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LAY ABSTRACT

Pseudomonas aeruginosa is a bacterium that causes infection in
people with weakened immune systems. One key factor it uses to cause
infection is the type IVa pilus (T4aP), a filamentous appendage displayed
on the cell surface. T4aP can repeatedly extend and retract, and are
involved in attachment to host cells, and movement along surfaces. When
T4aP cannot extend or retract, the bacteria cannot cause infection. Many
proteins work together to control T4aP function — this study focuses on two
of them. They have one overlapping function, controlling levels of a
signalling molecule needed to make T4aP. We also show that they have a
second, non-overlapping function. One is involved in controlling the
extension/retraction balance, possibly by marking the front of a cell, while
the other may localize pilus-related proteins within a cell. This work helps
us understand how P. aeruginosa makes T4aP, and provides information

helpful to understanding control of virulence.
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ABSTRACT

Type IVa pili (T4aP) are long, retractile, filamentous, surface
appendages involved in cellular surface adhesion, biofilm formation, DNA
uptake, and a unique form of motility called ‘twitching’. They are a critical
virulence factor in a number of bacteria, including the opportunistic
pathogen Pseudomonas aeruginosa, a major cause of hospital-acquired
infections. T4aP function is controlled by a number of different regulatory
proteins and systems. A putative chemosensory system termed ‘Chp’,
controls levels of the second messenger molecule cyclic adenosine
monophosphate (CAMP). cAMP works with a cAMP receptor protein called
Vfr to control expression of ~200 virulence genes, including those that are
required to make T4aP. cAMP levels are regulated by proteins outside the
Chp system, including the bitopic inner membrane protein, FimV. This
study examines the role of the Chp system and FimV in T4aP regulation.
Both proteins are required for regulation of cAMP levels, while the Chp
system also has a cAMP-independent role in regulating twitching. FimV
has been shown to regulate cAMP levels, possibly connecting to the Chp
system through a scaffold protein, FimL. We present the structure of a
conserved cytoplasmic region of FimV, and show that this region is
required for connecting FimV to the Chp system. We also characterize the
cAMP-independent role of FimV, confirming that it is distinct from that of

the Chp system, and is involved in localizing T4P regulatory proteins. We
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also provide evidence that the cAMP-independent role of the Chp system
is to mediate the balance between T4P extension and retraction, possibly
through denoting the ‘front’ of a motile cell. Together, these data help to
resolve the cAMP-independent and —dependent pathways controlling

twitching motility.
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Preface:

Chapter One includes text adapted from the following publication:

Leighton TL*, Buensuceso RNC*, Howell PL, Burrows LL. 2015.
Biogenesis of Pseudomonas aeruginosa type IV pili and regulation of their
function. Environ. Microbiol. 17:4148-4163.

*authors contributed equally.

Sections included here were written primarily by R.N.C.B, P.L.H., and

L.L.B.

Excerpts were reprinted with permission from John Wiley and Sons, Inc.
Copyright © John Wiley and Sons, Environmental Microbiology, volume 17,

2015, 4148-4163, DOI: 10.1111/1462-2920.12849
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Introduction
Type IV pili

Type IV pili (T4P) are long, flamentous protein polymers expressed
by a broad range of gram positive and gram negative bacteria and
archaea (1) (Figure 1.1). They are involved in surface attachment, biofilm
formation, DNA uptake, and twitching motility (2-8). T4P are critical
virulence factors, as mutants lacking T4P are impaired in pathogenicity (9,
10). Structurally, T4P are large, polar, multi-protein complexes that in
gram-negative bacteria, have components in the outer membrane,

periplasm, inner membane, and cytoplasm.

A) B)

Figure 1.1 — T4aP are polar surface appendages. (A) Representative
image of a twitching raft moving away form the point of inoculation. Arrows
indicate direction of movement. Scale bar = 10um. (B) The pole of a P.
aeruginosa pilT mutant was visualized by transmission electron
microscopy. The single, polar flagellum (open arrowhead) is thicker than
the numerous T4aP (closed arrowhead). Scale bar = 500 nm.
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T4P are important virulence factors in the opportunistic pathogen, P.
aeruginosa, one of the model organisms for study of T4P biology (11). P.
aeruginosa is a common cause of nosocomial infection (12, 13). Chronic
infection of the lungs with P. aeruginosa is common in cystic fibrosis
patients, and a major cause of morbidity and mortality in this population
(13). T4P play a critical role in the P. aeruginosa infection cycle, mediating
the initial attachment to biotic surfaces, and are thus integral to biofilm
formation (8). Mutants lacking T4P have decreased virulence and are
impaired in their ability to adhere to epithelial cells in culture (9).

T4P can be divided into two major subfamilies based on the
composition of the pilus fiber and the assembly system: type 1Va pili
(T4aP) and type IVDb pili (T4bP). T4aP are typically associated with
twitching motility (7, 14, 15). They can undergo repeated cycles of
extension (assembly), adhesion, and retraction (disassembly) to pull a cell
along a surface, similar to a molecular grappling hook. T4aP are broadly
expressed, and have been well-studied in a number of model organisms
including P. aeruginosa (11), Neisseria spp., and Myxococcus xanthus,
where species-specific differences in the regulation of twitching motility
have been reported (16). In contrast, T4bP are more commonly found in
enteric bacteria. Unlike T4aP, they are not usually associated with motility,

and often lack a retraction ATPase (7).
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Proper T4aP function requires correct assembly of the T4aP
structural components, and regulatory input controlling transcription of
T4aP assembly proteins, and subcellular asymmetry in protein distribution
to promote directional twitching. This thesis describes critical regulators of

T4P function and their modes of action.

Overview of twitching motility

T4aP are associated with a flagellar-independent form of movement
termed twitching motility, or ‘twitching’. Twitching typically occurs on moist,
viscous surfaces (7). T4aP on twitching cells undergo repeated cycles of
extension (assembly), adherence to a surface, and retraction
(disassembly). Although individual cells can twitch, it is generally a social
form of motility, in which groups of cells aligned along their long axis move
outward at the edge of a colony in projections called ‘rafts’ (Figure 1.1A)
(17). Importantly, not all of the cells within a raft are actively extending and
retracting pili simultaneously, and nonmotile strains or even inanimate
particles can be transported by twitching rafts (Burrows and Dutcher labs,
unpublished data).

The twitching motility function of T4aP has been shown to play an
important role in virulence. P. aeruginosa retraction-deficient mutants
exhibit less cytotoxicity towards epithelial cells (9, 18). Furthermore, P.

aeruginosa strains bearing mutations in twitching motility signalling
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pathways are less lethal in Drosophila models (19). The importance of
functional T4aP in virulence was further highlighted in Dichelobacter
nodosus, where it was shown that loss-of-function mutations that
abrogated pilus function without affecting piliation resulted in avirulence
(20). These data suggest that it is the presence of a functional pilus that
imparts virulence, rather than the presence of a pilus in general (20),

emphasizing the need to better understand regulators of T4P function.

The T4aP assembly system

The T4aP assembly system of P. aeruginosa is composed of four
subcomplexes spanning the inner and outer membrane (IM and OM;
Figure 1.2). The OM secretin is composed of 14 subunits of PilQ (21) and
its pilotin protein PilF. PilF is an outer membrane lipoprotein responsible
for localization of PilQ to the OM (22). The pore formed by multimeric PilQ
forms a gated channel through which the pilus exits the cell (23). The IM
motor subcomplex is composed of a dimer of the platform protein PilC (24),
the site of T4P assembly and disassembly, and three cytoplasmic
ATPases PilB, PilT, and PilU, which drive extension (PilB) and retraction
(PilT and PilU) of the pilus fiber (25-27). The alignment subcomplex,
composed of PIIMNOP (28, 29), spans the cytoplasm, IM, and periplasm,
connecting the IM components and the secretin. The final subcomplex is

the pilus fiber itself, composed primarily of the major pilin subunit, PilA.
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Prior to incorporation into the fiber, PilA monomers are processed into the
mature form by the prepilin peptidase, PilD (30). A subcomplex composed
of the minor pilins, PilVWXE and FimU plus the non-pilin protein adhesin
PilY1, prime T4P assembly and promote PilY1 exposure on the cell

surface (31).

Figure 1.2 — The P. aeruginosa T4aP assembly complex. The P
aeruginosa T4aP assembly complex can be divided into 4 subcomplexes.
The pilus fiber (teal) is composed of major and minor pilin subunits
arranged in a helical fashion. The leader sequence at the N-terminus of
pilin subunits is cleaved at the cytoplasmic face by the prepilin peptidase
PilD. The inner membrane motor subcomplex (purple outline) provides
energy for T4P extension and retraction, adding/removing pilins from the
fiber. The pilus fiber exits the cell through the outer membrane secretin

(red outline). The alignment subcomplex (green outline) connects the
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outer membrane and inner membrane components. Abbreviations: OM,

outer membrane; PG, peptidoglycan; IM, inner membrane.

The outer membrane secretin

The OM pore is a channel formed by a 14-mer of the secretin
monomer, PilQ (21). Like other proteins of the secretin family, PilQ has a
periplasmic N-terminal domain, and a C-terminal membrane-embedded
secretin domain that forms the IM pore. The periplasmic domain has four
distinct subdomains, two tandem species-specific domains that are
structurally related to the peptidoglycan-binding AMIN domain of
peptidoglycan amidases, followed by NO and N1 subdomains. PilQ is
connected to the alignment complex through an interaction between its NO
domain and the C-terminal -sandwich domain of PilP. The AMIN domains
are likely involved in targeting PilQ to septal PG (32, 33) (Carter et al in
preparation). PilQ is shuttled to the OM by its pilotin lipoprotein, PilF (22).

