:subunit complex. In type 1 and P pili, the length of individ-
ual pili is rather uniform and depends on the incorporation of a dedicated terminator
subunit (Fiml and PapH, respectively) (Verger et al. 2006; Becarova 2015). These
terminator subunits show occluded P5 pockets, so that they cannot undergo DSE and
remain anchored in the usher. In many operons, however, there is no indication for
a terminator subunit and pilus growth is likely controlled by protein expression and
the availability of free subunits.

CU Pili as Antibacterial Targets

Because of their prime importance in bacterial virulence, chaperone-usher pili have
raised considerable interest as novel target for vaccine or antibacterial drug devel-
opment (Steadman et al. 2014). Let us consider the example of uropathogenic E.
coli, where type 1 pili are strongly associated with symptomatic bladder infections
(cystitis) by mediating strong attachment and invasion of the superficial umbrella
cells in the urothelium, resulting in tissue damage and inflammation (Mulvey et al.
1998). S and P pili are associated with ascending UTIs by the binding of sialosyl
oligosaccharides and globoside receptors in the kidney epithelium, respectively, lead-
ing to pyelonephritis (Roberts et al. 1994; Korhonen et al. 1986). More recently F9
fimbriae were shown important for inflammation-associated adherence in ongoing
and chronic bladder infections (Conover et al. 2016), and the type 1 and F17-like
pili were associated with the establishment of a gut reservoir of uropathogenic E.
coli (Spaulding et al. 2017). Strains lacking these pili are severely compromised in
the initiation, persistence and recurrence of UTIs. Indeed, a promising approach has
been proposed to use anti-adhesive agents that interfere with the bacterial adherence
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to the host tissue (Ruer et al. 2015). As such drugs would target bacterial virulence
factor rather than being bactericidal, the spread of antibiotic resistance mechanisms
is thought less likely to occur. Competitive inhibitors of FimH adhesin in the form of
a-D-mannose derivatives called mannosides, are highly efficacious in murine mod-
els of UTI (Cusumano et al. 2011; Spaulding et al. 2017). Mannosides reach low
nanomolar affinities and can be formulated as orally available anti-adhesive com-
pounds that successfully treat UPEC UTI. Anti-adhesive receptor-analogues have
also been reported for the P and F9 pili (Ohlsson et al. 2002; Kalas et al. 2018). An
alternative to competitive inhibition of the adhesin is the chemical attenuation of pilus
biogenesis. This has been achieved for type 1, P and S pili by inhibiting chaperone
docking to the usher using a family of bicyclic 2-pyridones, called pilicides (Pinkner
etal. 2006), or by competitive inhibition of the DSE reaction with organic compounds
(AL1) binding the subunit P5 pocket of FimH (Lo et al. 2014). Chaperone-usher pili
also make promising vaccine candidates. The immunization of mice and primates
with type 1 pilus adhesin FimH reduced the in vivo colonization of bladder as well as
recurrent UTTs (Langermann et al. 1997, 2000). In animal husbandry, immunization
of sows with cocktails including F4, F5, F6 and F41 fimbrial subunits from entero-
toxigenic E. coli protects the litter from neonatal diarrhea (Matias et al. 2017), and
passive immunization by addition of neutralizing antibodies of the F4 adhesin FaeG
to pig feed protects young animals from post-weaning diarrhea (Virdi et al. 2013).

Type V Pilus

In 2016 Xu et al. characterized a novel type of pili with a biogenesis mechanism
distinct from all known pilus systems and described as proteinase-mediated donor-
strand exchange (Xu et al. 2016). These unique pilus system, termed the Type V or
Bacteroidia pilus, is found exclusively in the Bacteroidia class. They were first coined
in Porphyromonas gingivalis, a human oral pathogen associated with severe adult
periodontitis and gingivitis (Xu et al. 2016). Bacteroidia pili play a role in bacterial
adhesion, co-aggregation and biofilm formation. Two morphologically different pili
of P, gingivalis have been described: major or long (0.3—1.6 wm), with a major pilin
subunit FimA (not to be confused with FimA major subunit of CU type 1 pilus), and
minor or short (80-120 nm), with a major pilus subunit Mfal (Hamada et al. 1996;
Yoshimura et al. 1984). Both major and minor pili are encoded by similar operons,
containing the genes of structural pilins forming the pilus stalk (FimA or Mfal,
respectively), anchoring pilins (FimB and Mfa2, respectively), tip pilins (Mfa4), as
well as other accessory subunits and regulatory elements.
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Type V Pilus Structure and Biogenesis

Type V pilins are composed of two domains: an N-terminal domain (NTD) and a
slightly larger C-terminal domain (CTD). Both domains have a transthyretin-like
fold that is composed of seven core B-strands organized into two p-sheets. The NTD
has an archetypal fold with 7 B-strands (A1-G1), whereas the CTD (except for Mfa4)
possess an C-terminal extension of two highly conserved amphipathic B-strands (A1’
and A2). Crystal structures of the P. gingivalis FimA superfamily stalk subunits
showed that this appendage may be present in two conformations: “open”—exposed
along the CTD, and “closed”—folded back to the CTD, with a flexible loop between
A1’ and A2’ strands (Xu et al. 2016) (Fig. 12.1f). The structural characterization of
type V tip pilins show that these subunits terminate the pilus structure, as they either
lack the A1'-A2" appendage (e.g. Mfa4), or the appendage interacts with a fused
C-terminal lectin domain (e.g. BovFim1C) (Kloppsteck et al. 2016; Xu et al. 2016).

The biogenesis of type V pilus superficially resembles the donor strand-mediated
fold complementation mechanism seen in CU pilus, however, it additionally requires
the lipoprotein precursors of pilin subunits and outer membrane proteinase. It is
thought that the mechanism of type V pilus assembly, both in P. gingivalis and
B. fragilis, is based on the lipoprotein sorting pathway, although this has not been
unambiguously demonstrated (Shoji et al. 2004). Type V prepilins are produced as
lipoprotein precursors. Importantly, prepilins possess exceptionally long signal pep-
tides, as compared to other bacterial pilins. The C-terminal part of the signal peptide
is called a lipobox and contains the lipidated cysteine residue. Pilin subunits are trans-
ported by SecYEG machinery to the periplasmic side of inner membrane, where they
are folded, and their signal peptide is cleaved off by a type II signal proteinase. Sub-
sequently, the C-terminal cysteine residue is lipidated and the modified pilin subunits
are secreted to the extracellular environment. How the periplasmic transport and outer
membrane translocation step occur is presently unknown. Whether this requires the
help of a periplasmic chaperone and outer membrane usher-like protein remain to be
identified. The folded pilins occur in the periplasm in the “closed” state, therefore
they are predicted to be stable and the presumed chaperone most likely binds the
lipid moiety present on the pilin N-terminus. The mechanism of type V pilus assem-
bly at the outer membrane has not been described yet, but it is hypothesized to be
based on the lipoprotein-sorting machinery. The first pilin subunit bound to the outer
membrane is an anchor pilin, which is docked in the membrane via the N-terminal
lipid moiety. Next pilin subunits, stalk and tip pilins, undergo the cleavage of the N-
terminal short peptide, by trypsin-like arginine and lysine specific proteinase located
in the outer membrane: gingipain R or gingipain K (Rgp or Kgp). The proteolytic
step yields the mature, assembly-prone form of pilin (Nakayama et al. 1996). During
proteolytic maturation, the Al B-strand is removed, and an extended hydrophobic
groove is generated in the NTD. This groove can now be occupied by the p-strand
from the neighbouring subunit, similarly as in the chaperone-usher pilus. Although
both N-terminal and C-terminal regions of the adjacent pilin have been suggested to
act as donors of complementing strand (Kloppsteck et al. 2016; Xu et al. 2016), the
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involvement of the flexible C-terminal appendage of A1’ and A2’ was validated by
the cross-linking experiments (Xu et al. 2016). Accordingly, the hydrophobic groove
of NTD can be occupied by the extended C-terminal appendage of the neighbouring
subunit, with the A1’ strand filling the NTD groove to restore seven f-stranded fold,
and the A2’ strand complementing the CTD groove, parallel to G2 strand, which in
“closed” conformation was occupied by its own A1” and A2’ strands (Xu et al. 2016)
(Fig. 12.1e). A recent study confirmed the crucial role of the conserved sequences
in both N- and C-termini of the pilus subunit Mfal in subunit polymerization of
Mfa fimbriae. Treatment of P. gingivalis with peptides analogous to these sequences
inhibits the Mfa fimbriae assembly and impedes biofilm formation (Alaei et al. 2019).

