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Abstract (100 w)

Type II secretion systems (T2SSs) share common origins and structure with archaeal flagella
(archaella) and pili, bacterial competence systems and type IV pili. All of these systems use a
conserved ATP-powered machinery to assemble helical fibers that are anchored in the plasma
membrane. The T2SSs assemble pseudopili, periplasmic filaments that promote extracellular
secretion of folded periplasmic proteins. Comparative analysis of T2SSs and related fiber
assembly nanomachines might provide important clues on their functional specificities and
dynamics. This review focuses on recent developments in the study of pseudopilus structure

and biogenesis, and discusses mechanistic models of pseudopilus function in protein secretion.
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Introduction

The type 2 secretion systems (T2SSs) translocate folded proteins from the periplasm of Gram-
negative bacteria across the outer membrane via a large channel that remains closed in the
resting state (reviewed by P. Howard in this issue). Upon secretion, the exoprotein substrates
are released or exposed on the bacterial surface (Rondelet and Condemine, this issue) to
perform diverse functions in macromolecule degradation, adhesion, electron transport or
pathogenesis. The remarkable progress made in the study of T2SS structure and organization
during the past decade has been described in detail in several recent reviews (Douzi et al.,
2012, Korotkov et al., 2012, McLaughlin et al., 2012). This review focuses on the core
function of T2SS - the assembly of periplasmic filaments called the pseudopili, which play an
essential but poorly understood function in promoting the protein transport.

The T2SSs belong to an ancient and widespread superfamily of membrane nano-
machines that specialize in the assembly of fibers built with subunits localized in the inner
membrane. This highly successful and versatile molecular device is found in all prokaryotes,
suggesting its ancient evolutionary origin. In archaea these systems form the base of archaella
(formerly archaeal flagella) (Jarrel and Albers, 2012), type IV-like pili and bindosomes, the
carbohydrate "capture" systems. In bacteria, beside the natural competence systems and T2SSs,
they are also found in the form of type IV pili (T4P), long flexible fibers extending from the
bacterial surface. T4P are involved in bacterial motility over solid substrates called twitching
motility, and in other functions including adhesion, DNA uptake, aggregation, biofilm
formation, signaling and protein transport (Pelicic, 2008).

All these diverse machineries have a common basic function - the assembly of helical
fibers from the plasma membrane localized pilin subunits. The pilin transmembrane (TM)

segments are highly conserved and comprise at the N-terminus a positively charged signal



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

anchor followed by a Gly or Ala residue, the cleavage site for a specific processing enzyme, the
prepilin peptidase. The hydrophobic segment extends into a long a-helical stem that is shielded
on one side by a globular domain composed of 4 to 5 anti-parallel B-strands separated by
different conserved or variable loop regions. Globular pilin domains are exposed on the surface
of assembled fibers with their variable sequence providing the fibers with diverse surface and
binding properties.

The striking primary sequence conservation of TM a-helical regions is the signature
allowing unambiguous identification of fiber assembly systems in bacterial and archaeal
genomes (Albers and Pohlschroder, 2009). Such sequence conservation suggests that a strong
selective pressure shaped these segments, which play crucial roles in several steps of the fiber
biogenesis pathway (Fig. 1). Their hydrophobicity is essential for interactions with the signal
recognition particle (Fig. 1a) and for co-translational targeting to the Sec translocase that
promotes pilin insertion in the membrane in an N-in - C-out orientation (Fig. 1b) (Arts et al.,
2007b, Francetic et al., 2007). The specific prepilin peptidase removes the positively charged
signal anchor after the conserved Gly residue (Fig. 1c), and, in T4a pili and T2SS transfers a
methyl group to the new N-terminal residue. In the following, still poorly understood steps of
fiber biogenesis, the TM segment might mediate interactions with the conserved fiber assembly
factors in the membrane, including the polytopic IM protein of the PulF/PilC family (Fig. 1d).
Finally, the TM segments make contacts with neighboring pilins during fiber assembly and

form the hydrophobic core of assembled filaments (Fig. le).