In Myxococcus xanthus, multimeric OM secretin was proposed to
initiate assembly of the T4aP system. Multimerized secretin recruits
alignment sub-complexes, which then recruit the IM motor sub-complex
(34). Whether this assembly cascade occurs in P. aeruginosa has not yet
been shown. However, Carter et al (in preparation) showed that deletion of
pilQ — but not pilM — mislocalizes PilO, confirming that PilQ controls

placement of the system at the poles of the cell.
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The inner membrane motor complex

Energy for T4aP extension and retraction is provided by hydrolysis
of ATP by cytoplasmic ATPases arranged in a homohexamer. The T4P
motor ATPases belong to the Additional Strand Catalytic E (ASCE)
superfamily of ATPases. ASCE ATPase monomers are two domain
proteins, separated by a linker region. The C-terminal domain contains the
Walker A and Walker B motifs associated with ATP binding and hydrolysis
and the N-terminal domain of PilT and PilU are associated with ATPase
localization (35).

Most T4aP systems have two ATPases, but P. aeruginosa has 3
ATPases that are all required for twitching — PilB, PilT, and PilU (25-27).
All three ATPases interact directly with PilC (24, 36), although deletion of
pilC mislocalized PilB but not PilT or PilU (35). PilB and PilT function in
extension and retraction respectively, evidenced by surface piliation levels
reflective of extension deficient (non-piliated) and retraction deficient
(hyperpiliated) states (25, 26).

Two models for ATPase function have been recently proposed.
Mancl et al. solved the crystal structure of Thermus thermophilus PilB
bound to ATP (37). Monomers worked in tandem with the monomer on the
opposite side of the hexamer. Hydrolysis of ATP leads to structural
changes that appear to push pilin monomers into the growing fiber.

McCallum and colleagues also recently solved the crystal structure of PilB
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from Geobacter metalloreducens bound to either ADP or the non-
hydrolyzable ATP analogue, AMP-PNP (McCallum el al. submitted). They
propose an alternate model, where ATP hydrolysis rotates PilC while
inserting or removing pilins from the filament.

The role of PilU is currently unknown. Unlike pilB and pil T, pilU
mutants have near wild-type levels of surface pili and are sensitive to
killing by pilus-specific bacteriophage, which requires functional pili (27).
Interestingly, PilU is the only one of the ATPases that has unipolar
localization — PilB and PilT are both bipolar (35). The asymmetry created
by PilU may allow the cell to distinguish between leading and lagging

poles, to impart directionality for movement.

The alignment subcomplex

The T4P alignment subcomplex spans the cytoplasm, inner
membrane, and periplasm, and connects the OM secretin to the inner
membrane motor subcomplex. It is comprised of the cytoplasmic protein
PilM, the bitopic inner membrane proteins PilN and PilO (38), and the
lipoprotein PilP, all encoded in a polycistronic operon with pilQ (29). The
alignment complex components are hypothesized to be in a 1:1:1:1 ratio
with monomers of the PilQ 14-mer (39). PilN and PilO are predicted to be
structurally similar, with their core domains in the periplasm, a single

transmembrane segment, and a short N-terminal cytoplasmic domain (38).
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Leighton et al. recently showed simultaneous formation of PilN and PilO
hetero- and homodimerization, arranged as a heterodimer of homodimers
(40). Cytoplasmic PilM binds to the N-terminus of PilN (41), while the N-
terminus of PilO has no known binding partners. PilM also interacts with
both PilB and PilT, further suggesting a connection between the alignment
complex and T4aP extension and retraction (36).

Several roles have been proposed for the alignment subcomplex. It
may align the IM and OM components of the T4aP assembly complex,
allowing for efficient extension of the T4aP from the motor subcomplex to
the secretin (39). It may also function as a ‘cage’ at the IM, locally
concentrating pilin subunits that have either not yet been assembled into
the pilus fiber, or have been disassembled from the fiber following T4aP
retraction to improve the efficiency of polymerization (39). Recently,
Leighton et al. showed using disulfide bond analysis, perturbation of
specific interaction interfaces within the PiIN and PilO heterodimer of
homodimers could impair pilus assembly and twitching (40, 42). It was
proposed that domain movements in PilM are transduced through PilN

and PIIO, ultimately leading to a movement in PilO.

The pilus fiber

The pilus fiber is a ~6nm diameter helical protein filament extending

from the pole(s) of a cell, through the OM PilQ secretin. It is composed of

11
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thousands of copies of the major pilin subunit, PilA. The pilins are
characterized by their hydrophobic N-terminal alpha helix, and a globular
C-terminal head group. The hydrophobic N-terminus is preceded by a
short leader sequence containing a unique cleavage site for the dedicated
PilD pre-pilin peptidase, which removes the leader at the cytoplasmic face
of the inner membrane to produce mature pilins (30).

At the tip of the pilus fiber is a complex of pilin-like proteins termed
the ‘minor’ pilins which are encoded in a polycistronic operon,
fimUpilVWXE, with the non-pilin protein, PilY1 (43-45). The minor pilins
are proposed to form a complex that primes T4aP assembly (31): PilVWX
and PilY1 form an initial complex that recruits PilE, which together with
FimU, connects the minor pilin complex to the major pilin, PilA. Additional
PilA subunits are then incorporated into the fiber at its base, producing a
helical flament several microns in length.

Several functions have been ascribed to PilY1. It has been
proposed to be an adhesin (46), contributing to T4P-mediated surface
attachment; a calcium-dependent anti-retraction factor (47), and more
recently, a surface sensor (48). PilY1 contains a mechanically sensitive
von Willebrand Factor A (vWFa) domain near its amino terminus (48),
whose deformation of the vWFa domain upon surface binding has been

proposed to initiate a surface-activated virulence program.

12
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Regulation of twitching motility

In addition to the T4P assembly system, other proteins have been
identified that contribute to T4P dynamics in P. aeruginosa through other
regulatory or structural means. Transcription of the genes encoding the
alignment complex proteins PIIMNOP, the OM secretin PilQ, and the
ATPases, are all dependent on a transcriptional regulator called Vfr
(virulence factor regulator), which binds the second messenger molecule,
cyclic adenosine monophosphate (CAMP) (49). Levels of cAMP are in turn
regulated by signalling through a putative chemosensory system related to
the E. coli Che system, termed ‘Chp’ (50-52), but also through other
cAMP-regulatory proteins, including the inner membrane protein FimV (53),
and the cytoplasmic protein FimL (54). All these proteins appear to control
the activity of the major adenylate cyclase, CyaB (55, 56). In addition to
these systems are regulatory proteins such as two-component system
(TCS), PilSR, that regulates pilin gene expression in response to pilin
levels in the membrane (57), and the cyclic-di-GMP regulatory pathway
that controls the switch between motility and sessility. Twitching motility is
thus controlled by a complex regulatory network; however, how these

systems intersect is still unclear.

Response regulator networks

13
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At the core of most bacterial chemotactic pathways is the two-
component histidine kinase-response regulator relationship. Activity of the
kinase in these systems is controlled in response to environmental signals,
which regulate its autophosphorylation. In its simplest form, the kinase
then transfers the phosphate group to its cognate response regulator,
leading to the output of the signalling system (58, 59).

Response regulators typically have a receiver (REC) domain
containing a conserved aspartate residue that is phosphorylated by the
histidine kinase, although phosphorylation at alternative sites is possible
(60, 61). Phosphorylation leads to a change in conformation and the
signalling response. While most response regulators have a dedicated
output domain (62), single domain response regulators that mediate
chemotactic responses often do not. For example, the E. coli chemotaxis
response regulator, CheY, interacts with the flagellar switch complex to
change the direction of flagellum rotation (63).

Signal termination is an important component of TCS that allows
control over the signalling response. Phosphorylated response regulators
can undergo a basal level of auto-dephosphorylation. However, given the
slow rate of dephosphorylation, other proteins are involved in signal
termination. Dedicated phosphatases such as CheZ of the E. coli Che
system (64), or histidine kinases with phosphatase activity such as PilS of

the PilSR system controlling pilA transcription (65), can actively remove

14
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the phosphate group from the response regulator, and are the most
common forms of signalling control. Some systems lack a dedicated
phosphatase and instead use a second response regulator-like protein as
a phosphate sink (66, 67). Data from the S. meliloti system shows that in
addition to response regulator dephosphorylation, there is also reverse
phosphorylation from the response regulator to the histidine kinase (67).
The phosphate sink is characterized by a high phosphorylation rate and

low reverse phosphorylation rate (67, 68).

Chemotactic regulation of motility

Chemotactic clusters represent a more complex form of the two-
component system. While a histidine kinase-response regulator system is
at its core, the chemotaxis system builds on this by adding ligand sensors,
adaptation proteins, adapters, and movement-based signalling output.
Taxis sytems allow bacteria to respond to different environmental cues
through movement (69-71). This allows to cell to move towards favorable,
or away from unfavorable conditions.

One of the best studied taxis systems is the Che chemotaxis
system of E. coli. This system allows the cell to sense changes in the cell's
chemical environment, and respond by altering the direction of flagellar
rotation. It consists of methyl-accepting chemotaxis proteins (MCPs) that

sample the cell’s chemical environment. MCPs are inner membrane
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proteins arranged as trimers of dimers (72-74), with large periplasmic
loops for sensing specific chemical ligands, and a large cytoplasmic
domain. The cytoplasmic domain can be divided into 4 functional domains
(75): a histidine kinase, adenylyl cyclase, methyl-binding protein and
phosphatase (HAMP) domain, a methylation helix, a signaling domain,
and a second methylation helix. The E. coli system has 5 well-known
MCPs that respond to different signals, Tar, Tsr, Trg, Tap, and Aer (76). In
response to the appropriate signal, changes in conformation in the
cytoplasmic domain are transmitted through an adapter protein, CheW, to
a histidine kinase, CheA (73, 77-79). CheA phosphorylates the response
regulator CheY (80), which then interacts with the flagellar switch complex
protein, FliM, to reverse the direction of flagellar rotation (81). Levels of
phosphorylated CheY are controlled by the phosphatase CheZ (82). As
the cell moves along the concentration gradient, adaptation of the system
is mediated by differential methylation of the MCP by the CheR

methyltransferase, and CheB methylesterase (83-85).