Type 1V Pili

Type IV pili (T4P) are several micrometres long, flexible surface appendages that
are bacterial virulence factors, widely distributed in many Gram-negative bacte-
ria, including Pseudomonas aeruginosa, Neisseria gonorrhoeae, N. meningitidis,
Mpyxococcus xanthus. Some of the bacterial species, like Vibrio cholerae and
enteropathogenic E. coli (EPEC), produce bundle-forming pili, required for adher-
ence to epithelial cells and auto-aggregation (Ramboarina et al. 2005). Apart from
Gram-negative bacteria, type [V-related pili have also been identified in Gram-
positive genera Clostridia and Ruminococcus, in Cyanobacteria and in archaea,
where they form the archellum, suggesting an early evolutionary origin of this sys-
tem (Imam et al. 2011; Proft and Baker 2009; Szabd et al. 2007). Type IV pili
are multifunctional organelles with a distinguishing ability to extend and retract by
reversible polymerization and depolymerization. They play a role in adhesion to host
cells and solid substrates, in biofilm formation, DNA and phage uptake, cell motil-
ity, cellular invasion as well as microcolony formation. Apart from their function
in virulence, type IV pili machinery powers a flagella-independent type of bacterial
movement known as twitching motility (Mattick 2002). This is possible thanks to the
repeated cycles of extension, adhesion and retraction powered by cytoplasmic adeno-
sine triphosphatases (ATPases). Although T4P are very thin (6-9 nm) structures, they
are remarkably strong molecular machines that can endure extensive forces of over
100 pN (Maier et al. 2002).

Type IV pilus subunits share a distinguishing N-methylated N-terminus, and a
conserved hydrophobic N-terminal 25-residue a-helical domain and a C-terminal
disulphide bonded pB-domain (Craig et al. 2004). Based on the sequence similarity
and length, type IV pilins are divided into two subclasses: type IVa and type IVb.
The type IVa pilins are shorter (average length of mature protein: 150 amino acids)
than the type IVb pilins (190 amino acids), and hold a shorter signal peptide (5—6
amino acids for type IVa and 15-30 amino acids for type IVb) (Craig and Li 2008).
The N-methylated N-terminal residue of type IVa pilins is always phenylalanine,
whereas for type [Vb it may be methionine, leucine or valine. Comparison of the
available pilin structures shows notably different protein topologies in the B-domain
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of type IVa and type IVb pilins. The conserved N-terminal hydrophobic a-helix
of Type IV pilus subunits acts both as a transmembrane and coiled-coil protein
interaction domain in the structural core of the pili (Giltner et al. 2012) (Fig. 12.2).
Although the general build-up is equivalent, Type IVa and type IVb pilins form
pili that differ in diameter and helical structure. The occurrence of these two pilus
types is also different: type IVa are found in many Gram-negative bacteria, including
pathogens like Neisseria spp. or P. aeruginosa, whereas type IVb pili have only been
found in human enteric bacteria, like V. cholerae, Salmonella enterica serovar Typhi,
enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC). The host range
of type I'Va pili expressing pathogens is much broader and includes humans and other
mammals, plants and possibly other bacteria (Craig et al. 2004). Interestingly, the
type IVa pili assembly requires a complex machinery built of many components,
which genes are scattered around the whole bacterial genome. In contrast, type IVb
pili assembly systems are composed of smaller number of proteins usually encoded
by gene clusters, sometimes present on the plasmids (Pelicic 2008).

Overall, the architecture of both type IVa and type IVb pilins is similar. They are
small (15-20 kDa) proteins having a conserved lollipop-like fold with an extended
hydrophobic N-terminal a-helical spine (a1) and a globular C-terminal head domain,
typically composed of four to seven-stranded antiparallel B-sheet. The hydrophobic
N-terminal part of a1 helix, a1-N, protrudes from the protein core, while the amphi-
pathic C-terminal part, a1-C, is embedded in the globular domain and packs against it.
The head domains hold two regions involved in T4P interactions: a D-region, contain-
ing the conserved cysteines, and exposed af-loop that can undergo post-translational
modifications (Fig. 12.2b). For example, the N. gonorrhoeae gonococcal (GC) pilin
D-region forms a ridge that displays hypervariable surface regions, and the second
ridge is formed by af-loop containing two post-translational modifications (Craig
and Li 2008). The structural diversity of type IV pilins results from the loop sequence
differences as well as the topology of the secondary structure elements in the globu-
lar domain (Craig et al. 2004; Giltner et al. 2012). Type IVa pilins are characterized
by four contiguous B-strands as in the N. gonorrhoeae GC pilin (Parge et al. 1995),
whereas the type IVDb pilins display more variable $-sheet topology, with five to seven
B strands, as in the case of EPEC BfpA pilin or V. cholerae TcpA pilin (Craig and Li
2008; Craig et al. 2003).

Type IV Pilus Assembly Components and Biogenesis

Type IV pilus (T4P) machinery is a multimeric protein assembly that spans both
inner and outer membrane in Gram-negative bacteria. It is homologous to the type
2 secretion system (T2SS), which is involved in the transport of folded proteins
from the periplasm to the extracellular environment across the cell membrane (Berry
and Pelicic 2015). T2SS assembles a periplasmic pseudopilus that is implicated in
the secretion of toxins and hydrolytic enzymes, whereas type IV pilus machinery is
responsible for the assembly and disassembly of pilin subunits in the core of the pilus.
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Fig. 12.2 The architecture of type IV pilus systems. Left: Schematic representation of the archety-
pal type IV pilus system. The structures presented in the figure come from different organisms.
The pilus rod is composed of thousands of helically arranged pilin subunits (represented by PilE
from N. meningitidis, EMDB entry: EMD-8287, PDB entry: SKUA). The pilus traverses the outer
membrane pore (PilQ from N. meningitidis, EMDB entry: EMD-2105, PDB entry: 4AV2). The
pilus elongation and retraction is catalysed by cytoplasmic ATPases (PilF from 7. thermophilus,
PDB entry: 501U and PilT from A. aeolicus, PDB entry: 2GSZ). a Cryo-EM map of type IV pilus
rod of N. meningitidis (EMDB entry: EMD-8287, PDB entry: SKUA) with the neighbouring PilE
subunits shown. b Structures of type I'Va pilins: pilin GC from N. gonorrhoeae (PDB entry: 2PIL)
and PAK pilin from P. aeruginosa (PDB entry: 10QW) and type IVb pilin: truncated TcpA pilin
from Vibrio cholerae (PDB entry: 10QV). The ap-loops are shown in green and the D-regions
are shown in magenta. Right: The architectural model of the type IVa pilus machinery from M.
xanthus in a non-piliated and piliated state (PDB entries: 3JC9 and 3JCS8, respectively). PilA pilus
subunits are shown in light blue. The components of secretin subcomplex, N-terminal motif of
TsaP, LysM (turquoise), together with PilQ AMIN domains (green) anchor the entire basal body to
the peptidoglycan layer. The alignment subcomplex components, PilN (grey) and PilO (pink) form
coiled coils that is a link between the secretin and motor complexes. Lipoprotein PilP (khaki) is
anchored in the inner membrane and PilM (beige) is located in the cytoplasm. The motor complex
components, hexameric ATPase PilB (red) and inner membrane PilC (orange) are present at the
base of the system. Strikingly, the distance between inner and outer membrane has been found to
be longer in the piliated state of the system
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Moreover, in contrast to CU pili and curli, the biogenesis of type IV pili requires ATP
as an energy source (Turner et al. 1993). The same holds true for pilus disassembly
(Merz et al. 2000). The nomenclature of T4P components varies drastically amongst
different organisms, in this chapter the P. aeruginosa nomenclature will be used.

The biogenesis of type IV pilus requires the action of a specialized machinery,
including an outer membrane secretin subcomplex (PilQ, PilF, TsaP), an inner mem-
brane motor subcomplex (PilC, PilB, PilT) and an alignment subcomplex (PilM,
PiIN, PilO, PilP) (Leighton et al. 2015a). The outer membrane secretin subcom-
plex is composed of two elements: PilQ, a large gated multimeric outer membrane
pore and a pilotin PilF, which function is to ensure correct localization, assembly
and outer membrane insertion of the secretin subcomplex. In N. gonorrhoeae and
M. xanthus there is another component of secretin subcomplex present, the T4P
secretin-associated protein, TsaP. This component was suggested to anchor the outer
membrane secretin subcomplex to the peptidoglycan cell wall by its LysM motif
(Siewering et al. 2014), but its role requires further investigation. The motor sub-
complex is made up of the inner membrane protein PilC and the cytoplasmic ATPases
PilB and PilT, which drive the processes of pilus elongation and retraction, respec-
tively (Whitchurch et al. 1991; Chiang et al. 2005). The alignment subcomplex,
composed of highly conserved PilM, PiIN, PilO and PilP proteins, functions as a
platform connecting the secretin and the motor complexes (Thanassi et al. 2012;
Takhar et al. 2013). The function of particular subunits has not been described, how-
ever recent study show that PiINO complex is a dynamic link between the secretin
and motor complexes, involved in both elongation and retraction of type IV pilus
(Leighton et al. 2015b). PilP subunit is bound to the PilQ pore, which stabilizes its
assembly during pilus secretion as the passage of the pilus through the pore requires
the disassembly of membrane-spanning domains of PilQ (Berry et al. 2012). PilN
and PilO subunits form a dimer via their periplasmic domains. This dimer serves as
an anchor of the whole alignment subcomplex in the inner membrane and binds the
periplasmic lipoprotein PilP, which interacts with the PilQ pore. Finally, PilN binds
the actin-like protein PilM, so that all the cellular compartments are connected via
the PIIMNOPQ protein interaction network. This trans-envelope complex interacts
also with the PilA major pilus subunit and facilitates the passage of the pilus through
the periplasm (Tammam et al. 2013). The final pilus rod is made of major subunit
PilA (PilE in N. meningitidis) and minor pilus subunits, FimU, PilV, PilW, PilX and
PilE, which together form a pilus rod, organized in a helical manner.