T2SS and fiber assembly nanomachines

In the T2SS, between 12 and 15 genes are required for protein secretion. Their

organization is similar in different bacterial groups (Douzi et al., 2012). In most species these
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genes form a single operon gspCDEFGHIJKLMNO (for general secretion pathway) (Fig. 2a),
with different additional genes required for the assembly and targeting of the secretin channel
GspD subunits. Each gsp gene is essential for protein secretion, with the exception of gspN,
which is also absent from many bacteria. While this secretion-null phenotype did not favor the
genetic analysis of T2SSs, biochemical dissection of the system led to the current model of
T2SS organization in the bacterial envelope. Furthermore, the three-dimensional structure of
most soluble domains of T2SS components has been determined (McLaughlin et al., 2012,
Korotkov et al., 2012).

The functional studies of the T2SS have benefited from the comparative analysis with
type IV pili (T4P), the most prominent and best-studied members of the helical fiber assembly
nanomachine family. These thin and flexible filaments are found on the surface of many Gram-
negative and some Gram-positive bacteria (Pelicic, 2008). In Pseudomonas aeruginosa, the
core genes essential for TP4 biogenesis are organized in an operon pilABCD, encoding the
major pilin subunit PilA, a hexameric ATPase PilB, a polytopic membrane protein PilC and the
prepilin peptidase PilD. This basic fiber assembly module is found in all related systems,
including the T2SS, suggesting that pilus assembly and protein secretion, as well as natural
competence, share a common molecular mechanism (Hobbs and Mattick, 1993).

Five proteins contain an N-terminal prepilin peptidase cleavage site - the highly
abundant (major) GspG and low-abundance (minor) pseudopilins GspH, I, J and K. The
presence of these components and their processing and N-methylation by the prepilin peptidase
GspO suggested that T2SSs assemble short periplasmic fibers (Strom and Lory, 1991, Pugsley,
1993). These initially hypothetical structures, the pseudopili, could be visualized upon
overexpression of the pul genes encoding the Klebsiella oxytoca T2SS (Sauvonnet et al.,
2000b). Pseudopilus surface assembly allowed the biochemical and structural characterization

of these fibers and provided an additional phenotype for genetic analysis of the T2SS. Fiber
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assembly is not specific to the Pul system: at least two others, the chitinase-specific Gsp T2SS
from Escherichia coli (Vignon et al., 2003) and the P. aeruginosa Xcp system (Durand ef al.,
2003) also show this property. In contrast, the Hxc system in P. aeruginosa does not assemble
surface pili under these conditions and seems to belong to a distinct T2SS subclass based on
phylogenetic studies (Durand ef al, 2011). While protein secretion strictly requires the
presence of all T2SS components except GspB and GspN, pilus assembly, studied under
overexpression conditions, does not require minor pseudopilins GpsH, Gspl, GspJ and GspK,
and the inner membrane component GspM (Fig. 2) (Durand et al., 2005). Gspl has been
implicated in pseudopilus assembly initiation since reduced amount of pili is found in gsp/
(xcpV) mutants (Sauvonnet et al., 2000b, Durand et al., 2005). Similar to T4P in Neisseria spp.
(Wolfgang et al., 2000, Carbonnelle et al., 2006), the secretin pore in the outer membrane is
not required for fiber assembly but rather for the surface presentation of assembled fibers. In
the absence of K. oxytoca PulD, PulG pili are assembled in the periplasm (Vignon et al., 2003,

Cisneros et al., 2011).

The major pseudopilins and T2SS pili

Only major pseudopilins can form long surface polymers, while minor pseudopilins fail to form
such fibers even when overproduced (Durand et al., 2005). Although surface pili are considered
as an overproduction artifact, they facilitated the pseudopilus analysis using biochemical
approaches, fluorescence and electron microscopy (EM). When observed by negative staining
EM, pseudopili are highly similar to T4a pili, thin (= 6 nm), flexible and with bundling
propensity, which might result from the EM sample preparation (Sauvonnet et al., 2000a,
Durand et al., 2003). EM analysis of PulG pili shows a helical subunit arrangement: each