The Chp cluster

The Pil-Chp cluster (Chp) is one of four putative chemotactic
clusters in P. aeruginosa, and the only one that controls twitching motility
(50, 51). The Chp system encodes components homologous to those of

the well-studied E. coli Che system that controls flagellar rotation
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(reviewed by (86); Figure 1.3). By analogy, the Chp system of P.
aeruginosa encodes one MCP, PilJ, whose ligand(s) is unknown but may
include phosphatidylethanolamine or PilA (87, 88). PilK and ChpB are
homologous to CheR and CheB, respectively, and are thus predicted to be
responsible for methylation and demethylation (50, 51, 89). Pill and ChpC
are both CheW homologs, although the role of ChpC is unclear. Only
deletion of Pill impairs twitching motility; however, ChpC has been
hypothesized to function as an adaptor that might couple other MCPs to
the Chp system (50). ChpA is a large, complex ortholog of CheA
containing nine potential sites of phosphorylation, although only two have
been experimentally demonstrated to participate in the majority of

phosphotransfer to PilG and PilH (90, 91).
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Figure 1.3 — Schematic of the P. aeruginosa Chp system. The Chp

system encodes one putative MCP, PilJ (shown as a trimer based on it
being a predicted MCP (51, 74)). It is connected to the histidine kinase,
ChpA, via the Pill adapter. Upon stimulation, ChpA undergoes
autophosphorylation, ultimately transferring the phosphate group to
response regulators, PilG or PilH. PilK and ChpB methylate and
demethylate PilJ to adapt to changes in concentration along a chemical
gradient. Abbreviations: OM, outer membrane; PG, peptidoglycan; IM,

inner membrane.
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One major difference between the Chp system and the canonical
Che system comes at the level of the response regulator. Instead of a
single CheY-like response regulator and a CheZ-like phosphatase, the chp
cluster encodes two CheY-like single domain response regulators, PilG
and PilH, both of which can be phosphorylated by ChpA (51, 92), although
phosphotransfer to PilH appears to be favoured (91). The two response
regulator configuration mirrors that of the CheY system of Sinorhizobium
meliloti, which also lacks a CheZ-like phosphatase (63). Two possible
modes of action for the PilG/PilH system have been proposed. Inclan et al.
(93) hypothesized that PilG and PilH control extension and retraction by
regulating activity of PilB and PilT, respectively. Alternatively, PilH has
been proposed to be a phosphate sink that could attenuate Chp signaling
in lieu of a phosphatase (55). Signaling through the Chp pathway is
required for twitching motility and surface piliation. Notably, deletion of pilG,
pild, chpA, or pill results in significantly reduced levels of surface pili,
suggesting that all are involved in pilus biogenesis (51, 90, 92, 94).
However, signaling output from the Chp system is not absolutely required
for T4aP extension and retraction, as pilG and pilH mutants are both
susceptible to lysis by pilus-specific phage (93), although deletion of either
leads to impaired twitching (51, 92, 93).

The Chp system was hypothesized to be similar to the Frz system

controlling T4aP-dependent social motility in Myxococcus xanthus (50, 95).

19



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical
Sciences

The FrzZ response regulator is a fusion of two CheY domains, and was
hypothesized to mirror the PilG/PilH system (50, 96). The remainder of the
upstream Frz chemotaxis machinery is similar to the Chp and Che
systems (50, 97). The Frz system controls cellular reversals (98),
switching the localization of the GTPases MgIA and MglIB, causing the
ATPases to switch poles as well. However, unlike P. aeruginosa, M.
xanthus only encodes two ATPases, PilB and PilT, and lacks a functional
PilU analog (99). Unlike the bipolar localization of extension and retraction
ATPases in P. aeruginosa (35), M. xanthus PilB and PilT are localized to
the leading and lagging poles, respectively (100). Whether the Chp system
is also involved in cellular reversals is unclear, however, the only unipolar
ATPase of P. aeruginosa, PilU, does not switch poles following cellular
reversals (Cynthia Whitchurch, personal communication).

In addition to its role in regulating twitching, the Chp system is also
a key regulator of cAMP through activation of the major adenylyl cyclase,
CyaB (described in section 1.3.5.1) (55). It also plays a role in a proposed
mechanosensory pathway controlling virulence (described in section 1.5)

(88, 89).

Small molecule messenger-based regulation of twitching

In P. aeruginosa, twitching motility and T4aP function are regulated

by a number of different signalling inputs. Both cAMP and c-di-GMP
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regulate motility, as well as virulence and biofilm formation (49, 101). In
turn, levels of cAMP and c-di-GMP are regulated by the coordinated
signaling input from a number of proteins (55, 102, 103). Small molecule
signalling is central to the proposed models of T4aP-based
mechanosensing that control virulence (89), with c-di-GMP promoting the
switch from motile to sessile lifestyles, and cAMP activating the P.

aeruginosa virulence program (55).

Cyclic AMP

cAMP is a critical second messenger molecule that plays important
roles in signal transduction in many organisms, from prokaryotes to
eukaryotes (104). Intracellular cAMP levels are maintained by adenylyl
cyclases, which generate cAMP from adenosine triphosphate (ATP).
Conversely, cAMP is degraded into AMP by phosphodiesterases (PDEs).
Intracellular cAMP exerts its effects through cAMP receptor proteins
(CRPs). CRPs are often transcription factors, which upon cAMP binding,
undergo a conformational change and bind to specific DNA sequences.

P. aeruginosa encodes 3 adenylyl cyclases, ExoY, CyaA, and CyaB
(49, 105). Ex0Y is a class Il exotoxin secreted by the type 3 secretion
system. In contrast, CyaA and CyaB are membrane-bound adenylyl
cyclases that maintain the intracellular cAMP pool (55, 106). CyaA

belongs to class |, which is typically associated with bacterial regulation of
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nutrient utilization, although its specific role in P. aeruginosa is unclear (49,
107). CyaB is the major contributor to the cAMP pool (49, 55). It is a class
llIb adenylyl cyclase (107). Class Ill adenylyl cyclases have at least one
regulatory domain fused to the catalytic domain (108). CyaB has a 6
transmembrane segment associated sensor 2 (MASE2) domain (109) that
is required for CyaB function, which likely tethers it to the cell pole
although its role is unknown (107, 109). Intracellular cAMP in P.
aeruginosa binds to the CRP, Vir (virulence factor regulator) (110). cAMP-
Vfr alters the transcription of ~200 virulence-related genes, including the
the T4P alignment subcomplex and secretin (pilMNOPQ), and the minor
pilin (fimU-pilVWXY1YZ2E) operons. Intracellular cAMP levels are also
controlled by the cAMP phosphodiesterase, CpdA (111).

Fulcher et al. (55) described a cAMP regulatory circuit controlled by
the Chp system (Figure 1.4). The levels of intracellular cAMP were
proposed to control pilus extension, as mutants with low levels of cCAMP
(e.g. cyaAB, pilG) had little or no recoverable surface pili (55).
Supplementation of the growth medium with exogenous cAMP restored
wild-type levels of surface pili but not twitching to a pilG mutant,
suggesting an additional cAMP-independent role of the Chp pathway in
twitching motility, likely in pilus retraction (55). Surface pili were also
required for cAMP production, as both pilA and pilB mutants had

decreased intracellular cAMP. However, pil T mutants did not have
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decreased cAMP, suggesting that the pili did not have to be functional for
CyaB activation. Interestingly, other components of the T4P assembly
complex were not identified in the screen, suggesting that T4P-mediated

cAMP regulation is not simply related to pilus assembly.
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Figure 1.4 — The cAMP regulatory circuit. FimV, FimL, and the Chp

system work in concert to regulate CyaB activity. CyaB functions as a
dimer to convert ATP into cAMP, which is bound by Vfr. The cAMP-Vfr
complex differentially regulates ~200 genes, including many involved in
virulence. The cAMP phosphodiesterase (CpdA) degrades cAMP to AMP
to regulate cAMP-Vfr activity. Abbreviations: OM, outer membrane; PG,

peptidoglycan; IM, inner membrane.
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Other proteins in addition to T4P assembly components and the
Chp system have been identified as regulators of CyaB. Mutants lacking
fimL and fimV (described below) both have decreased cAMP (55, 56).
Interestingly, fimL deletion can be rescued by secondary mutations that
map outside the previously identified cpdA, cyaB, cyaB, vir, pilG, or pilH
loci, suggesting that there are other cAMP regulators that have yet to be

been identified.

Cyclic-di-GMP

The messenger c-di-GMP plays a key role in the transition between
motile and sessile states (112). At high c-di-GMP concentrations, P.
aeruginosa transitions to sessile growth, leading to the formation of
adherent biofilms (113). The intracellular c-di-GMP pool is maintained
through the activity of diguanylate cyclases (DGCs) and cyclic diguanylate
c-di-GMP phosphodiesterases (PDEs) that synthesize and degrade c-di-
GMP, respectively. DGCs contain a characteristic GGDEF motif, while
PDEs have EAL or HD-GYP motifs (114, 115).