The pilus formation starts from the insertion of the prepilin subunits into the inner
membrane by the SecYEG translocon. Prepilin maturation requires the cleavage of
the signal peptide and methylation of the mature pilin N-terminus by the action of
prepilin peptidase PilD (Zhang et al. 1994; Lory and Strom 1997). Prior to incor-
poration into the pilus, the conserved hydrophobic N-terminal a-helix in the mature
pilins anchors them in the inner membrane, with the globular domain exposed to the
periplasm. Mature pilin subunits are then extracted from the inner membrane and
incorporated into the base of a growing pilus by the assembly machinery, in a process
that involves coiled-coil interactions between the N-terminal a-helices in the central
hydrophobic core of the pili (Craig et al. 2006). The assembled T4P core passes
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through the outer membrane secretin PilQ, which is a multimeric gated channel,
homologs of which are also present in type II and type III secretion systems (Bitter
et al. 1998). The assembly-disassembly of the pilus core requires ATP hydrolysis,
by the action of the cytoplasmic ATPases, PilB (PilF in T. thermophilus) and PilT,
respectively (Misic et al. 2010; Collins et al. 2018; Turner et al. 1993). Finally, the
T4P assembly requires an integral inner membrane protein PilG, as well as several
minor pilins (PilH-K) (Tonjum et al. 1995; Winther-Larsen et al. 2005).

Structure of Type 1V Pili and Their Assembly Machinery

Since the T4P machinery is a large multiprotein assembly, the reconstruction of its
overall structure in an intact state is a challenging task, despite the many structures of
individual T4P components being available (Misic et al. 2010; Karuppiah and Derrick
2011; Kim et al. 2006; Berry et al. 2012; Craig et al. 2003). Cryo-electron tomogra-
phy (cryo-ET) enabled reconstruction of type IV pilus machinery from M. xanthus
and T. thermophilus intact cells, at resolutions 30-40 A and 32-45 A, respectively
(Chang et al. 2016; Gold et al. 2015). The structures from both organisms showed
the T4P machineries to span the entire cell envelope and to be present in a closed
state in the absence of pilus and an open state when the pilus is present. Models with
the available structure of individual components docked into the cryoET volumes
indicate that in general the same core components form the overall T4P machin-
ery in both organisms (Fig. 12.2). The differences include longer PilQ secretin in
T. thermophilus, which is characterized by larger distance between inner and outer
membrane. Moreover, Thermus lacks the PilP homologue, which in M. xanthus is
a part of mid-periplasmic ring. The T4P secretion apparatus is made of four inter-
connected rings, three in the periplasm and one in the cytoplasm, a cytoplasmic disc
and dome, a periplasmic stem and an outer membrane pore (Fig. 12.2). In the rest-
ing, non-piliated state the PilA major pilus subunits form the short stem, whereas
in the piliated state this structure transverse through the periplasmic rings and the
PilQ pore to the external environment. The pilus arises at the cytoplasmic dome
formed by cytoplasmic domains of IM PilC, surrounded by PilM cytoplasmic ring.
The coiled coils across the inner membrane connect the cytoplasmic ring with the
lower periplasmic ring, which is composed of the globular domains of PilO and PiIN.
Periplasmic domains of PilQ with PilP form the mid-periplasmic ring and the upper
periplasmic ring is composed of TsaP around PilQ. The structure docking suggests
a 1:1 stoichiometry of ring components PilP, PiIN, PilO, PilM and TsaP (Fig. 12.2).
Although the modelling suggests 12 copies of each subunit, the exact number of
particular subunits is still in question (Leighton et al. 2015a; Tammam et al. 2013).
The hexameric ATPases PilB and PilT bind interchangeably to the base of the T4P
machinery and occur as a cytoplasmic disc in the piliated structure during elongation
and retraction, respectively. The other differences between piliated and non-piliated
state include the opening of the PilQ gate (PilQ of T. thermophilus has 2 gates) and
the pilus traversing the periplasm and PilQ pore into the extracellular environment.
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Interestingly, the distance between inner and outer membrane is longer in the pili-
ated state, possibly due to the presence of the pilus. The model of pilus assembly
was proposed, where ATP hydrolysis by PilB induces PilC rotation and relocation
to facilitate incorporation of PilA major pilus subunits, one at a time, from the IM
to the base of nascent pilus. In contrast, PilT bound to the basal body induces pilus
retraction, by rotating PilC into location that induces expulsion of PilA subunits
(Chang et al. 2016). Furthermore, PiINO heterodimer was found to participate in
both pilus retraction and elongation (Leighton et al. 2015a). The structure of type IV
pilus rod from N. meningitidis was modelled by fitting the 1.44 A crystal structure
of major pilin PilE subunit into the ~6 A cryo-EM density map (Fig. 12.2). The fully
assembled T4P core is composed of the N-terminal a-helices packed together in a
coiled arrangement in the centre of the structure, with the globular domains facing
to the outside. Notably, the a-helical order is lost in the central part of al in the
intact pilus (between residues Gly14 and Pro22), making this region more flexible.
The extension of this region may be responsible for the spring-like properties of
type IV pilus under shear forces (Kolappan et al. 2016). Importantly, the glutamate
residue Glu5 of each subunit was confirmed to be essential for the assembly of T4P,
as it forms a salt bridge with the positively charged N-terminal amine of the adjacent
subunit. This interaction is believed to be involved in the incorporation of subsequent
pilins from the inner membrane into the nascent pilus (Craig et al. 2006; Kolappan
et al. 2016).

Mycobacterial Pili

For a long time, there was no evidence of pili produced by mycobacteria. However,
in 2005 Alteri observed by negative staining and transmission electron microscopy
(TEM) that mycobacteria produce two morphologically distinct types of pili: type
IV- and curli-like pili (MTP) (Alteri 2005). Mycobacterium type IV pili are flexi-
ble appendages forming rope-like bundles. The analysis of M. tuberculosis genome
showed that this organism contains the type IVb pili gene cluster, encoding small
type IVD prepilins of the Flp pili family (fimbrial low-molecular weight protein).
The Flp protein expression and secretion by M. tuberculosis was confirmed by gene
expression analysis and immunofluorescent microscopy. M. tuberculosis type IVb
pili are encoded by a 5-kb genomic island, which contains seven genes, including type
IVDb flp prepilin, a transmembrane protein and secreted proteins (Danelishvili et al.
2010). In addition, two Flp family prepilin peptidases were found distant from the fip
locus. These two proteins encoded by Rv0990c and Rv2551c ORFs are thought to be
involved in the secretion or cleavage of the Flp prepilin substrate. The flp locus of M.
tuberculosis is homologous to flp-tad locus of Aggregatibacter actinomycetemcomi-
tans and was presumably acquired by horizontal gene transfer. In many pathogens
Flp/Tad pili serve as colonization factors and promote biofilm formation (Ramsugit
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and Pillay 2015). As M. tuberculosis is a non-motile organisms, its type IV pilus
potentially functions as adherent factor, which was also initially proved by Alteri
(2005). Its function, however, needs to be further elucidated.