subunit is displaced relative to its neighbor in the fiber by a vertical shift (axial rise) of 10.4 A
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and a rotational (twist) angle of 84.7° (Kohler et al., 2004), values similar to those found in T4a
pili (Craig et al., 2006). X-ray crystallography of major pseudopilins showed a typical pilin
fold, with a long alpha-helical stem and an antiparallel 3-strand beta-sheet forming the globular
domain (Kohler et al., 2004, Korotkov et al., 2009). Interestingly, the C-terminal pseudopilin
domain is folded around a Ca** ion, forming a stable and well-structured loop (Korotkov et al.,
2009), which is also apparent in the NMR structure of major pseudopilin XcpTSPS from P.
aeruginosa (Alphonse et al., 2010). In V. cholerae the Ca*" coordinating residues are essential
for protein secretion (Korotkov et al., 2009), apparently without affecting the monomer
stability. In the Pul T2SS, equivalent mutations reduce dramatically the levels of PulG,
suggesting the involvement of Ca** in pseudopilin folding and stability (Campos et al., 2010).
Interestingly, this loop has its counterpart in the variable loop of major T4a pilins that is
stabilized by a disulfide bridge (Craig et al., 2006).

For T4a pili, a combination of cryo-EM and X-ray crystallography led to the first low-
resolution models of these fibers (Craig et al., 2003). The first PulG pilus models, generated by
a similar approach revealed the presence of deep groves on the fiber surface (Kohler et al.,
2004). A prominent left-handed grove had been taken as evidence that PulG pili were
organized as a left-handed helix (Kohler et al., 2004). However, the missing TM segments and
the overall lack of detail precluded the use of this model for further structure-function analysis.
The helical parameters (i.e. axial rise and rotation) from this study were used as constraints to
build another series of PulG pilus models using a flexible ab initio approach (Campos et al.,
2011). The 1000 models generated independently converged into a cluster of 200 highly similar
right-handed helix models. The analysis of inter-protomer distances in this model cluster
showed that the vast majority showed multiple highly conserved contacts (Campos et al.,
2010). Each PulG protomer (P) within the fiber is involved in intricate contacts with protomers

P+ 1, P+ 3, P+4 and possibly P + 7 via different interfaces (Fig. 3). Biochemical analysis was
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used to test these contacts and validate the models, but also to probe the function of different
interfaces. Site-directed mutagenesis and functional studies showed that the most extensive and
important contacts involve the two closest protomers (P and P + 1). In the model of gonococcal
T4a pilus, the key role in pilus assembly was attributed to electrostatic interactions between the
absolutely conserved pilin residue ES of protomer P and the N-terminal amine group of the
nearest protomer above (P+1) (Craig et al., 2006). In the PulG pilus, in addition to this probable
contact, which cannot be tested experimentally, two important salt bridge interactions have
been identified involving negatively charged residues of the periplasmic a-helical stem (E44
and D48) and positively charged residues (R87 and R88) in a loop region of the globular major
pilin domain (Fig. 3). Highly conserved among the major pseudopilin family, these residues
were essential for both T2SS functions: protein secretion and pseudopilus assembly (Campos et
al., 2010). In contrast, mutations disrupting other interfaces differentially affect the two
functions and appear to play different roles, currently under investigation (Nivaskumar,
Campos et al, unpublished data).

The inter-protomer distances at the level of the hydrophobic pseudopilin segment have
been tested by double cysteine cross-linking studies. As predicted by the pseudopilus structural
models, the shortest distance in assembled pili is found between residues 10 (P+1) and 16 (P).
Placing Cys residues at these positions leads to covalent cross-linking of pili resulting in
detergent-resistant PulG multimers. Interestingly, a lower degree of crosslinking is observed
when cysteine residues are placed in neighboring positions, 9 and 16 on one hand, and 11 and
16 on the other. These mutually exclusive interactions suggest an iris-like movement of pilin
monomers in assembled fibers (Campos et al., 2010). Similar structural heterogeneity is
observed in archaella (Yu et al., 2012) and archeal pili (Wang et al., 2008) suggesting that other
related fibers undergo similar conformational changes. External forces might promote these

changes during assembly/disassembly and might propagate along the fibers, providing the
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structural basis for a potential signaling mechanism, one of the major functions observed in

T4P.