P. aeruginosa also encodes a number of GGDEF and EAL domain-
containing regulatory proteins without enzymatic function. Two have been
identified as T4aP regulators — PilZ and FimX. PilZ is required for pilus

extension (116). P. aeruginosa PilZ is the original member of the ‘PilZ
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domain’ family — a large and diverse family of c-di-GMP binding proteins
(116, 117) — despite the fact that PilZ itself does not bind c-di-GMP. How
PilZ functions remains unknown; however, in Xanthomonas axonopodis pv.
Citri, PilZ interacts with PilB and FimX (118). FimX is required for T4P
assembly at low concentrations of c-di-GMP (119). It was originally
characterized as a sensor of environmental signals and their transduction
to T4P (120). fimX mutants are retraction competent, but have low levels
of surface pili, suggesting impaired pilus extension (120). Contrary to the
original report, FimX was subsequently suggested to be catalytically
inactive but capable of binding c-di-GMP with high affinity (121, 122).
While c-di-GMP levels can affect pilus function, the T4P protein
PilY1 and the minor pilins PilW and PilX have been implicated in
regulation of c-di-GMP-mediated control of swarming motility and biofilm
formation (123, 124). Impaired swarming in a mutant lacking the PDE BifA
(which has high levels of c-di-GMP) was rescued by suppressor mutations
in pilY1, pilX, or pilW, consistent with the recent finding that the products
of those genes likely form a subcomplex with PilV (31), although
interestingly, loss of the latter had no effect on swarming (123). The effect
of those mutations involved regulation of the activity of the DGC, SadC.
Surprisingly, PiIWXY1 exert this regulatory effect independently of their
T4P-related functions; mutation of the leader sequence of PilX to prevent

processing by the prepilin peptidase PilD, required for extraction from the
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inner membrane, blocked twitching but did not affect PilX’s ability to
modulate swarming. Further elaboration of the regulatory circuitry that
connects the cAMP and c-di-GMP regulons will help to shed light on the

ancillary functions of the PilWXY1 proteins.

Other relevant regulatory components
FimV

FimV was identified in a transposon screen for mutants deficient in
twitching motility (53). It is a large protein with an N-terminal periplasmic
region containing a peptidoglycan-binding LysM motif and coiled coill
region, a single TMS, and a highly acidic C-terminal cytoplasmic domain
predicted to contain three tetratricopeptide repeat (TPR) motifs separated
by a long, highly acidic, unstructured region — two located proximal to the
IM, and one at the C-terminus (125). The C-terminal region also contains
the conserved ‘FimV C-terminal domain’ (TIGR03504), which contains the
predicted C-terminal TPR motif.

TPR motifs are composed of ~34 amino acid sequences that form
two antiparallel a-helices joined by a short loop. TPR proteins consist of 3-
16 tandem repeats of TPR motifs that associate to form a superhelical
protein-protein interaction surface which can be accessible on either
convex or concave faces. The sequences of TPRs are highly variable, but

a core consensus sequence Wj-L7-Gs-Y 11-Azo-F24-A27-P32 was identified
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(126). Variation is still observed within the core sequence, but the basic
content of large and small hydrophobic residues is conserved (127). Itis
hypothesized that the core hydrophobic residues are involved in forming
the TPR itself, while other residues impart specificity for TPR interaction
partners. TPR motifs often have a terminal ‘capping’ helix; although its
function is unknown, it is believed to aid in solubility (127).

A number of FimV homologs, while lacking significant sequence
identity with FimV, share similar domain organization (128-131). One of
the variable features is the unstructured region between the membrane
proximal TPRs and the C-terminal TPR. The linker regions of Legionella
pneumophila FimV, N. meningitidis TspA, and V. cholerae HubP each
contain different sets of tandem repeats (128, 132, 133). The number of
repeats affects function of the protein, influencing pigmentation, cell length,
and twitching in Legionella, and protein-protein interactions in V. cholerae.
In P. aeruginosa, the linker region lacks repeats or are very degenerate;
this may reflect differences in function.

Some of the FimV homologs — HubP from Vibrio cholerae, V.
alginolyticus, and Shewanella refaciens — regulate flagellar function
through interactions with FIhF and FIhG. In V. cholerae and S.
putrefaciens, are also involved in correct positioning of the chromosomal

origin of replication (128, 129). However, deletion of N. meningitidis tspA
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does not affect twitching, suggesting that the role of the FimV family is not
limited to motility.

Together, these features suggest that FimV is involved in a number
of protein-protein interactions. Its exact role in twitching motility remains
unclear, although in-frame deletion of FimV’s peptidoglycan-binding LysM
motif reduced motility and secretin levels, raising the possibility that it
helps to integrate the PilQ secretin into the cell wall (125). Both its
periplasmic and cytoplasmic domains are required for twitching, although
they can be provided as physically separated fragments and still
complement a fimV mutant (125), suggesting their functions may be
independent of one another.

In addition to twitching motility, FimV is required for type Il secretion
of elastase on solid media (134) and positively regulates levels of
intracellular cAMP (55). Therefore, FimV could be indirectly involved in
pilus assembly via cAMP-dependent transcriptional regulation of T4aP
assembly components. Although not formally tested, the reported
deficiencies in T2S in the fimV background were likely due to reduced
levels of cAMP, as T2SS expression is Vfr-dependent (49). FimV’s role in
CyaB activation suggests that it may interact with the adenylate cyclase,
either directly or through other cAMP-regulatory proteins.

FimV has recently been shown to affect localization of the cAMP

regulatory protein FimL (detailed in section 1.4.2), PilG (135), and the
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T4aP assembly complex proteins PilQ and PilO (Carter et al., in
preparation). The FimV-FimL-PilG interaction is particularly important in

the CyaB activation pathway (135).

FimL

FimL was originally identified as a gene product required for T4aP
biogenesis and function that intersected with the Vfr pathway (54).
Impaired twitching in a fimL mutant could be rescued by a compensatory
mutation in cpdA, the cAMP phosphodiesterase responsible for
breakdown of cAMP into AMP (56, 136). Mutants lacking fimL are
phenotypically similar to those lacking cyaAB — with decreased levels of
intracellular cAMP, and reduced twitching motility (54, 56). Since the
compensatory mutation in cpdA rescues the fimL phenotype, FimL likely
functions exclusively in regulating CyaB activity and cAMP production, and
not in any other T4P-specific behavior.

FimL is homologous to the N terminus of the histidine kinase, ChpA,
with two phosphotransfer-like domains. However, while ChpA has His and
Thr phosphoacceptor residues in those domains, they are replaced in
FimL with GIn (54). Thus, it is unlikely that FimL plays a direct role in a
phosphorelay. Instead, FimL may control CyaB function in a complex with
other cAMP-regulatory proteins. Inclan et al. (135) showed recently that

FimL interacts directly with FimV and PilG, and that FimV was epistatic to
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the Chp pathway. Their model suggests that FimL functions as a scaffold
protein to bridge FimV and the Chp system, as polar localization of FimL
and PilG is dependent on FimV. However, unidentified suppressor
mutations which map outside the cpdA, pilG, pilH, vfr, cyaA and cyaB loci
and rescue twitching and intracellular cAMP levels in the fimL background
suggest that there is at least one more component in the FimL branch of

the regulatory pathway (136).

Mechanosensory of T4P regulation

Many of the aforementioned systems were independently found to
regulate T4aP function. Only recently have links been drawn between the
Chp system, small-molecule signalling, FimV, and FimL, pointing to a
mechanosensing/surface sensing model that relies on PilY1 (48, 88, 89).

The mechanosensory model suggests that there is parallel
signalling through both the Chp system and the pilus fiber, activating CyaB
and the diguanylate cyclase, SadC, respectively (89). PilY1-mediated
surface sensing leads to increased c-di-GMP levels via SadC activity,
promoting biofilm formation. In parallel, activation of the Chp system leads
to increased levels of cAMP and activation of the cAMP-Vfr pathway.
cAMP-Vfr and the transcriptional regulator AlgR promote transcription of
the minor pilin operon, which in turn negatively regulate their own

transcription through PilJ, Vfr, and AlgR (49, 89, 137).
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Surface-dependent activation of cAMP synthesis and biofilm
formation allows the bacterium to employ a context-dependent ‘on switch’
for expression of virulence genes and biofilm-related genes. However, the
mechanosensory model does not account for cAMP-independent roles of

PilG or FimV, both of which are critical for normal pilus function.

Hypothesis and research aims

The critical role of twitching motility and the cAMP-Vfr pathway in
regulating virulence makes them important topics of study. A number of
different systems and proteins contribute to regulation of both systems,
including the Chp system and FimV, both of which have cAMP-dependent
and independent roles in regulating twitching. A better understanding of
these systems is crucial for understanding how P. aeruginosa regulates
virulence. The overarching goal of this work is to deepen our
understanding of regulation of T4aP assembly and extension, focusing on
resolving the cAMP-dependent and independent roles of the Chp system

and FimV. The aims of the project are as follows:

1. Investigate the roles of FimV controlling twitching motility
FimV is a regulator of CyaB activity (55) and is required for
twitching motility, although its role relative to the Chp system and

other cAMP regulators is unclear. Given that all other identified
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cAMP regulators are cytoplasmic (55, 56, 111), we hypothesized
that the cytoplasmic domain of FimV is critical for its CAMP-
regulatory function. We examined the role of its cytoplasmic domain,
in particular the conserved ‘FimV C-terminal domain’ in Chapter 2.
While FimV is responsible for maintaining PiIIMNOP levels
and multimerization of PilQ, its role in CyaB activation makes it
unclear which of those phenotypes are cAMP-dependent and which
are not. In Chapter 3, we resolve the cAMP-dependent and
independent roles of FimV, and distinguish its cAMP-independent

role from that of PilG.