Bacterial Amyloid Fibers

Curli and Fap are functional bacterial amyloid fibers secreted by many Gram-negative
bacteria as part of an extracellular matrix that binds cells together to form bacterial
communities known as biofilms. Biofilms are a commonly found sedimentary life-
form for bacteria. The extracellular matrix helps adherence to the substrate and
provides a protective shield that helps cells cope with various environmental stress
such as oxidative damage, desiccation, antibiotics as well as host immune responses
(Branda et al. 2005; Depas et al. 2015; Hall-Stoodley and Stoodley 2009). Biofilms
can be found on both biotic and abiotic surfaces in almost all kinds of environments
(Chai et al. 2013; Jeter and Matthysse 2005; Otter et al. 2015; Ryu and Beuchat 2005;
Uhlich etal. 2006). The secreted extracellular matrix is composed of polysaccharides,
nucleic acids and protein fibers. Functional amyloids can constitute a major fraction
(up to 85%) of the biofilm matrix (Larsen et al. 2008; Reichhardt and Cegelski 2014).
Historically, amyloids are best known for their association with neurodegenerative
diseases such as Alzheimer’s, Parkinson’s and Huntington’s disease and are con-
sidered off-pathway protein folding products that are associated with cytotoxicity
(Chiti and Dobson 2006). However, over the last two decades an increasing num-
ber of examples emerged of so-called functional amyloids, where the amyloid state
comprises the native state of the protein and fulfils an adapted biological function
(Blanco et al. 2012). In bacteria, several such functional amyloids are involved in
biofilm formation, adherence, persistence and pathogenesis (Fowler et al. 2007; Van
Gerven et al. 2018). Curli is one of the first and most extensively studied bacterial
amyloids. Curli were first identified in Salmonella (Grund and Weber 1988) and E.
coli (Olsén et al. 1989) biofilms and later found to be broadly distributed amongst
Proteobacteria and Bacteroidetes (Dueholm et al. 2012). A recently discovered bac-
terial amyloid system is Fap, found in Pseudomonas (Dueholm et al. 2010). Curli
and Fap both form surface-localized linear fibers implicated in biofilm formation.
Although non-homologous, both systems share a number of common characteristics,
such as an amyloid-like cross § architecture of the fibers, the presence of a minor
and major subunit that act as a specific nucleator and the main polymerizing subunit,
respectively, as well as diffusion-driven secretion channels in the outer membrane.
This section will discuss in detail, the structure and function of components of Curli
and Fap systems.
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Curli

The curli pathway is one of the most extensively studied functional amyloid system.
Curli subunits are secreted through the type VIII secretion system, also known as
the nucleation-precipitation pathway (Chapman et al. 2002; Olsén et al. 1989). In E.
coli, curli subunits and assembly machinery are encoded in two csg (curli structural
gene) operons: csgBAC and csgDEFG (Chapman et al. 2002; Hammar et al. 1995).
CsgD is the master regulator of the curli biogenesis as it activates the transcription
of csgBAC operon through a coordinated complex signalling network (Brombacher
et al. 2003; Chirwa and Herrington 2003; Gerstel and Romling 2003). CsgA is the
major structural component of the curli fibers while CsgB is the nucleator of amyloid
self-assembly (Olsén et al. 1989; Chapman et al. 2002). CsgC is a periplasmic pro-
tein responsible for inhibition of premature polymerization of CsgA and therefore
possibly helps the bacteria in keeping a check on the cytotoxic aspects of amyloids
(Evans et al. 2015). CsgG is an outer membrane protein forming a pore responsible
for transport of the curli subunits from the periplasm to the extracellular space. It
forms a pore complex by interacting with CsgE in the periplasmic side and CsgF in
the extracellular side of the outer membrane. CsgE helps in fine-tuning the regula-
tion of transport of CsgA and CsgB through the pore complex (Goyal et al. 2014;
Nenninger et al. 2011) while CsgF interacts with CsgG and CsgB to possibly act as
the interface between the assembled fibers and the outer membrane (Nenninger et al.
2009; Schubeis et al. 2018).

Architecture of Curli Fibers

Curli fibers are composed of two components, the major structural component CsgA,
and minor nucleator component CsgB. In E. coli, both subunits are approximately
13 kDa polypeptides. A 20 residue long N-terminal signal peptide targets the subunits
for export to the periplasm by the SecYEG translocon, after which it is cleaved
off (Chapman et al. 2002; Olsén et al. 1989). The first 22 residues of the mature
subunits (after proteolytic removal of the signal peptide), termed N22, are believed
to form a pathway-specific targeting signal. N22 is sufficient to direct native and non-
native proteins to the outer surface through the curli secretion machinery (Robinson
et al. 2006). N22 is followed by the amyloidogenic core domain of the subunits,
formed by five pseudo repeat sequences of ~22 amino acids, termed R1 to R5. In
other species, CsgA can be considerably longer, encompassing over twenty pseudo-
repeats. The pseudo-repeats hold an average 30 percent pairwise sequence identity.
Isolated pseudo-repeat peptides are in themselves amyloidogenic, though can differ
strongly in their assembly propensity. In E. coli CsgA for instance R1, R3 and RS
will readily self-assemble, whilst R2 and R4 only poorly do so (Hammer et al. 2007,
Wang et al. 2007, #128). Although in vitro CsgA will self-assemble into curli-like
fibers, the minor subunit CsgB acts as a potent nucleator for CsgA fibrillation. In
vivo, the formation of cell surface associated curli requires the nucleator CsgB, in



386 M. Lukaszczyk et al.

a process that is dependent on the curli accessory protein CsgF (Nenninger et al.
2009). R4 and RS of CsgB (with its markedly different primary sequence containing
four positively charged residues Lys133, Argl40, Argl47, and Argl51) has been
implicated in interaction of CsgB with CsgF (Hammer et al. 2012). Deletion of R4
or RS in CsgB results in secretion of CsgA and CsgB to the exterior without any
association to the cell surface (Hammer et al. 2012). Although CsgB is required for
nucleation of CsgA in vivo, both CsgA and CsgB can form fibers independently
in vitro (Shu et al. 2012).

Experimental structures of the CsgA or CsgB subunits and the assembled curli are
currently lacking. Staining with amyloid-responsive dyes (Congo Red and thioflavin
T), circular dichroism spectra and X-ray diffraction experiments on CsgA fibers point
to the presence of a cross- structure with nucleation-dependent growth characteris-
tics, typical of amyloids (Chapman et al. 2002; Shewmaker et al. 2009). Solid state
NMR studies, however, indicate that unlike classical amyloids, CsgA does not have
an in-register parallel § sheet architecture (Shewmaker et al. 2009). Using calcula-
tions of amino acid contacts based on covariation of amino acids in various CsgA
homologues, a model has been proposed. According to this model CsgA is expected
to have a P helical architecture, where each pseudo-repeat forms one helical turn
(Tian et al. 2015). This model is consistent with results of simulations designed to
find the lowest energy conformation of a single molecule. Another model proposed
by Louros et al. (2016) based on the Salmonella CsgA homology model depicts the
curli fibers as two-start filaments made of stacked P-helical solenoids (Collinson
et al. 1993). However, there is ambiguity in the handedness of the helix. Experi-
mental evidence supporting these models is still missing. In vitro studies of CsgA
self-assembly using high speed atomic force microscopy has revealed polarity in
growth of the fiber, with one end growing visibly faster than the other. Also, they
exhibit stop-and-go dynamics in growth where periods of stagnations are interrupted
by steady bursts of elongation (Sleutel et al. 2017).

The Curli Assembly Machinery

Secretion and assembly of curli requires a dedicated transport channel in the outer
membrane, CsgG, and two accessory proteins CsgE and CsgF (Loferer et al. 1997,
Nenninger et al. 2009; Robinson et al. 2006). In E. coli CsgG is a 262-residue
long lipoprotein that forms a nonameric transport complex that traverses the OM
through a 36-stranded B-barrel (Cao et al. 2014; Goyal et al. 2014) (Fig. 12.3). Prior
to insertion in the OM, CsgG is found as a soluble monomeric protein. The trans-
membrane B-barrel is formed upon circular oligomerization of nine subunits, each
contributing two B-hairpins to the channel (Goyal et al. 2014). The pore volume is
separated into two 3—4 nm wide cavities on the periplasmic and extracellular side of
the outer membrane, separated by a diaphragm-like 1 nm wide constriction formed
by the lateral packing of a conserved 12-residue ‘constriction loop’ (CL) in the nine
subunits. The luminal lining of the constriction is composed of three stacked con-
centric rings formed by the side chains of residues Y51, N55, and F56 (Goyal et al.
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Fig. 12.3 The biogenesis pathways of the bacterial amyloids curli and Fap. a Schematic represen-
tation of the curli assembly pathway and the E. coli csgBAC and csgDEFG gene clusters. Blue and
dark blue: major curli subunit CsgA and nucleator subunit CsgB, respectively. CsgG forms the OM
curli translocation channel (green; PDB entry: 4UV3), bound on the outer side by the accessory
protein CsgF (dark green; PDB entry: 5SM1U), and the on the periplasmic side by the secretion
factor CsgE (yellow; PDB entry: 2NA4). In the periplasm, the amyloid chaperone CsgC (orange,
PDB entry: 2Y2Y) prevents premature curli fiber formation. b Schematic representation and operon
structure of the Fap assembly pathway. The major Fap subunit FapC and presumed Fap nucleator
subunit FapB are shown in blue and dark blue, respectively. FapF (dark green, PDB entry: 5065)