Minor pseudopilins

Four low-abundance (minor) pseudopilins are essential for protein secretion under
physiological expression conditions. In contrast, surface pili are produced, although less
efficiently, in their absence when the components of the system are overproduced, leading to
the idea that minor subunits provide determinants on the pseudopilus surface that are involved
in secretion-specific interactions. In the simplest model, the secreted substrates interact directly
with the minor pseudopilins. However, since complementation studies suggest that minor
pseudopilins are not substrate specificity determinants {Possot, 2000 #29}, interactions with
other T2SS factors and alternative functions such as the secretin channel gating, regulation of
fiber length were proposed (Forest, 2008). Although extensive efforts were made to detect
minor pseudopilins in surface fibers, there is still no biochemical or microscopy-based evidence
for their co-assembly into pili in T2SS (Vignon et al., 2003). Nevertheless, they might be
present in periplasmic pseudopili under physiological conditions, as suggested by studies of the
Xanthomonas campestris T2SS (Kuo et al., 2005, Hu et al., 2002). In T4P, the equivalent minor
pilins have been detected in pilus fractions and visualized by immuno-EM (Giltner et al., 2010,
Winther-Larsen et al., 2005).

The most compelling argument for minor pseudopilin co-assembly into fibers is
provided by the structural studies. The crystal structure of the complex formed by the
periplasmic domains of Epsl and EpsJ from Vibrio cholerae indicated a 1-nm shift between the
two proteins, identical to that in assembled pili (Yanez et al., 2008, Lam et al., 2009, Kohler et

al., 2004). Furthermore, structural analysis of the GspJ-GspI-GspK trimer from enterotoxigenic
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E. coli showed that they formed a pilus-like complex (Korotkov and Hol, 2008) with a 1-nm
axial rise and a rotational angle of 100° between neighboring subunits. An alpha-helical
domain of GspK inserted in the pilin B-sheet fold caps this complex, such that additional
subunits cannot fit on top. Therefore, GspK is likely to be localized at the tip of a putative
pseudopilus. Consistent with this model, the absolutely conserved residue ES5 that is predicted
to neutralize the N-terminal positive charge of the protomer above is lacking in GspK. The
fourth minor pseudopilin XcpUSPH in P. aeruginosa interacts with the trimeric tip complex in
vitro, suggesting that minor pseudopilins form a quaternary complex (Douzi et al., 2009).
Based on extensive analysis of binding affinities between their periplasmic domains, Douzi et
al proposed a pseduopilus assembly model in which GspI*®?V plays a central nucleating role
and GspH*®PU links this complex to the major pseudopilin ({Douzi, 2009 #7}In addition,
structural modeling allowed fitting of EpsH subunit below the GspJ-Gspl-GspK complex
(Yanez et al., 2008), although direct binding of a GspG subunit also provided a satisfactory fit
(Korotkov and Hol, 2008).

Early in vivo studies had suggested the role of Gspl in assembly initiation (Sauvonnet et
al., 2000b). Overproduction of PulK and its Pseudomonas homologue XcpX reduced pilus
assembly, while deletion of xcpX led to assembly of longer pili, leading to the idea that minor
pseudopilins control the fiber length (Vignon et al., 2003, Durand et al., 2005). Recent
systematic analysis of minor pseudopilin mutants by immunofluorescence microscopy revealed
that not only pu/K mutants, but also pul/l and pulJ mutants make longer and fewer pili (Cisneros
et al., 2011). Removing all minor pseudopilins led to complete loss of piliation, suggesting a
role of the tip complex in pseudopilus assembly initiation. However, once initiated, pseudopilus
assembly seems to continue unabated under plate culture conditions, as a function of the
available pilin pool in the inner membrane. This observation further confirms the lack of active

retraction and length control, consistent with the absence of retraction ATPase in the T2SS.
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The gspH mutants were identical to wild type cells with respect to pilus number, suggesting
that GspH does not play a role in initiation but rather at a later, elongation step, or in the
transition between initiation and elongation (Cisneros et al., 2012).