2. Characterize the cAMP-dependent and independent roles of

PilG in motility
PilG, the response regulator of the Chp system, has both

cAMP-dependent and independent roles in regulating twitching (55).
The cAMP-dependent pathway promotes assembly, while the
cAMP-independent pathway is related to retraction. In Chapter 4,
we investigate the role of PilG in regulation of twitching and
distinguish the outputs of the cAMP-dependent and independent

pathways.
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CHAPTER TWO

The conserved TPR-containing C-
terminal domain of Pseudomonas
aeruginosa FimV is required for its
cAMP-dependent and independent

functions
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ABSTRACT

FimV is a Pseudomonas aeruginosa inner membrane protein that
regulates intracellular cyclic AMP (cAMP) levels, and thus type IV pilus
(T4P)-mediated twitching motility and type Il secretion (T2S) of toxins, by
activating the adenylate cyclase CyaB. Its cytoplasmic domain contains
three predicted tetratricopeptide repeat (TPR) motifs separated by an
unstructured region — two proximal to the inner membrane, and one within
the ‘FimV C-terminal domain’, which is highly conserved across diverse
homologs. Here, we present the crystal structure of the FimV C-terminus,
FimVgs1-919, containing a TPR motif decorated with solvent-exposed,
charged side chains, plus a C-terminal capping helix. FimVggg — a
truncated form lacking this C-terminal motif — did not restore wild-type
levels of twitching or surface piliation compared with the full-length protein.
FimVego failed to restore wild type levels of the T4P motor ATPase PilU or
T2S, suggesting that it was unable to activate cAMP synthesis. Bacterial
two-hybrid analysis showed that TPR3 interacts directly with the CyaB
activator, FimL. However, FimVeggg failed to restore wild type motility in a
fimV mutant expressing a constitutively active CyaB (fimV cyaB-R456L),
suggesting that the C-terminal motif is also involved in cAMP-independent
functions of FimV. The data show that the highly conserved TPR-
containing C-terminal domain of FimV is critical for its cAMP-dependent

and independent functions.
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IMPORTANCE

FimV is important for twitching motility and cAMP-dependent
virulence gene expression in P. aeruginosa. FimV homologs have been
identified in a number of human pathogens, and their functions are not
limited to T4P expression. The C-terminus of FimV is remarkably
conserved among otherwise very diverse family members, but its role is
unknown. Here we provide biological evidence for the importance of the C-
terminal domain in both cAMP-dependent (through FimL) and independent
functions of FimV. We present X-ray crystal structures of the conserved C-
terminal domain and identify a consensus sequence for the C-terminal
TPR within the conserved domain. Our data extend knowledge of FimV’s
functionally important domains, and the structures and consensus
sequences provide a foundation for functional studies of FimV and its

homologs.

INTRODUCTION

Type IV pili (T4P) are filamentous surface appendages produced by
a wide range of bacteria and archaea (2, 5), where they assist in DNA
uptake, surface attachment, and twitching motility (3, 4, 6). There are two
major subfamilies of T4P, T4aP and T4bP. T4aP are typically associated

with twitching (5), a process in which the pili undergo repeated cycles of
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extension, adhesion, and retraction, thus acting as molecular grappling
hooks to pull cells along a surface.

The T4aP machinery is composed of four structural subcomplexes
(7). In the model bacterium P. aeruginosa, an inner membrane motor
subcomplex consisting of the platform protein PilC and three hexameric
ATPases, PilB, PilT, and PilU, provide energy for T4aP extension and
retraction (25, 27, 138). A second inner membrane alignment subcomplex
composed of PIIMNOP connects the motor subcomplex with an outer
membrane secretin composed of multimeric PilQ (5, 36, 38, 139, 140).
Finally, the pilus fiber is composed of the major pilus subunit PilA, and a
set of minor pilins that prime pilus assembly and export the adhesin PilY1
to the cell surface (31). These proteins comprise the physical T4aP
machinery, but its synthesis and function are further regulated by a
number of components. A chemotaxis-like system called Chp controls
T4aP function in part by regulating function of the major adenylate cyclase,
CyaB, and thus levels of the second messenger molecule cyclic
adenosine monophosphate (cCAMP) (55). The transcriptional activator Vfr
(virulence factor regulator) binds cAMP and controls the expression of
over 200 gene products — many involved in pathogenicity — including
members of the T4aP alignment subcomplex, and the minor pilins (49).

Also implicated in regulation of T4aP assembly and function is the

inner membrane protein, FimV (53, 125). FimV is involved in a number of
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virulence mechanisms, including twitching motility, type Il secretion (T2S)
of lipases and proteases, and regulation of cCAMP production, and thus Vfr
function (53, 55, 134). FimV is a 919 residue protein consisting of a large
periplasmic domain with a peptidoglycan (PG)-binding lysin motif (LysM)
(141), a single transmembrane segment, and a highly acidic cytoplasmic
domain that is predicted to contain three discontinuous tetratricopeptide
repeat (TPR) protein-protein interaction motifs (142, 143). TPR motifs are
typically composed of 3-16 tandem repeats of a ~34-residue a-helical
hairpin. Individual pairs of helices associate to form a superhelical
structure that mediates protein-protein interactions (144). TPR protein
sequences are highly variable, although a core consensus sequence, Wy-
L7-Gsg-Y 11-A20-F24-A27-P32 was identified 2 decades ago (126). None of the
positions of the consensus are invariable, although hydrophobic residues
are commonly observed at those positions (126, 127, 145). Of the three
predicted TPR motifs in P. aeruginosa FimV, two are organized in tandem,
proximal to the inner membrane (TPR1 and TPR2, residues 544 to 611),
while the third (TPRS3, residues 873 to 906) is at the C-terminus, separated
from TPR1 and TPR2 by a long, highly acidic region predicted to lack
regular secondary structure (53).

In addition to controlling cAMP production and related phenotypes,
FimV functions in a cAMP-independent manner, promoting multimerization

of the PilQ secretin (125). Based on recent work in other species, FimV

40



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical
Sciences

may be a hub protein — similar to HubP of Vibrio cholerae and Shewanella
putrefaciens — that coordinates interactions of a number of landmark
proteins involved in motility and chromosome segregation at the poles of
rod-shaped bacteria (128, 129). These large proteins have very limited
sequence identity aside from their LysM motifs, single transmembrane
segment, and a highly conserved “FimV C-terminal sequence” of
approximately ~50 residues (NCBI Conserved Domain Database
designation, TIGR03504) (125) predicted to include a single TPR motif.
FimV’s domain architecture and C-terminal sequence are shown in Figure

2.1.

462480 544 611 873 906
- _ I |

N (1 )[ P/A LysM TPR1+2

TPR C (919)

TIRLBLARAYIDMGBSEGARDILDEHVLAEGNDSQQAEARELLERL

Figure 2.1. Schematic of FimV domain organization. FimV has a
peptidoglycan-binding LysM moitif, two proline/alanine rich regions (P/A),
and a coiled-coil (CC) motif in its periplasmic domain (residues 1-462),
followed by a single transmembrane segment (TM) (125). The cytoplasmic
domain (residues 480-919) has three predicted TPR motifs (143), two in
tandem (residues 544-611), and a third at the C-terminus (residues 873-
906). The ‘FimV C-terminal domain’ (TIGR03504) is highly conserved
among orthologs. The amino acid sequence of the conserved C-terminal
domain is shown. Domains are drawn to scale. The boundary of the

truncated FimVeggg is shown with an arrowhead.
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The way in which FimV regulates cAMP production by the major P.
aeruginosa adenylate cyclase CyaB is unclear. While other regulators of
cAMP levels have been identified, including the Chp chemotaxis-like
system, the CyaB activator FimL, and the phosphodiesterase CpdA (55,
56, 111), only FimL interacts with FimV (135). All the regulators identified
so far are cytoplasmic, suggesting that interactions with FimV are likely to
occur with its cytoplasmic domain. Here, we present the X-ray crystal
structure of the highly conserved TPR3-containing C-terminal domain at
2.05 A, and provide evidence that it plays a key functional role in
regulation of motility and cAMP production, and therefore production of

many P. aeruginosa virulence factors.

MATERIALS AND METHODS
Bacterial growth conditions

Bacterial strains and plasmids are listed in Table 1. Unless
otherwise stated, P. aeruginosa strains were grown on LB agar at 37 °C
on media containing 30 ug ml”" gentamicin. E. coli BL21 (DE3) and B834

DE3) strains were grown in media containing 100 ug ml™" ampicillin.
g g g

Sequence analysis
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The CDvist server, which uses an array of protein sequence
analysis tools and protein feature databases (146), was used to delineate
complete domain architectures of FimV and orthologous sequences that
were downloaded from the EggNOG database (147). A multiple sequence
alignment was constructed using MAFFT-LINSI with the legacygappenalty
option (148). A maximum likelihood tree was built using MEGA with

pairwise deletion and the JTT substitution (149).

Twitching motility assay

Twitching motility was tested as previously described (150) with
some modifications. In brief, cells from an overnight culture were stab
inoculated to the interface between LB 1% agar polystyrene petri dish, and
incubated at 37 °C for 16 h (Thermo Fisher). Media was supplemented
with 0.1% (wt/vol) arabinose to induce expression of FimV, and petri
dishes were tissue culture treated to promote twitching. Twitching zones
were visualized by removing the agar and staining cells on the petri dish
with 1% (wt/vol) crystal violet and washing with water to remove unbound
dye. Twitching zones were measured by analyzing the diameter of each
twitching zone in pixels using Imaged software (NIH). Twitching zones
were normalized to the twitching diameter of wild type PAK in each
individual experiment. Data are representative of n = 3 independent

experiments.
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Sheared surface protein preparation

Surface pili were analyzed as previously described (150). In brief,
strains of interest were streaked in a grid-like pattern onto LB 1.5% agar
supplemented with 0.1% (wt/vol) arabinose and grown overnight at 37 °C.
Cells were gently scraped from the plates using a sterile coverslip and
resuspended in 4.5 ml PBS (pH 7.4). Surface appendages were sheared
by vortexing the cells for 30 s. The ODgqo for each strain was measured,
and an amount of cells equivalent to 4.5 ml of the sample with the lowest
ODsggp was pelleted by centrifugation at 16,100 x g for 5 min. When
necessary, PBS was added to samples to a final volume of 4.5 ml prior to
centrifugation. Supernatants were removed and centrifuged again at
16,100 x g for 20 min to remove remaining cells. Supernatants were
collected and mixed with 5 M NaCl and 30% (wt/vol) polyethylene glycol
(Sigma; molecular weight range ~8000) to a final concentration of 0.5 M
NaCl and 3% (wt/vol) polyethylene glycol, and incubated on ice for 30 min.
Precipitated surface proteins were collected by centrifugation at 16,100 x
g for 30 min. Supernatants were discarded and samples were centrifuged
again at 16,100 x g for 2 min. Pellets were resuspended in 150 ul of 1x
SDS-PAGE sample buffer (80 mM Tris, pH 6.8, 5.3% (vol/vol) 2-
mercaptoethanol, 10% (vol/vol) glycerol, 0.02% (wt/vol) bromophenol blue,

2% (wt/vol) SDS). Samples were boiled for 10 min and resolved by 15%
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SDS-PAGE. Bands were visualized by staining with Coomassie brilliant

blue (Sigma). Data are representative of n = 3 independent experiments.