2014). The latter is strictly conserved and was found important for curli secretion.
A structurally equivalent phenylalanine “clamp” is observed in the Anthrax protec-
tive antigen, where it facilitates recruitment and translocation of unfolded protein
substrate to the secretion channel (Krantz et al. 2005). Single channel conductance
experiments and structural data suggest CsgG operates as an ungated peptide diffu-
sion channel (Goyal et al. 2014). The driving force for protein translocation in the
curli pathway is currently unknown. Under physiological concentrations, secretion
of curli subunits requires the 12 kDa periplasmic accessory protein CsgE (Nenninger
et al. 2011). CsgE provides specificity to the CsgG channel and has been found to
form a periplasmic plug to the channel (Nenninger et al. 2011; Goyal et al. 2014,
#122). In vitro, CsgE maintains equilibrium between a monomeric and nonameric
species. The latter forms a dynamic complex with CsgG, forming a cap-like struc-
ture that closes off the periplasmic vestibule of the channel (Goyal et al. 2014).
CsgE inhibits CsgA polymerization when added in stoichiometric amounts, indicat-
ing it can directly interact with the secretion substrate (Nenninger et al. 2011). The
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solution NMR structures of CsgE W48A/F79A, a mutant that stabilizes the CsgE
monomer, reveal a globular mixed o/p fold with three distinct electrostatic surfaces,
(i) a positively charged “head,” (ii) a negatively charged “stem” and (iii) a negatively
charged “tail” region (Klein et al. 2018; Shu et al. 2016). The positively charged head
region has been implicated in CsgE-CsgA interaction. However, how and at what
time during the secretion process CsgE interacts with the secretion substrates is cur-
rently unknown. It is speculated that CsgE recruits CsgA and CsgB to the secretion
complex. A second accessory factor to the curli secretion-assembly machinery is
CsgF, a 13 kDa protein that is localized on the extracellular surface (Nenninger et al.
2009). CsgF acts a coupling factor between secretion and assembly of curli subunits.
Although csgF null mutants secrete CsgA and CsgB, they lack surface-attached
curli fibers (Chapman et al. 2002; Nenninger et al. 2009). Instead, secreted CsgA is
found as non-polymerized monomers and dispersed curli fibers in the extracellular
milieu (Nenninger et al. 2009). In vivo, CsgB surface attachment and activity as curli
nucleator depend on CsgF, and available data suggest CsgF acts as a curli assembly
chaperone through direct interaction with the curli nucleator CsgB, an interaction
that is found to depend on CsgB’s C-terminal repeats R4 and R5 (Nenninger et al.
2009). A recently determined solution NMR structure of CsgF shows a small o/
domain, preceded by a long, highly disordered N-terminus (Schubeis et al. 2018).
How the protein interacts with the secretion channel and the secretion substrates is
unknown.

A last component in the curli assembly-secretion pathway is the CsgC (also
referred to as CsgH outside y-proteobacteria), an 11 kDa periplasmic protein (Ham-
mar et al. 1995; Dueholm et al. 2012; Evans et al. 2015; Taylor et al. 2016). CsgC
is dispensable for curli assembly, and for long, the physiological role of the protein
remained obscure (Gibson et al. 2007; Taylor et al. 2011). A recent study showed the
protein protects bacterial cells from toxicity associated with an accidental periplas-
mic accumulation of curli subunits (Evans et al. 2015). It does so by inhibiting CsgA
and CsgB fiber formation at sub-stoichiometric concentrations. The crystal structure
of CsgC reveals a 7-stranded -sandwich protein with a striking CxC motif similar to
its structural homolog DsbD (Taylor et al. 2011). However, this CXC motif does not
appear to be involved in CsgC’s amyloid inhibitory activity, which relies on electro-
static interaction with the curli subunits (Taylor et al. 2016). The exact mode of action
of the amyloid inhibitor remains unclear. Whilst Taylor and co-workers suggested
CsgC to act on an amyloid precursor (Taylor et al. 2016), a study that followed CsgA
fibrillation in presence of CsgC using atomic force microscopy indicated the protein
acts primarily by inhibiting fiber elongation, presumably by capping the fiber growth
poles (Sleutel et al. 2017). Strikingly, the inhibitor is also able to attenuate fibrillation
in other amyloids such as a-synuclein, albeit at higher concentrations (Evans et al.
2015).
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Fap Fibers

Fap is another functional bacterial amyloid system found in proteobacteria (-, 8-, and
y-proteobacteria). Although evolutionarily unrelated to curli, it too uses a dedicated
pathway for secretion and assembly of cell-surface localized amyloid fibers. Similar
to curli, Fap are part of the extracellular matrix of biofilm-associated cells, where
they increase colony hydrophobicity and stiffness to enhance survival under various
harsh environments (Zeng et al. 2015). Fap was initially identified in pathogenic and
non-pathogenic Pseudomonas species, and subsequently found in the genomes of
at least 39 additional genera of proteobacteria (Dueholm et al. 2010; Rouse et al.
2018a). The Fap pathway is encoded by the fapABCDEF operon, which includes
the structural fiber proteins (FapB, FapC and FapE), as well as the proteins required
for safe guidance across the periplasm (FapD, FapA) and secretion across the outer
membrane (FapF) (Dueholm et al. 2010). Fap components are exported to periplasm
via the SecYEG translocon where the signal sequence is cleaved off. Mature FapB,
FapC and FapE are then secreted through FapF, a trimeric outer membrane pore com-
posed of three 12-stranded p-barrels, each plugged by a 13-residue a-helix that join
into a periplasmic asymmetric triple coiled-coil via a 40-50-residue long flexible
connector (Rouse et al. 2017, 2018b). The N terminal coiled coil domain and helical
plug are thought to present a mechanism to regulate substrate transport, although
if and how the plugged channels are gated remains unknown. FapC is the major
structural component of the amyloid fiber, analogous to CsgA in curli. The pro-
tein is composed of three amyloid-prone pseudo-repeat regions of approximately 30
residues, interrupted by two linker regions (Bleem et al. 2018; Dueholm et al. 2010,
2013). FapB is a minor structural component of Fap, has shorter repeats compared to
FapC, and is proposed to act as nucleator, analogous to CsgB (Dueholm et al. 2010).
FapD and FapF are two periplasmic accessory proteins (Rouse et al. 2017, 2018b).
FapD is a C39-family protease that is proposed to play a key role in selectivity of the
FapF pore (Rouse et al. 2017). Deletion of FapD or mutation in its cysteine active site
resulted in the loss of FapC secretion, suggesting FapD is indeed a peptidase and has
aregulatory role (Rouse et al. 2017). FapA is speculated to be a periplasmic inhibitor
of Fap assembly, countering cytotoxic effects of premature amyloid polymerization
of FapC amyloid, similar to the role of CsgC in the curli system (Rouse et al. 2018a).

Type IV Secretion Pilus

Type IV secretion(T4SS) pili are the extracellular, tubular filaments of Type IV
secretion machineries, capable of transporting DNA, proteins and nucleoprotein
complexes in and out bacteria and archaea. These systems serve three major pur-
poses in the bacteria, (i) conjugation, (ii) DNA uptake (competence) and release,
and (iii) delivery of effector proteins (Grohmann et al. 2018). Conjugation is the
process by which a donor cell delivers genetic material (plasmids, Integrative and



390 M. Lukaszczyk et al.

Conjugative Elements (ICEs)) into a recipient cell in a contact dependent manner
(Waksman 2019). Two well-known examples are the F plasmid transfer system (Tra
operon) in E. coli, mediating horizontal gene transfer and propagating antibiotic
resistance genes and the Ti plasmid injection system in Agrobacterium tumefaciens,
associated with crown gall disease in plant hosts. The second function of the type IV
secretion systems is DNA uptake, also known as bacterial competence (ComB sys-
tem in Helicobacter pylori) and release (Tra system in N. gonorrhoeae), for fitness,
pathogenicity and virulence of the species. A third group of T4SSs found in bacterial
pathogens functions to deliver protein effectors into eukaryotic host cells. Examples
include the VirB/VirD4 and Trw T4SSs in Bartonella species, and the Cag secretion
system in the gastrointestinal pathogen H. pylori, which mediates the injection of
the oncogenic effector protein CagA (Backert et al. 2017; Wagner and Dehio 2019).

Type IV secretion systems are broadly distributed and diverse in composition and
function. In this review, we will focus on the VirB/VirD4 T4SS of A. tumefaciens
and the F plasmid conjugative system of E. coli.