Mutants lacking all minor pseudopilins occasionally produced long pili, suggesting that
the assembly machinery spontaneously activates in rare cases and that minor pseudopilins play
a catalytic role. The minor pseudopilin pair GspJ-Gspl is sufficient to restore a significant level
of piliation in these mutants, consistent with the central position of these proteins in the
quaternary pseudopilin complex (Cisneros et al., 2011, Douzi et al., 2009). In vivo they form a
staggered complex, as evidenced by close contacts between TM segment residues 10 (Gspl)
and 16 (GspJ) shown by cysteine cross-linking (Cisneros et al., 2011). These contacts are
determined by a specific fit between the globular domains of these proteins, which form an
extensive interacting surface (Korotkov and Hol, 2008). Molecular dynamics simulations,
mutational and cross-linking studies provide evidence for self-assembly of tip pseudopilins: the
staggered GspJ-Gspl complex bends in the inner membrane to facilitate the binding of GspK
alpha domain to its upper surface; this in turn facilitates the extraction of PulK, exerting a
pulling force on the membrane. The strong correlation between GspJ-Gspl-GspK binding and
their ability to promote assembly initiation, suggests that these proteins transduce a signal to
activate the assembly ATPase in the cytoplasm. How this is signal transduced and which
protein-protein interactions participate in activation, are some of the major unresolved
questions. Biochemical and structural studies from the Sandkvist and Hol labs in particular

provide some clues about the possible molecular mechanism of these events, discussed below.

The pseudopilus assembly machinery

The energy for the pseudopilus and T4P assembly is generated by conformational changes of
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the assembly ATPase of the GspE/PilB family. These hexameric ATPases form a ring-like
structure with a central opening, leading initially to the idea that pilins are translocated to the
periplasm via this channel (Camberg and Sandkvist, 2005). X-ray structures of EpsE from V.
cholerae (Robien et al., 2003) and XpsE from X. campestris (Chen et al., 2005) show a bilobed
monomer structure, with the ATP binding site at the hinge region between the N-terminal and
C-terminal domains. In the recent EpsE hexamer model, the NTD and CTD of neighboring
subunits share extensive contacts (Patrick ef al., 2011). In this arrangement, which was tested
by site-directed mutagenesis, several arginine residues around the active site belonging to both
protomers seem to be required for ATP hydrolysis. Variants with alanine substitutions at these
positions are specifically defective in ATP hydrolysis but not in ATP binding or GspE
oligomerization. The strongest defect was associated with mutation R225A, in close proximity
to the bound nucleotide both in V. cholerae EpsE and in X. campestris ATPase XspE,

suggesting a direct role in ATP hydrolysis (Shiue et al., 2007).

In the hexamer, two neighboring subunits contribute to ATP binding and hydrolysis,
resulting in three ATPase active sites (Patrick et al., 2011). Structural insight into their
conformations comes from the studies of the closely related retraction ATPase PilT (Satyshur
et al., 2007). Each PilT monomer pair shows a different active site conformation,
corresponding to the ATP-bound, hydrolysis and release state (Misic ef al., 2010). Extensive
rotation of the N-terminal domain around the active site hinge is involved in the transition
between the extreme states. Although these conformational states might appear stochastically, a
sequential model would be consistent with the biological data, suggesting that the addition of
one pseudopilin at a time at the level of the inner membrane drives both fiber polymerization
and protein secretion (Campos et al., 2010). Interestingly, the subunit arrangement in the
initiation complex GspJ-Gspl-GspK (Korotkov and Hol, 2008) mirrors the three-state ATPase

model and might use the self-assembly energy or fit or induce the three-state ATPase motor
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(Cisneros et al., 2011), thus contradicting the three-start helix assembly model proposed for

T4P (Craig et al., 20006).

How are these conformational changes transduced to promote pseudopilus assembly?
One candidate for this role is GspF, the core fiber assembly component, whose interaction with
GspE has been demonstrated by two-hybrid and biochemical approaches (Py et al., 2001).
GspF has three TM segments and two large cytoplasmic domains structured as 6 [I-helix
bundles (Abendroth et al, 2009). Little is known about the overall organization and
oligomerization state of GspF. Its homologue in T4P, PilG, forms dimers and tetramers whose
cryo-EM structure looks like a conical ring (Collins et al., 2007). Interactions of GspF of P.
aeruginosa with GspL and GspE homologues are suggested by their mutual stabilization (Arts
et al., 2007a) and by the yeast two-hybrid studies (Py et al., 2001). Details of these interactions
and their functional significance are still a major black box.