Western blotting

Western blotting of whole cell lysates was performed as previously
described with some modifications (28). In brief, whole cell lysates
prepared from strains grown overnight on LB 1.5% agar supplemented
with 0.1% (wt/vol) arabinose. Cell growth was resuspended in 1x PBS and
normalized to an ODeqo of 0.6. Cells were pelleted by centrifugation at
2,300 x g for 5min. Pellets were then resuspended in 175 ul of 1x SDS-
PAGE loading dye. Cell lysates were resolved on 15% SDS-PAGE gels
and transferred to nitrocellulose membranes. Membranes were blocked in
5% skim milk dissolved in PBS (pH 7.4) for 1 h, washed in PBS, and
incubated with antisera raised against the FimV periplasmic domain (125)
or PilU (24), diluted in PBS (anti-FimVeri 1:1000; anti-PilU 1:5000) for 1 h,
washed, incubated with alkaline phosphatase-conjugated goat-anti-rabbit
secondary antibody (1:3000, Bio-Rad) for 1 h, and washed. Blots were
developed using 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitro
blue tetrazolium (NBT). Data are representative of n = 3 independent

experiments.

Densitometric analysis
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Pixel density of the band corresponding to PilU and a non-specific
loading control band were determined using Imaged software (NIH) (151) .
Pixel density of the PilU band was normalized to the pixel density of the
loading control band, expressed as a percentage of the normalized PilU
levels in wildtype PAK. Data are representative of the average of n =3
independent experiments. Pairwise student’s t-test was performed using
GraphPad Prism 5 Software (GraphPad Software) to determine statistical

significance. Results were considered significantly different if p < 0.05.

Type Il secretion assay

Overnight cultures grown on LB 1.5% agar were resuspended in
PBS and diluted to an ODgg of 0.6. Two ul of the normalized suspension
were spot inoculated onto trypticase soy agar supplemented with 2%
(wt/vol) skim milk and 0.1% arabinose (wt/vol), and incubated for 40 h at
30 °C. Secretion of the type Il secretion substrate elastase was visualized
as a zone of clearance (degradation of casein) around the colony.
Secretion was quantified by calculating the difference between the
diameter of the zone of clearance and the diameter of the bacterial growth,
and expressed as a percentage of wild type PAK. Data are representative

of n = 3 independent experiments.

Bacterial two-hybrid assay
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E. coliBTH101 cells were cotransformed with TPR1 and 2 (FimVss.
618), 1PR3 (FimVsg11.919), TPR1-3 including the linker region (FimV4ss-919),
or FimL, fused to either the T18 or T25 fragments of Bordetella pertussis
CyaB (152) by heat shock. Single colonies were resuspended in 5ml LB
supplemented with 100ug/ml ampicilin and 50ug/ml kanamycin and grown
overnight.A 5ml subculture using 100ul of the overnight culture was grown
to ODeggp of 0.6. Five ul of each strain was then spot plated onto
MacConkey agar supplemented with 100ug/ml ampicilin and 50ug/mi
kanamycin, 1% (w/v) maltose, and 0.5mM isopropyl b-D-
thiogalactopyranoside (IPTG), and LB/1.5% agar (w/v) supplemented with
100ul of 20mg/ml 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X-
gal) spread and allowed to dry onto the surface of the plate, and incubated
at 30°C for 24h. Positive interactions were visualized by pink bacterial
growth representing fermentation of maltose on MacConkey agar, or blue
growth on LB/1.5% agar supplemented with X-gal representing X-gal

cleavage.

Protein overexpression and purification

TEV protease was expressed from plasmid pRK793 (Addgene
plasmid #8827) (153). E. coli BL21 transformed with pRK793 was grown
overnight at 37 °C in 10 ml LB supplemented with ampicillin. The overnight

culture was subcultured into 1 L of fresh media and grown at 37 °C until
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ODeoo = 0.6. Expression was induced with TmM IPTG and the cells grown
at 30 °C for 4h. Cells were harvested and the pellet resuspended in 20
mM Tris pH 8, 500mM NaCl, 10% glycerol, 25 mM imidazole for lysis by
sonication and centrifugation as above. TEV protease was purified by
nickel affinity chromatography on an AKTA FPLC as above where the
protein was eluted in 220 mM imidazole following washes with 25 mM, 40
mM, 50 mM and 65 mM imidazole. The elution fraction was diluted up to
50 ml with 50 mM Tris pH 8, 1 mM EDTA, 5mM DTT and 10% glycerol.
TEV protease was further purified by cation exchange chromatography
using a 5 ml HiTrap SP HP column (GE Healthcare) on an AKTA FPLC.
The protein was eluted a gradient of 150 mM — 500 mM KClI, fractions
were analyzed by SDS-PAGE and those with TEV protease were pooled.
TEV protease was concentrated to 1mg/ml, flash frozen with liquid
nitrogen and stored at -80°C until used.

The DNA fragment encoding FimVsges2-919 was amplified using
forward 5’CACCGATGACTTCGACTTCCTCTCCGGTGC3’ and reverse
5TCAGGCCAGGCGCTCCAGCAACTC3’ primers and cloned into
pET151/D-TOPO for expression with a cleavable Hisg-V5 tag. E. coli BL21
(DE3) transformed with pET151::fimVgs2.919 was grown in LB
supplemented with ampicillin for 6 h at 37 °C , and subcultured into Terrific
Broth (TB) with ampicillin for 72 h at 20 °C. Cells were harvested and the

pellet resuspended in 20 mM Tris pH 7.5, 500 mM NacCl for lysis by
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sonication on ice for 2 min in 10 sec pulses with 10 sec cooling in between
using a Sonicator 3000 (Misonix) at power level 3. The cell lysate was
centrifuged at 8,891 x g for 1 h at 4 °C and DNase | was added to the
supernatant (1 ug mI'1) before purification. Hiseg-V5-FimVgs2-919 was purified
with Ni-NTA agarose (Qiagen) where the protein was collected in 20 mM,
40 mM and 80 mM imidazole elution fractions. These fractions were
pooled and diluted with 20 mM Tris pH 7.5 to lower the salt concentration
to 100 mM NaCl for anion exchange chromatography where a gradient of
100mM — 500 mM KCI was used to elute Hisg-V5-FimVsg2-919. The protein
eluted at ~250 mM KCI, and was dialyzed into 20 mM Tris pH 7.5, 100 mM
NaCl overnight and the tags removed by TEV protease cleavage. A
second nickel affinity purification step was performed to purify FimVgg2-919
without the Hisg-V5 tag. The flow-through fraction containing purified
FimVsge2-919 in 20 mM Tris pH 7.5, 100 mM NaCl was concentrated to 2 mg
ml™" using a Vivaspin 20 concentrator.

For SAD phasing, selenomethionine (SeMet) labeled proteins were
expressed from E. coli B834 (DE3) in M9 SeMet high-yield growth media
(Shanghai Medicilon) supplemented with ampicillin (100 pg ml™"). A 10 ml
starter culture was grown for 7.5 h at 37 °C and subcultured into a 100 ml
of fresh media and grown overnight at 37 °C. The overnight culture was
subcultured into 1 L of fresh media and grown at 37 °C until ODgoo = 0.6.

SeMet-labeled Hisg.V5-FimVsg2-919 €Xpression was induced with 1 mM
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isopropyl b-D-thiogalactopyranoside (IPTG) and the cells grown overnight
at 20 °C. Purification was performed as above except for nickel affinity
chromatography, a 1 ml HiTrap chelating HP column (GE Healthcare) pre-
charged with 100 mM NiCl; was used on an AKTA FPLC system where
the protein eluted in 300 mM imidazole. An additional buffer exchange
step into 20 mM Tris pH 7.5, 100 mM NaCl was also added following the
second round of nickel affinity purification. SeMet labeled proteins were

concentrated to 2.87 mg ml” using a Vivaspin 20 concentrator.

Crystallization

Broad crystallization screening was performed using the hanging
drop method with commercially available crystallization screens. Native
FimVgs2-919 Crystals grew in a 1:1 ratio of protein (2 mg/ml) and precipitant
solution (1 M NH4H2PO4, 100 mM tri-sodium citrate pH 5.6) and
equilibrated over 1.5 M ammonium sulfate at 18 °C. SeMet FimVgg2-919
(2.87 mg ml™") was mixed in a 1:1 ratio with buffer containing 1.6 M
NaH2POy4, 0.4 M KH2POy4, 0.1 M phosphate citrate (pH 4.2) and
equilibrated over 1.5 M ammonium sulfate at 18 °C overnight.
Crystallization was seeded with native FimVgs2.919 microcrystals grown in
the same buffer. Small SeMet FimVgg2.919 Crystals grew within 10-25 days.