Architecture of Type IV Secretion Pili

Recent cryo-EM structures of F-family pili encoded by the pOX38 and pED208
conjugative plasmids have greatly enhanced our understanding of the build-up of
these surface appendages (Costa et al. 2016). In this chapter, we will use these
conjugative systems as the point of reference to describe the architecture of Type [V
secretion pili. However, T4SSs differ strongly in the composition and complexity of
their associated pili, as well as in the nature of the translocation substrates. Additional
structures will thus be needed to determine how representative the conjugative pilus
structures are for the architecture of Type IV secretion pili in general. F pili are
tubular appendages on the outer membrane responsible for conjugation. The F pilus
establishes contact between the donor and recipient cell and acts as a conduit for the
exchange of genetic material between the cells, in the form of ssDNA (Waksman
2019). The pili are composed of thousands of TraA subunits, which can assemble
and disassemble to extend or retract the appendage (Clarke et al. 2008a). Both the
pOX38 and pED208 conjugative pili are hollow cylinders of comparable dimension.
The pED208 encoded pilus is 87 A thick with a lumenal diameter of 28 A. Both
conjugative pili show as five-start helical filaments (Fig. 12.4). The pED208 pilus
shows twist angle of 28.2° and arise of 12.1 A, while the F pilus (encoded by pOX38)
is found two distinctive conformational populations, one with twist of 27.9° and arise
of 13.2 A, and a second with a twist of 28.1° and rise of 12.5 A. The conjugative pili
are homopolymers of the TraA pilin, which is a ~64 AA long peptide that folds into
an all helical structure comprising three helices (a1, a2, and a3). TraA is synthesized
as a pro-pilin with an unusual leader peptide of ~50 AA (Majdalani et al. 1996). The
pro-pilin is inserted into the inner membrane with the help of TraQ, a transmembrane
protein encoded by the F plasmid, in a process that requires ATP and proton motive
force. After its insertion, the 5.5 kDa leader peptide is cleaved off by the periplasmic



12 The Biosynthesis and Structures of Bacterial Pili 391

< i

i

cphil
% s il
L+ gat N
f 'y
L
B
-‘-*&%:“
NS
A

(@)

Tran v

(b)

(c)

I Type IV P ,
l\l Trah Pro-pilin  secretion comple VirDa
@
Relaxase n
Virgll x
Accessory < onT (d) e
proteins ATPases L
4 7 ; M virB10
Relaxosome b W virg3
P r B HViB4
- Sl _
(] ) W VirB9/VirB10
o <7 W virBo
" =7 . AN
%

Fig. 12.4 Structure and assembly pathway of conjugative Type IV secretion pili. The shown struc-
tures are a collage of different studies and systems. a Ribbon representation of the pED208 TraA
monomer (yellow) shown in isolation and docked into the cyoEM density of the pED208 F-pilus
(PDB entry: SLEG; EMDB entry: EMD-4042; the TraA bound lipid is shown in red). CryoEM
structure of the R388 conjugative T4SS complex (green, EMDB entry: EMD-2567), and ribbon
representation of the Tral relaxase of the F/R1 plasmid (grey, PDB entry: SN8O). b Segmented
cryoEM volume for the F conjugative pilus in side and top cross-sectional view (EMDB entry
EMD-4042). The individual filaments of the five-start helices are differentiated in colour. ¢ Rib-
bon representation of the pED208 F-pilus shown in top view (PDB entry: SLEG). d Segmented
cryoEM volume of the R388 conjugative T4SS complex (EMDB entry: EMD-2567) with a colour
assignment of the different components, making use of the Vir nomenclature

peptidase LepB, resulting in arrangement where the a2—a3 loop is pointing towards
the cytoplasm while N- and C-termini of a1 and a3 are in the periplasm (Majdalani
and Ippen-Ihler 1996). The N-terminus of mature TraA is then acetylated by TraX,
another protein encoded by the F plasmid (Maneewannakul et al. 1995).

A remarkable feature that has been discovered during helical reconstruction of the
conjugative pili is the a stoichiometric binding of a phospholipids by the TraA sub-
units. Mass spectrometry analysis confirmed these to be phosphatidylglycerol (PG)
species, primarily PG 32:1, PG33:1 and PG 34:1. Interestingly the cell membrane
also contains these two phospholipids. However, other constituents of the membrane
such as phosphatidylethanolamine (PE) and cardiolipin were absent, indicating TraA
pilin subunits might have special preference for PGs. The head groups of the lipids
are exposed to the lumen, whilst the acyl chains are completely buried between the
helical segments of the TraA subunits. This coating of the pilus lumen with phospho-
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lipid head groups makes it electronegative, which thought to help in transport of the
ssDNA. Mutation in the phospholipid binding sites (i.e. Y37V and A28F in pED208)
switched off pilus assembly at the membrane surface, suggesting that the lipids have
an additional role of maintaining integrity of the pilus assembly (Costa et al. 2016).
The bound lipids may also assist in insertion of the appendage into the host membrane
during establishment of initial contact, and may lower the energy barrier for subunit
extraction during retraction of conjugative pili (Clarke et al. 2008b) (Hospenthal
et al. 2017). Further studies are required to prove or disprove these speculative roles
of lipids in the pilus.

Structure and Mechanism of the Type IV Secretion Machinery

The assembly and disassembly of conjugative pili and other Type IV secretion pili, as
well as the passage of the secreted substrate depends on the trans-envelope spanning
TypelV secretion machinery. One of the canonical T4SS is the tDNA injecting system
in A. tumefaciens. The components of this system are arranged in two operons, the
VirB operon encoding 11 structural genes (VirB1-VirB11) and the VirD operon
encoding 4 (VirD1-VirD4) genes with regulatory and accessory functions. Although
different amongst species and from the type of system, a typical T4SS generally has
the following building blocks (i) the transmembrane secretion complex composed of
energy components (VirB4 and VirB11) and structural components (VirB3, VirB6,
and VirB8 in the IM, and VirB7, VirB9, and VirB10 in the outer membrane (OM)),
Hydrolase VirBl1, (ii) the type 4 coupling protein(T4CP), (iii) the pilus (Waksman
2019).

X-ray structures of T4SS subcomplexes and the recent cryo-EM structure of the
nearly complete T4SS secretion complex of conjugative plasmid R388 has vastly
enhanced our understanding of the arrangement of various components in the 3
Mda complex (Low et al. 2014). It consists of an outer membrane embedded core
complex (OMC), an inner membrane core complex (IMC) with 2 barrel-like legs
inserting into the cytoplasm (Fig. 12.4). These components span the full Gram-
negative cell envelope, going from the cytoplasmic side of the inner membrane to
the extracellular side outer membrane, together forming the T4SS complex. The 1
Mda OMC is connected to the 2.6 Mda IMC through a connecting stalk. The OMC
is composed of 14 copies each of VirB7, VirB9 and VirB10 while the IMC is made
of 12 copies each of VirB3, VirB4, VirB5, VirB8 and 24 copies of VirB6. A segment
of VirB10 is inserted into the inner membrane likely to regulate the conformational
changes induced by various ATPases present in the inner membrane. The OMC can be
further divided into two layers, an outer membrane O layer and an Inner membrane
I layer (Marlovits et al. 2004; Rivera-Calzada et al. 2013). The O layer forms a
channel in the outer membrane that is composed of an « helical barrel, where each o
hairpin motif is contributed by 14 VirB10 units (Chandran et al. 2009). The IMC in
the periplasm is composed of two arches connected to two barrel-like leg structures
span the inner membrane and project into the cytoplasm. The leg like structures
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are made of 6 copies each of VirB4, an ATPase, constituting trimer of dimers (12
VirB4/TrwK subunits in total) (Low et al. 2014). VirB11, another ATPase, belonging
to the large family of AAA+ hexameric traffic ATPases is responsible for energising
the secretion process (Rashkova et al. 2000) along with VirB4. It is found embedded
in the cytoplasmic membrane and has nucleoside triphosphatase activity that gets
enhanced in the presence of lipids (Planet et al. 2001; Rivas et al. 1997). VirB11 of
H pylori and Brucella suis is reported to form double hexameric rings (Hare et al.
2006; Savvides et al. 2003; Yeo et al. 2000). Although it has been structurally well
characterized, its exact location in the assembled complex and its structure-function
relationship in it is not clear. VirD4 ATPase is the type IV coupling proteins (T4CP)
located between the two barrel like legs of the complex (Redzej et al. 2017). It recruits
the relaxosome processed substrates(DNA/protein) that is to be transported across
the secretion machinery (CabeZn et al. 1997; Lang et al. 2010; Vergunst et al. 2000).
Two copies of VirD4 dimers are located opposite to each other in the cleft formed by
VirB4 hexamers in the cytoplasmic side of the inner membrane. As known from its
crystal structure (Gomis-Riith et al. 2001). It has a N-terminal transmembrane domain
anchored to the cell membrane that provides stability to the cytoplasmic C terminal
domain. The C terminal domain comprises of a catalytic DNA binding domain(NDB)
and all helical o domain(AAD) (Chandran Darbari and Waksman 2015).