The N-terminal domain of GspE forms a stable complex with the cytoplasmic domain
of GspL, characterized by X-ray crystallography (Abendroth et al., 2005). GspL is the
membrane anchor for the ATPase and favors its oligomerization. It also regulates the
interactions with membrane acidic phospholipids, phosphatidyl glycerol and cardiolipin, which
enhance GspE ATPase activity dramatically (Camberg et al., 2007).

Biochemical, two-hybrid and live imaging approaches provide ample evidence for
interactions between GspL and GspM (Py et al., 2001, Possot et al., 2000, Buddelmeijer et al.,
2006). In addition to its stabilizing effect on GspL, the C-terminal domain of GspM plays a
specific role in secretion (Camberg et al., 2007). Recent studies on V. cholerae T2SS show that
EpsL and EpsG can be cross-linked in vivo (Gray et al., 2011), suggesting that EpsL transmits
the ATP-ase driven conformational changes to the major pseudopilin to promote fiber
assembly. The GspL-GspG interacting surface requires further investigation, since epsG

mutants defective in interaction with EpsL map at residues that form an intra-molecular
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hydrogen bond and affect the stability of EpsG monomer. Other T2SS components might
interact with the major pseudopilin. In N. meningitidis, the major pilin subunit PilE interacts
with PilG (a GspF homologue) and PilO, which is homologous to GspM (Georgiadou et al.,

2012).

Pseudopilus assembly and protein secretion

T2SSs and T4P assembly systems are remarkably similar. Recent structural studies revealed
that all T2SS components have their equivalents in T4aPS (Ayers et al., 2010). The minor
pseudopilins, which are specifically required for protein secretion, have their counterparts in
minor T4 pilins. Another "secretion specific" component GspM has a structural equivalent in
the T4P PilO protein (Ayers et al., 2009).

Some components, like the prepilin peptidase, are functionally interchangeable between
the T4P and T2SSs. The Pul T2SS can assemble the major T4 pilin PpdD encoded by the
chromosome of E. coli and many other enterobacteria (Sauvonnet et al., 2000b, Kohler et al.,
2004). Furthermore, the E. coli minor pilins can promote the initiation of PpdD assembly in a
heterologous system, catalyzed by the T2SS assembly machinery (Cisneros et al., 2012),
suggesting a role of minor T4 pilins in pilus assembly initiation. Minor T4 pilins are required
for pilus assembly in the presence of retraction ATPase PilT. Mutants of pi/T are piliated, due
to the spontaneous assembly initiation events, the high concentration of pilins in the membrane
and their extremely high stability. Indeed, unlike the T2SS pseudopili, which are unstable and
short under physiological conditions, T4 pili are so stable that an energy-dependent process is
required to undo the fibers and reset the system. While flexible modeling predicts a similar

electrostatic and hydrophobic interaction network in pseudopili and T4P, the covalent disulfide
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bonds stabilizing the T4 pilin monomers might be responsible for this remarkable fiber stability
(Campos et al., 2011, Li et al., 2012).

Interestingly, the minor T4 pilins of E. coli can promote the assembly of PulG, albeit
less efficiently than the cognate minor pseudopilins (Cisneros et al., 2012). The absence of
homology and therefore of structural complementarity between the globular domains of T4
pilins and the major T2SS pseudopilin (and vice versa) suggests that their role in assembly
initiation does not rely on complex formation between these proteins. The only similarities
between T4 pilins and T2SS pseudopilins are found in their hydrophobic segments, suggesting
a role in crucial interactions with the assembly machinery. According to the activation model,
the minor T4 pilin or minor pseudopilin complex formation acts upon the assembly machinery
to start the first cycle of ATP binding and hydrolysis. However, pseudopilus assembly is more
efficient in the presence of cognate minor pseudopilins, suggesting that a scaffolding
mechanism (via direct binding of pseudopilin globular domains) contributes to assembly
initiation (Cisneros et al., 2012, Cisneros et al., 2011, Burrows, 2012). In support of this model,
full activation of pseudopilus assembly that leads to protein secretion is achieved in the

presence of cognate pseudopilins in the T2SS.