Additional growth was achieved by further incubation at 4°C for 7-10 days.
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Structure determination

Diffraction data were collected at beamline X29 of the National
Synchrotron Light Source (Brookhaven, NY) at a wavelength of 1.075 A
for native FimV and 0.9791 A for SeMet FimV. Datasets were processed
using the HKL-2000 program suite (154). SAD phasing, density
modification, auto model building, and refinement were performed using
the PHENIX suite of programs (155, 156). Manual model building and
refinement were performed using Coot (157) until R and Rs.e values could
no longer be improved. The refined FimVgg2.919 -SeMet structure (PDB
4MAL) was used as an initial search model for structure determination of
native FimVgs2.919 by molecular replacement in PHENIX (155, 156). Model
refinement was performed using PHENIX (155, 156). The stereochemical
quality of the models was verified using MolProbity (158). Data collection

and model refinement statistics are listed in Table 3.
Data deposit

The structures of native and SeMet derivatized FimV TPR3 can be
accessed through the RCSB Protein Database using accession codes

4MBQ and 4MAL, respectively.

Results and Discussion
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The C-terminal TPR sequence of FimV is highly conserved among diverse
homologs

We downloaded all FimV ortholog sequences from the EQgNOG
database, which generates orthologous groups of proteins from complete
genomes (147). The set of FimV ortholog sequences (COG3170)
contained 235 sequences, including the previously characterized proteins
FimV from Legionella pneumophila (132), TspA from Neisseria
meningitidis (130) and HubP from V. cholerae and S. putrefaciens (128,
129). A multiple sequence alignment was constructed based on the full-
length sequence of FimV orthologs and the resulting phylogenetic tree
revealed three major clades, exemplified by FimV from P. aeruginosa,
HubP, and TspA, respectively (Figure 2.2A). The functions of FimV
orthologs in the context of T4P vary. Although they are in the same clade,
deletion of N. meningitidis tspA had no effect on twitching motility or
surface piliation (130), while L. pneumophila fimV mutants have reduced
motility (132). Representative sequences from all three major clades
(selected from smaller subgroups to avoid bias) were subjected to in-depth
domain architecture analysis using the CDvist tool (146), revealing that
only two domains are strongly conserved: the periplasmic LysM domain
and the C-terminal TPR-containing domain, designated TIGR03504 in the
TIGRFAM database of protein families. Multiple sequence alignment

revealed a dozen highly conserved residues within the C-terminal TPR-
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containing domain (Figure 2.2B) that were further analyzed in the context

of the corresponding structure (below).
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Figure 2.2. The C-terminal domain is highly conserved across FimV
homologs. (A) Maximum-likelihood phylogenetic tree based on full-length
FimV homolog sequences (COG3170 from the EggNOG database).
Experimentally studied proteins are indicated: Pa, P. aeruginosa (53); Vc,
V. cholerae (128); Sp, S. putrefaciens (129); Lp, L. pneumophila (132);
Nm, N. meningitidis (130). (B) Conservation of the C-terminal TPR3-
containing domain in representative FimV proteins. Locus tags are shown
as sequence identifiers. Conserved positions are highlighted: positively
charged (blue), negatively charged (red), aromatic (green), aliphatic
(yellow), and alanine (cyan). Consensus was calculated for the complete
set of homologs shown in panel A. Secondary structure elements (h,
alpha-helix) corresponding to the TPR motif (first two alpha-helices) and

the C-terminal capping helix are shown above the alignment.

The C-terminus is required for FimV function

The high level of conservation of FimV’s C-terminus implies a key
functional role, supported by early observations (17) that transposon
insertion at a position ~230 nucleotides from the 3’ end of fimV markedly
decreased twitching motility. To determine if this region was required for
FimV'’s functions, we generated an arabinose-inducible expression
construct (FimVesg) encoding FimV 1-689 (of 919), lacking the region
encompassing predicted TPR3. The boundaries selected for the FimVggg
construct were based on the phenotype of a previously characterized
transposon mutant, imV2091, which expresses a stable fragment of FimV

lacking the C-terminal region encompassing TPR3 (125, 159). The
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truncated construct or full-length fimV was used to complement a fimV
deletion mutant. To examine cAMP-independent phenotypes controlled by
FimV, a fimV mutant encoding a constitutively active point mutant of the
adenylate cyclase CyaB (fimV cyaB-R456L) (107) was used to restore
cAMP biogenesis in the fimV background. Both full length and truncated
proteins were stable and expressed to levels comparable to those in the
wild type control, as determined by western blot with FimV-specific
antisera (Figure 2.3). It is worth noting that FimV exhibits anomalous
migration on SDS-PAGE (125) so it is not possible to accurately gauge its

mass using that method.

fimV cyaB-R456L fimV
O O
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Figure 2.3. FimVegg is a stable fragment. fimV and fimV cyaB-R456L
were transformed with arabinose-inducible expression vectors encoding
full-length FimV (FimV) or a truncated form lacking TPR3 (FimVegg). As a
control, strains were also transformed with empty vector (pB). Cell lysates
prepared as described in the Methods from cells grown on LB 1.5% agar
supplemented with 0.1% (wt/vol) arabinose were resolved on 10% SDS-
PAGE and transferred to a nitrocellulose membrane. FimV was visualized
by immunoblotting with anti-FimV antiserum. The previously reported
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anomalous migration pattern of FimV on SDS-PAGE (53, 125) means that
the full length and truncated versions appear similar in mass despite their
differences in length. Data are representative of n=3 experiments.

To confirm that FimVggg was functional, we used it to complement a
fimV mutant disrupted at nucleotide 1194, fimV194 (125). This mutant
expresses the cytoplasmic portion of FimV, and can be complemented in
trans with an N-terminal FimV construct expressing residues 1-507,
FimVso7 (125). Expression of FimVggg in fimV/4194 restored twitching to the
same degree as full length FimV (Figure S2.1), providing strong evidence
that it is correctly folded and inserted into the inner membrane.

As a proxy to assess relative levels of intracellular cAMP, we
examined levels of the T4P motor ATPase PilU (Figure 2.4A), which are
positively correlated with levels of cAMP (Figure S2.2) (49). The fimV
mutant complemented with empty vector had low levels of PilU,
suggesting low levels of cAMP, while the fimV cyaB-R456L mutant had
high levels of PilU, confirming that CyaB R456L was active in the absence
of fimV. Complementation of fimV in trans with the full-length fimV gene in
trans restored PilU levels to ~66% of wild type, but expression of FimVssgg
failed to increase PilU levels relative to the empty vector control,

suggesting that FimVsg9 was incapable of activating CyaB.

56



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical
Sciences

A)X

o

e

o

=

kS,

o

(2]

[

>

o

=2

a
B)

Pilin

C) Twitching

fimV cyaB-R456L fimV

Figure 2.4. FimV TPRa3 is critical for FimV function. fimV and fimV
cyaB-R456L were transformed with arabinose-inducible expression
constructs encoding full-length FimV (FimV), or a truncation mutant
lacking TPR3 (FimVegg). As controls, strains were also transformed with
empty vector (pB) (A) Levels of PilU were determined by preparing cell
lysates as described in the Methods, of cells grown overnight on LB 1.5%
agar supplemented with 0.1% (wt/vol) arabinose. Samples were resolved
by SDS-PAGE and transferred to a nitrocellulose membrane. PilU was
visualized by immunoblotting with anti-PilU antiserum. Densitometric
analysis (average of n = 3) was carried out using ImagedJ, normalizing
band intensity of the PilU band to a nonspecific control band, and shown
as a percentage of the normalized band intensity of wild type + standard
error. Samples were considered significantly different if a pairwise
Student’s t-test gave values of *p < 0.05. (B) Levels of surface pilins were
assessed by sheared surface protein preparation of strains grown on LB
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1.5% agar supplemented with 0.1% (wt/vol) arabinose. The surface
protein fractions were prepared as described in the Methods, and resolved
by SDS-PAGE and visualized by Coomassie blue staining. (C) Twitching
motility was determined by stab inoculation of the indicated strains into LB
1% agar supplemented with 0.1% (wt/vol) arabinose. Strains were
incubated for 16 h, and twitching zones were visualized by removing the
agar layer and staining the bacteria with 1% (wt/vol) crystal violet. Motility
was measured as the diameter of the stained twitching zone. Scale bar
denotes 1 cm. (-) represents the negative control for each experiment, pilU
for the anti-PilU immunoblots or a nonpiliated pilA strain for surface
piliation and twitching motility. Images are representative of n=3

experiments.

Activation of CyaB via FimV is required for transcription of structural
components of the T4P machinery, including the PiIIMNOP alignment
subcomplex (49). The periplasmic domain of FimV has a role in promoting
multimerization of the PilQ secretin (125) — and thus surface piliation —in a
cAMP-independent manner. We characterized levels of surface piliation in
fimV and fimV cyaB-R456L mutants upon complementation with FimVggg
(Figure 2.4B). fimV complemented with empty vector had no recoverable
surface pili, but piliation was restored with full-length fimV in trans. In
contrast, FimVsgg restored ~65% of surface pilin levels relative to
complementation with full-length FimV. The fimV cyaB-R456L mutant with
empty vector had few recoverable surface pili, but piliation was restored

upon complementation with full-length FimV. Complementation of fimV
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cyaB-R456L with FimVggg restored ~50% of piliation relative to
complementation with full-length FimV. As FimVsgg complemented
inefficiently compared with the full-length protein in either fimV or fimV
cyaB-R456L, we conclude that the FimV C-terminal domain is required for
both cAMP-dependent and independent functions of FimV.