VirD4 can sense both intracellular and extracellular signal to regulate the open-
ing/closing of the T4SS machinery to allow exchange of substrates (Berry and
Christie 2011). It plays the crucial role of recruiting substrates for secretion through
the machinery. For translocation of DNA substrate it first undergoes pre-processing
by a relaxosome complex composed of 3—4 cytoplasmic proteins (Ilangovan et al.
2017) one of them being the relaxase. Relaxase is an enzyme that can execute two
activities namely trans-esterase and helicase. Two relaxase molecules attaches to the
origin of Transfer region (oriT) of the plasmid DNA with the help of other proteins
of the relaxase complex. A first relaxase molecule makes a single strand nick in the
transfer strand of the plasmid DNA (T strand) at the nic site of the oriT with its
trans-esterase activity, and gets covalently linked to the free 5’ phosphate. A second
relaxase molecule then attaches to the 3’ end of the other strand and unwinds the
DNA by its helicase activity (Ilangovan et al. 2017). VirD4 subsequently captures
the transfer complex through the relaxase attached to the nic site (Atmakuri et al.
2004). Notably, several T4SSs such as that of Bartonella tribocorum, Brucella sp.,
and Bordetella pertussis lack ViD4, suggesting VirD4 might have a redundant role
in pilus biogenesis. The T4SS is thought be responsible for both pilus biogenesis
and conjugation, however mechanistic details of pilus biogenesis are still not clear.
Likely, after assembling the pilus it switches to DNA transfer mode (Ilangovan et al.
2017; Zechner et al. 2012). VirD4 and the relaxase complex remain in a dormant state
until some contact has been established with the recipient cell through the conjuga-
tion pilus. Upon contact the ATPases and the relaxases are activated which creates
a ssDNA bubble on the 3’ side exposing the nic site that is further processed by the
relaxase. The pathway of the transfer DNA through the secretion machinery, and the
mechanism of transfer into the recipient cell remain unknown in molecular detail.
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Sortase Mediated Pili of Gram-Positive Bacteria

Gram-positive bacteria lack the diderm cell envelope of Gram-negative bacteria, so
that secretion and attachment of pili to the cell surface can be expected to be funda-
mentally different. In these monoderm systems, pilus subunits are secreted through
the general secretory pathway, but require an alternative mechanism for polymeriza-
tion and attachment to the cell surface. Both these steps rely on the transpeptidation
activity a family of enzymes called sortases. Sortase mediated pili were first identified
in Gram-positive bacteria in 1968 (Yanagawa et al. 1968), however, their detailed
molecular characterization started relatively recently (Ton-That et al. 2004). They
lack homology to pili of Gram negative bacteria and are usually much thinner and
flexible (Hae et al. 2007). Sortase mediated pili are linear polymers of covalently
associated subunits, and are attached to the cell surface by covalent association to the
peptidoglycan layer. The intersubunit contacts and cell wall association are formed
by a transpeptidase reaction catalysed by surface-localized sortases. Typically, the
pili contain two to three subunit types, referred to as basal, backbone and auxiliary
pilins, each with their own specific function (Pansegrau and Bagnoli 2017). The
structural data available for sortase mediated pili from various bacterial species have
shown the presence of intramolecular isopeptide bonds in the pilins (Hae et al. 2007).
These isopeptide bonds are formed autocatalytically and are thought to be the func-
tional equivalent of disulphide bonds in other systems, i.e. providing extra stability
to the proteins by crosslinking (Kang and Baker 2009). Another interesting feature
of these systems is the formation of thioester bonds between the tip pilin and host
receptor proteins (Linke-Winnebeck et al. 2014; Pointon et al. 2010).

Pilus Architectures

The pili of Gram-positive bacteria are composed of two or three types of multidomain
pilins, called backbone pilin, basal pilin, and tip pilin. Corynebacterium diphtheria,
for example, has three distinct pilus systems, SpaABC, SpaDEF, and SpaHIG (Spa for
sortase-mediated pilus assembly), each with three distinct subunits. In these trimeric
systems SpaA, SpaD and SpaH are the major or the backbone pilins, while SpaB,
SpaE, Spal, and SpaC, SpaF, SpaG are basal and tip pilins, respectively (Ton-That
and Schneewind 2003). The Spa operon model has been found conserved across
many other Gram-positive bacteria such as Streptococcus agalactiae, S. pyogenes,
S. pneumonia, Enterococcus faecalis, E. faecium, Bacillus cereus, and Actinomyces
naeslundii (Mandlik et al. 2008b). The structures of a large number of pilins have
now been studied, a detailed review of which can be found in (Krishnan 2015).
Despite having limited primary sequence homology most pilins have a similar core
tertiary structure. The pilins are modular multidomain proteins that are composed
of multiple immunoglobulin like B-sandwich domains, which can be grouped into
two main types: CnaA and CnaB domains. The CnaA domain was first identified
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Fig. 12.5 Schematic representation of sortase-mediated pilus assembly. a Representative structures
of adhesins and pilus subunits. From left to right: the tip pilin or pilus adhesin RrgA adhesin from S.
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basal pilins are coloured as in (a). The SecYEG translocase is shown in grey (PDB entry SAWW).
¢ Archetypical domain organization in tip, backbone and basal pilins

and coined in the ligand-binding region A of the collagen adhesin CNA of S. aureus
(Symersky et al. 1997). In addition to the CnaA and CnaB domains, the pilins can
also include a von Willebrand A (VWA)-like domain(vAPD) or thioester containing
adhesin pilin domain(TAPD) (Fig. 12.5).

Backbone pilins. The backbone pilins are the major pilin subunit forming the
Gram-positive pili, present in multiple tens to hundreds of copies. These subunits
generally consist of two to four CnaA or CnaB domains that form intramolecular
isopeptide bonds between the e-amino group of a lysine and the carbonyl of a glu-
tamic or aspartic acid, or the amide group of an asparagine residue (Kang et al. 2007;
Kang and Baker 2011). These bonds are often made such that they link the first and
last B strand of the domains, thereby resulting in a tightly packed § sheet structure
with high thermal stability and protease resistance (Hae et al. 2007). The N termi-
nal domain of backbone pilins, called D1, often holds a YPKN motif, of which the
lysine is involved in the intermolecular transpeptide reaction during polymerization.
Backbone pilins of several Gram-positive bacteria have been structurally character-
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ized (Krishnan 2015), showing different architectures comprising pilins with two
domains like Spy012 of Streptococcus pyogenes (Kang et al. 2007), three domains
like SpaA from Corynebacterium diphtheriae (Kang et al. 2009), or 4 domains such
as in BepA in Bacillus cereus (Budzik et al. 2009).

Basal pilins. The basal pilins are responsible for anchoring of the pilus to the
peptidoglycan layer. They are the last to be incorporated into the pilus and along
with the housekeeping sortase (SrtF) act as the termination signal (Mandlik et al.
2008a). Basal pilins are often made of one to three CnaB type domains with or
without isopeptide bonds. Basal pilins have a conserved proline rich C terminal tail
that anchors to the cell wall (Fig. 12.5). The C terminal sorting motif of basal pilins
have a triple glycine (TG) motif which possibly is required for sortase specificity,
as demonstrated in L. rhamnosus GG (Douillard et al. 2014). The first basal pilin
structure to be reported was GBS52 (Krishnan et al. 2007). It has two CnaB like
domains linked head to tail through a hydrophobic interface. It has a IYPK pilin
motif, of which lysine is thought to be responsible for incorporation into the pilus
shaft by forming transpeptide bond with a corresponding backbone pilus C terminal.
The crystal structure of another basal pilin FctB reveals the C terminal proline rich
tail to fold into a polyproline-II helix (Linke et al. 2010). And again, FctB also has
a lysine in the last strand that is responsible for the transpeptide bond formation.
Interestingly, RrgC, a basal pilin of Streptococcus pneumoniae has three CnaB type
domains instead of two (Shaik et al. 2014). It has two isopeptide bonds in domain 2
and domain 3 and a short polyproline C terminal tail. In all the reported basal pilin
structures there is no isopeptide bond in the domain 1, presumably making it more
flexible, which might be a necessity for cell wall anchoring of the pilus.

Tip pilins. Tip pilins are responsible for adhesion of the pilin to various host
surfaces. These pilins are usually the largest among the pilus subunits, with 4
domains, which can include both CnaA and CnaB domains, as well as a special-
ized domain for adhesion: vVAPD or TAPD, present at the pilus tip. CnaA and CnaB
domains provide support to the adhesive domain and connect it to the backbone
pilin (Fig. 12.5). The first tip pilin to be structurally characterized was RrgA (Izoré
et al. 2010). It has 4 domains with D3 being a vAPD domain that is located at the
tip and has adhesive properties. The D4 domain is responsible for connecting to
the pilus shaft. The typical vAPD domain consists of a six stranded p sheets sur-
rounded by o helices and resembles collagen-binding eukaryotic integrin I-domains
and the MIDAS-containing vVWFA-like subdomains of complement convertases. The
MIDAS motif in RrgA is surrounded by two arm-like structures made of § hairpins
and long loops that are implicated in collagen and metal ion binding, and can pro-
vide a binding site for anionic extracellular matrix molecules. Similar to RrgA two
other tip pilins GBS104 (Krishnan et al. 2013) and Cpa (Linke-Winnebeck et al.
2014) have been partially characterized. Both have 4 domains, though while Cpa
differs markedly in term of supertertiary organisation of its domains and its adhesive
domain into Y shaped molecule with 2 thioester containing adhesion domains. The
Y shape is formed by the centrally located D2 connecting D1 and D3 that form the
binding arms and the D4 acts as the stalk. The adhesive domains, D1 and D3, share
a common fold comprising of a § sandwich in a helical bundle where the  sandwich
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contains the thioester binding domain. Apart from that, thioester bonds can be found
in adhesion domains of some tip pilins, e.g. Cpa from S. pyogenes. These bonds
are formed between the side chains of cysteine and glutamine and are believed to
mediate interaction with ligands present on the host cells.