Models of protein secretion

How is the energy of pseudopilus assembly transduced to promote protein secretion?
Based on the similarities of T2SS and T4P, at least two models of protein secretion mechanism
have been proposed (Nunn, 1999) known as "the piston" and the "Archimedes' screw" models.
The idea of the piston was based on the dynamics of T4a pili, where cycles of pseudopilus
extension and retraction push the substrate through the secretin channel. According to this

model, pseudopilus assembly provides the driving force for secretion, acting as a piston, while



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

15

minor pseudopilins determine the binding specificity (Shevchik et al., 1997, Nunn, 1999,
Vignon et al., 2003). Major support for the piston model comes from recent findings that the
minor pseudopilin complex XcpU-V-W-X of P. aeruginosa binds in vitro to the specific
substrate of the Xcp system, LasB, but not to the substrate of the second Hxc system present in
the same species (Douzi et al., 2011).

The major problem with this model is that in T2SS there is no evidence of fiber
retraction. Certain T4P assembly systems also secrete periplasmic proteins. One example is the
toxin co-regulated pilus (TCP) of V. cholerae, which secretes a soluble colonization factor
TcpF (Kirn et al., 2003). Interestingly, the TCP system lacks the retraction ATPase, again
suggesting that pilus retraction is not required for protein secretion. A unidirectional assembly
might be required to ensure the vectorial transfer of proteins from the inner membrane towards
the exterior. The lack of retraction ATPase in T2SS led to the proposal that pseudopilus
"collapses" or is degraded, and that GspK might catalyze the degradation of major pseudopilin
(Durand et al., 2005). Indeed, pseudopilins might be more prone to degradation than T4 pilins.
Their Ca?"-coordinating C-terminal loop, structurally equivalent to the disulfide loop in T4
pilins, might provide a basis for the control of subunit structural integrity (Korotkov et al.,
2009).

In T4P and all helical fibers of this superfamily, subunits are shifted by a 1-nm
translation and variable rotation angles, with a symmetry that does not match that of the GspE
ATPase. This implies that, during assembly, the fibers rotate relative to the assembly ATPase
during addition of each new subunit (Mattick, 2002). The T2SS might be regarded as a
modified reverse ATP synthase that uses the energy release upon ATP hydrolysis for rotation
instead of generating ATP using the proton motive force (Streif et al., 2008). The Archimedes'
screw model postulates exoprotein binding to the pseudopilus at the base, suggesting that major

pseudopilins provide the binding surface (Fig. 4). Addition of pseudopilin subunits would be
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coupled to the rotary motion of the fiber and to a net upward transfer of subunits and bound
exoproteins from the pseudopilus base into the secretin channel. So far, there is less
biochemical support for this model that for the piston model. However, the exoprotein PulA of
the K. oxytoca T2SS interacts with the PulG pili (Kohler et al., 2004) (Francetic et al,
submitted). In addition, major pseudopilin mutations lead to a change in substrate specificity in
Xcp and Hxc, the two T2SS of P. aeruginosa (Durand et al., 2011).

Evidence for rotation during or upon assembly of helical fibers comes from archaella,
which rotate to promote swimming (Ghosh and Albers, 2011, Herzog and Wirth, 2012); S.V.
Albers, personal communication). While bacterial flagella require proton motive force for
rotation, archaella use the energy of ATP hydrolysis and do not seem to require motor proteins
other than the assembly machinery itself (Streif et al., 2008). Given their conservation, it is
plausible that all helical fiber assembly nanomachines of this superfamily display the same
dynamics. While rotation of rigid archaella allows them to "carry the weight" of the archaeal
cell and support swimming, rotation of flexible pseudopili or T4P might not be easily observed.
The ATPase GspE in T2SS is anchored to the membrane via GspL, but GspF might be free to
rotate in the membrane. Components of the fiber assembly platform anchored in the cell wall
might play a role of the stator, and the link with GspC and GspD might be important in this
regard (Korotkov ef al., 2011).