Biogenesis and Secretion of Sortase Mediate Pili

Pilus biogenesis in Gram-positive bacteria is a biphasic process. A class of transpep-
tidases called sortases are responsible for biogenesis and housekeeping of the pili.
Gram-positive bacteria encode several sortase types, each with diverse roles. Based
on sequence homology, sortases have been classified into 6 main classes, sortase A—F
(Spirig et al. 2011). Among these, class A and class C sortases are crucial from the
perspective of pilus biogenesis and maintenance. Class C sortases catalyse the cova-
lent linking reactions during initiation and elongation of pilus assembly (Budzik et al.
2007; Marraffini et al. 2006). Class A sortases are housekeeping enzymes that are
responsible for covalent linking of the pili to the peptidoglycan layer (Bradshaw et al.
2015). Apart from the above-mentioned classes, in some species (e.g. Corynebac-
terium diphtheriae) Class E sortases act as the housekeeping enzyme instead of Class
A (Comfort and Clubb 2004; Ton-That and Schneewind 2003). In general, substrates
of sortases are transported to the cell surface via the Sec translocon to eventually
get anchored in the cell membrane through its C-terminal part. The C-terminal part
contains a cell wall targeting signal sequence (CWSS), which consists of a pentapep-
tide sorting motif followed by a hydrophobic domain which precedes a positively
charged short chain (Schneewind and Missiakas 2014). The sorting motif is generally
LPXTG that gets cleaved between threonine and glycine by a suitable sortase and
produces an acyl intermediate which later gets incorporated in the growing pili.
Proteins that are targets of sortases often have an N-terminal signal peptide and
C-terminal cell wall targeting signal sequence (CWSS) with LPXTG motif. In pilins,
there is an additional conserved motif in the N-terminal region with sequence YPKN,
also known as the pilin motif. After transport through the SecYEG translocon, the N-
terminal signal sequence gets cleaved off and the pre-pilin subunit gets inserted into
the cell membrane through the hydrophobic domain of the CWSS while the LPXTG
motif is exposed to the exterior. A sortase enzyme present on the cell membrane
recognizes the anchored pre-pilins through this LPXTG motif. Upon recognition, the
cysteine of the TLXTC carries out a nucleophilic attack on the peptide bond between
threonine and glycine in the LPXTG motif to break the pre-pilin into two parts (i) a
thioester acyl intermediate containing the long N-terminal fragment and (ii) a short
C-terminal cleavage product that is released (Marraffini et al. 2006). The resultant
acyl intermediate forms a stable product by a nucleophilic substitution reaction, the
nucleophile for which is variable depending upon the respective sortase in action.
This nucleophile can either be an amine-containing residue in the peptide moiety
of a lipid II molecule (class A sortase), meso-2,6-diaminopimelic acid (mDap) in
the peptidoglycan cross-bridge (class A, D and E sortases), a lysine residue in a
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peptidoglycan cross-bridge (class B sortases), or a lysine residue that is part of the
“YPKN” motif of a pilin precursor (class C sortases and certain class B sortases)
(Frankel et al. 2005; Ton-That et al. 2004). The nucleophilic substitution marks the
completion of the transpeptidation reaction, which either results in elongation of
the polymerising pili or its covalent attachment to the peptidoglycan layer. These
two processes are catalysed by two classes of sortases, the Class C type sortase
for initiating and elongating the pilus and the housekeeping class A type sortase
for terminating and anchoring of pili to the cell wall. These reactions require that
both sortases and pilins are inserted in the cytoplasmic membrane. For this purpose,
the pilins have a C-terminal CWSS, whilst sortases have a transmembrane domain
in their N terminal regions (Schneewind and Missiakas 2014). The pilus assembly
reaction starts when the LPXTG motif of a tip pilin is recognized and cleaved by
a class C sortase present in the membrane. The resulting acyl intermediate then
undergoes nucleophilic attack by the € amine group of a specific lysine residue in a
second pilus subunit, most often from the conserved YPKN motif in the N-terminus
of a backbone pilin, resulting in the formation of an isopeptide bond between the
tip pilin and the backbone pilin (Ton-That and Schneewind 2004). The backbone
pilin is recognized by a separate C type sortase, which catalyses the transpeptidation
reaction with subsequent backbone pilins until it reaches a termination signal by
transpeptidation to a basal pilin. The latter is recognized and coupled to a class A
sortase, which catalyses transpeptidation to the peptidoglycan precursor lipid II. In a
second group of organisms such as in Bacillus cereus there is no distinct basal pilin
(Budzik et al. 2007). In such cases the termination occurs when sortase A recognizes
a backbone pilin and gets coupled to it by cleaving the LPXTG motif. This happens
stochastically after a few rounds of polymerization. The acyl intermediate formed in
this transpeptidation reaction can only be resolved by a nucleophilic reaction with the
N-terminal glycine of peptide side chains in lipid II molecules. Therefore, addition
of a sortase A coupled backbone pilin acts as the termination signal. As a final step,
the pilus filaments coupled to lipid II are then incorporated into the peptidoglycan
layer, resulting in their covalent attachment to the cell wall.
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Addendum on e-pili

Geobacter species such as Geobacter sulfurreducens possess micrometer long
conductive filaments or “nanowires” that mediate extracellular electron transport
(Reguera et al. 2005), and play a role in respiration (Malvankar et al. 2011) and
interspecific electron exchange (Summers et al. 2010). Nanowire-expressing bacte-
ria are associated with many important redox processes such as carbon and mineral
recycling in soil, metal corrosion, conversion of organic waste to methane and elec-
tricity (Malvankar and Lovley 2014). The molecular nature of these nanowires has
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been obscure, however, and for a long time they were considered to be composed of
Type IV pilus-like PilA subunits (Childers et al. 2002), with the conductive proper-
ties proposed to be coming from stacked aromatic residues in the pilus subunits, or
through association with the C-type cytochrome OmcS (Leang et al. 2013).

The recent cryoEM structures of isolated conductive pili or “e-pili” from G. sul-
furreducens have now revealed their unique structure, composition and electron trans-
port mechanism (Filman et al. 2018; Wang et al. 2019). This study shows Geobacter
e-pili are composed of a unique noncovalent linear polymer of the cytochrome OmcS
(Fig. 12.6). OmcS was previously known to be essential for bacterial growth on insol-
uble electron acceptors such as Fe (IIT) oxide and electrodes, but had not been directly
implicated as the main nanowire component (Holmes et al. 2006; Mehta et al. 2005).
The structures show each OmcS subunit contains six stacked hemes that are placed
within 3.5-6 A to each other in a trajectory that spans the length of the nanowire
and results in electric coupling within and across subunits. The hemes are found in
parallel pairs, each pair oriented perpendicular to the next. In the parallel arrange-
ment, the hemes are present within a range of 3.4-4.1 A while in the perpendicular
arrangement they are within a range of 5.4-6.1 A (Fig. 12.6). The parallel arrange-
ment is expected to maximize electron coupling while the perpendicular arrangement
is thought to enhance the structural stability of the subunit. For each heme group,
two histidines situated axially form coordination bonds with the iron atom present
at the center, and the vinyl groups form covalent thioester bonds with cysteine. In
the filament, subunits associate in a head-to-tail arrangement, with each subunit in
contact with only one preceding and succeeding subunit, through an inter-subunit
contact comprising ~2,600 A2 surface area. Histidine 16 of each subunit coordinates
an adjacent heme group present in the succeeding subunit. These inter-subunit coor-
dination bonds are proposed to maximize the structural stability of the nanowire. This
cross-interface heme coordination is speculated to result from a domain swapping of
the C-terminal helix, a process that has been observed in induced cytochrome poly-
merization (Hirota et al. 2010; Wang et al. 2019). Little is known about the secretion
and in vivo assembly pathway of OmcS e-pili. Although it is now evident that PilA
is not the main structural subunit of the nanowires, previous genetic studies clearly
associate it with the presence of Geobacter’s e-pili and the secretion of OmcS to
the extracellular space (Liu et al. 2018; Richter et al. 2012). Deletion or mutation
of PilA leads to the absence of OmcS on the surface (Reguera et al. 2005) while
overexpression of PilA leads to overproduction of nanowires (Leang et al. 2013;
Summers et al. 2010). The cryoEM structures now clearly demonstrate PilA is not
found as a component of e-pili (Filman et al. 2018; Wang et al. 2019). Whether PilA
is found as an additional extracellular fiber or acts as a pseudopilus of a T2SS, and
where and how OmcS subunits polymerize and associate with the cell surface will
require further study.
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Fig. 12.6 a 3.7 A cryo-EM map of Geobacter sulfurreducens e-pili or nanowires (EMD_9046).
b atomic model of OmcS subunits arranged in the e-pili (width 55 A, PDB id: 6ef8), and ¢ atomic
model of a single OmcS subunit, with its chain of six stacked heme groups shown in pink and the
iron atom in green
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