Clearly, the interactions between the membrane components of fiber assembly
nanomachines and fiber dynamics are a vast unexplored area that awaits further research.
Comparative analysis of T2SSs, T4P, archaeal pili and archaella should provide important
clues on the common mechanisms and significant differences that underlie the specialized

functions of these remarkable systems.
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606  Fig. 1. Pseudopilus biogenesis steps. The transmembrane segment of pseudopilins (in grey)
607 interacts with cellular and type II secretion system partners. The hydrophobicity of the segment
608 s crucial for the targeting via the SRP complex (A) to the Sec translocase (B) for correct
609 membrane insertion. Upon insertion, the prepilin peptidase cleaves the positively charged pre-
610  peptide after the conserved Gly residue (C); the cleaved peptide interacts with at least one
611  component of the assembly platform (D) to finally become buried in the core of the assembled
612  fiber, while the globular hydrophilic domains are exposed on the pseudopilus surface (E).
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Fig. 2. Involvement of T2SS components in pilus formation. (A) Top: Organization of the
Pul T2SS-encoding genes on the chromosome of Klebsiella oxytoca. Divergent operons pulAB
and pulCDEFGHIJKLMNO, and a monocystronic pulS gene encode the T2SS. The substrate
gene A is shown in yellow. Genes dispensable for the substrate secretion are shown in grey,
genes essential for surface exposure of the pseudopilus and the substrate are in blue, genes
essential for pseudopilus assembly and protein secretion are in pale orange, and genes essential
for protein secretion only are in green. Below: PulG pilus assembly in mutants lacking
individual T2SS components. Bacteria of strain MDS42 (Posfai et al., 2006) transformed with
different derivatives of plasmid pCHAP231 carrying the complete set of pul genes or single
nonpolar mutations as indicated (Possot et al., 2000) were grown for two days on rich solid
media. Bacterial and sheared pili fractions were analyzed by immunodetection using anti-PulG
antibodies, as described (Cisneros et al., 2011). The equivalent of 0.05 ODgggnm of €ach fraction
was loaded. The asterisk indicates a cross-reacting band. (B) The schematic representation of
the Pul T2SS components in the bacterial envelope with the same color- code as above. OM,
outer membrane; PG, peptidoglycan; IM, inner membrane. Images of T2SS components were
prepared with PyMol (http://www.pymol.org). The model of GspD is adapted from (Reichow
et al., 2010).
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Fig. 3. The structure of the PulG pseudopilus (left) and PulG residues involved in inter-
protomer interactions (right). The central protomer P (orange) interacts with protomer P+1
(green), P+3 (blue) and P+4 (red). Arrows indicate predicted interactions between residues of
the central protomer P and its partners at each interface (indicated by the residue position, the
color code and the protomer number in index). Adapted from (Campos et al., 2010).
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GnHIJK

Fig. 4. Models of pseudopilus assembly and function in protein secretion. (A) The minor
pseudopilins (I-J-K) self-assemble in the inner membrane (IM) and bind to the fourth minor
pseudopilin GspH (H). This tetrameric complex transfers the activation signal to the assembly
ATPase via an unknown component of the assembly platform, possibly GspL (LMF). The
activation of the ATPase (E) leads to the elongation of the pseudopilin by successive addition
of major pseudopilin subunits (G), coupled to the fiber rotation relative to the assembly
ATPase. (B) According to the piston model, the substrate (A in pink) binds to the minor
pseudopilin complex on the tip (HIJK). Pseudopilus elongation adding GspG subunits (in grey)
pushes the substrate through the secretin channel. The system is reset by an unknown
mechanism to allow binding of the next substrate molecule. (C)In the Archimedes’ screw
model, minor pseudopilin complex initiates pseudopilus assembly and the substrate binds to the
major pseudopilins at the fiber base in the IM. Pseudopilus growth from the base, coupled with
rotation drives the substrate into the secretin channel (D) vestibule. Pseudopilus assembly force
pushes the secretin gate open and the substrate is expelled across the outer membrane (OM)
channel. A single pseudopilus initiation event leads to secretion of multiple substrate molecules
via continuous assembly of the major pseudopilins.