We also examined twitching motility by subsurface stab assay
(Figure 2.4C). Consistent with previous reports, mutants lacking FimV —
either fimV or fimV cyaB-R456L — were unable to twitch (53, 125).
Twitching was restored in both strains upon complementation with full-
length FimV. However, the FimVggg construct only restored ~31% of
twitching relative to full-length FimV in the fimV background, and ~50% in
fimV cyaB-R456L. The discrepancy between surface pilin levels and
twitching likely reflects differences in the balance between pilus extension
and retraction in these strains. For example, cyaAB mutants have almost
no recoverable surface pili, but are motile (15), whereas pil T mutants are
hyperpiliated but nonmotile. Given that the fimV cyaB-R456L mutant had
high levels of PilU, and thus cAMP (Figure 2.4A), these data suggest that
failure of FimVegg to restore twitching is independent of its inability to

activate CyaB.
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Figure 2.5. FimV TPR3 regulates type Il secretion through modulation

of cAMP levels. fimV and fimV cyaB-R456L were transformed with
arabinose-inducible expression vectors encoding full-length FimV (FimV)
or a truncation mutant lacking TPR3 (FimVsgg). As controls, strains were
also transformed with empty vector (pB), and representative high cAMP
(cyaB-R456L) and low cAMP (cyaAB) strains were included. Cells were
grown overnight and resuspended in PBS at ODgoo 0.6. Two pl of
resuspended cells were spotted onto trypticase soy broth/1.5% agar
supplemented with 0.1% (wt/vol) arabinose and 2% (wt/vol) skim milk, and
incubated for 40 h at 30°C. Elastase secretion was visualized as a zone of
clearance around the bacterial colony. Secretion for each strain was
measured as the difference between the diameter of the zone of clearance
and the diameter of the colony (average of n = 3). Image is representative
of n=3 experiments. Scale bar denotes 1 cm.

We next examined T2S in fimV and fimV cyaB-R456L
complemented with FimVggg (Figure 2.5). Transcription of T2S genes is
cAMP-dependent (49), and FimV regulates T2S at least in part through the
cAMP-binding protein, Vfr (134). We tested whether FimVggg could
complement defects in T2S by assessing casein hydrolysis using skim
milk agar. fimV was defective for protease secretion, consistent with

previous findings (134). Complementation with full-length FimV restored
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~48% of T2S relative to wild type, while FimVggg failed to restore secretion.
The fimV cyaB-R456L mutant had ~70% of wild type T2S, suggesting that
T2S is a mostly cAMP-dependent phenotype and thus likely to be
indirectly regulated by FimV. Expression of FimV or FimVggg in fimV cyaB-
R456L did not increase secretion relative to the vector control, confirming

that the involvement of FimV in T2S is cAMP-dependent.

FimV TPR3 interacts with FimL

Inclan et al. recently reported that the CyaB-activating component
FimL interacts with FimV (135), but did not define the specific interaction
domain. As FimL is a cytoplasmic protein, we tested if the TPR segments
of FimV, TPR1 and 2 (FimVags618) or TPR3 (FimVsg11.919) were sufficient to
interact with FimL using a bacterial two-hybrid (BTH) assay. T18 or T25
fragments of Bordetella pertussis adenylate cyclase CyaB were fused to
the C-termini of the entire cytoplasmic domain of FimV (FimVa4gs-919),
FimV4ss.618, FimVsg11.919, and FimL, and the constructs expressed pairwise
in E. coliBTH101 (Figure 2.6). As a positive control, we co-expressed
FimL-T18 and PilG-T25 whose interaction was also reported by Inclan and
colleagues (135). FimL interacted with FimV4gs.919 and FimVg11.919 but not
with FimV4sgs.618, suggesting that TPR3 alone was sufficient. These data

provide additional evidence that the C-terminal domain of FimV plays an
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important role in regulation of CyaB, via an interaction between TPR3 and

FimL.
T18 - FimL TPR1 TPR3 TPR1-3 FimL FimL FimL
125 - PiiG FimL FimL FimL TPR1 TPR3 TPR1-3
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Figure 2.6. TPR3 interacts with FimL. Fusions of FimVugs.s1s, FimVg11-919,

FimV4gs-919, Or FimL to B. pertussis CyaB T18 or T25 fragments were
expressed in E.coli BTH101 in a pairwise manner. As a positive control,
we used FimL-T18 and PilG-T25 (135). Single colonies form the
transformations were resuspended in 5ml LB and incubated at 37°C
overnight. A 5ml subculture using 100yl of each overnight culture was
made the following morning and grown to ODgg 0.6. Five pl was then
spotted onto MacConkey agar supplemented with 1% maltose and 0.5mM
IPTG, and LB/1.5% agar with 100pl of 20mg/ml X-gal spread onto the
surface and dried. Plates were incubated at 30°C for 24h. Protein-protein
interaction is visualized by pink growth on MacConkey agar, or blue
growth on LB + X-gal, indicating protein-protein interaction and
reconstitution of B. pertussis CyaB function.

Structure of the conserved C-terminal TPR3-containing domain
To gain further insight into FimV function, we initially attempted to

solve the structure of the entire cytoplasmic domain; however, its large
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predicted unstructured region made the construct highly susceptible to
degradation, and smaller fragments — while soluble even at high
concentrations — failed to crystallize. Because of its pronounced
conservation — and mutant phenotypes that suggested TPR3 plays a key
role in FimV’s virulence-related functions — we focused on solving the
crystal structure of the C-terminal region. Using the predicted boundaries
of the TPR3 region, we generated a construct spanning residues 862-919

(FimVge2-919), for structure determination.

Figure 2.7. X-ray Crystal structure of the FimV C-terminal domain. The
X-ray crystal structure of SeMet FimV TPR3 (residues 862-919) was
solved to 2.05 A (PDB ID: 4MAL). (A) Chain A is shown, with identified
conserved residues shown as sticks. Conserved charged residues are
labeled directly. The two a-helices making up the TPR and the capping
helix have been labeled as a1, a2, and ac. (B) Surface mesh
representation of 4MAL Chain A from the same view as panel A.
Conserved charged residues are shown as white patches. (C) Residue
R881 was observed to occupy two different states. Two-thirds of the time,
R881 was in close proximity to E910, likely forming a salt bridge between

a1l and a.

63



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical
Sciences

The structure of FimVsge2.919 was solved by SAD phasing with
SeMet-labelled protein. SeMet FimVge2.919 Crystallized as a dimer in the
space group P441242. The final model was refined to 2.05 A (PDB ID:
4MAL). Native FimVge2-919 Crystallized in space group P212424 and
contained six copies of the protein in the asymmetric unit, arranged as two
trimers. The final model for native FimVgg2.919 was refined to 2.01 A (PDB
ID: 4MBQ). Statistics for data collection and model refinement are

presented in Table 2.3.
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Figure 2.8. X-ray crystal structure of FimV C-terminal domain
homotrimer. The X-ray crystal structure of native FimV TPR3 was solved
to 2.01 A (PDB ID: 4MBQ). Individual monomers are colored in cyan,
green, or magenta. Highly conserved residues are shown as sticks with
side chains colored by monomer. Residues, N-, and C- termini are labeled
in cyan, green, or magenta based on the associated monomer. Residues
are numbered based on their position in full length FimV. The outlined
rectangular area is enlarged in the right panel.
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FimVgs2-919 includes the conserved FimV C-terminal domain
(TIGR03504), which consists of two antiparallel a-helices forming the
predicted TPR motif, followed by a C-terminal capping helix, which may
play a role in enhancing solubility (127) (Figure 2.7A). The SeMet labelled
structure (PDB ID: 4MAL) contained two biological assembly monomers
(Chain A'is shown in Fig. 2.7). Each monomer had three a-helices, with
hydrophobic residues directed between the three helices and hydrophilic
residues extending outwards. Surface representation suggests that
conserved charged residues (Figure 2.2B) are located primarily on one
face of TPR3 (Figure 2.7B). The side chain of R881 was found in two
possible conformations (Figure 2.7C), one of which formed a salt bridge
with E910 on the capping helix in two-thirds of monomers.

FimV native crystals contained two similar trimeric assemblies
within the asymmetric unit (PDB ID: 4MBQ; Fig. 2.8). Subunits within
each trimer associated primarily through helix 1 of neighbouring
monomers, and were arranged with helix 1 of each TPR at the center with
the capping helix facing outwards (Figure 2.10, right panel). Conserved
hydrophobic residues of each TPR motif were arranged in the center of a
trimer, with hydrophilic residues from helix 2 and the capping helix facing
outwards. Structural comparison of individual protomers from the SeMet
and native structures showed that despite differences in crystal and

monomer packing, they were very similar, with root mean square deviation
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(RMSD) values of 0.64 A or less (Supplementary Table S1). The closest
structural hit to 4MAL and 4MBQ as predicted by DaliLite (160, 161)
(RMSD 1.51 A over 49 residues) was the type |l secretion system
chaperone, IpgC (PDB ID: 3GZ1), a small, negatively-charged all a-helical
protein that escorts partly unfolded Shigella flexneri effectors IpaB and
IpaC to the base of the secretion apparatus (162).

Our data suggest that FimV plays key roles in both cAMP-
dependent and independent regulation of virulence factor function, and
that its conserved TPR3 region is critical for both roles. Previously
identified cytoplasmic regulators of CyaB, FimL and PilG (55, 56) all
require FimV for function (135), connecting FimV to surface
mechanosensing through the Chp system. Loss of an indirect FimV-PilG
interaction through loss of FimL binding may explain the inability of
FimVssg to complement either cAMP-dependent and independent
phenotypes, as PilG functions in both pathways (55).

FimL failed to interact with TPR1 and 2 (Figure 2.6), but other
regulatory components may bind these motifs. Since TPRs typically form
superhelical structures composed of 3 or more repeats, it is possible that
transient interactions of the region between TPRs 1 and 2 and TPR3 with
specific regulatory components might lead to its restructuring, bringing the
three into proximity to form a new interface for protein binding. Studies of

the p67°"°* subunit of phagocyte NADPH suggested that the linker region
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between TPR motifs can bind target proteins (163). The linker regions in N.
meningitidis TspA, V. cholerae HubP, and L. pneumophila FimV each
contain different sets of multiple tandem repeats (128, 132, 133) — which
are absent or degenerate in Pseudomonas — and alteration of repeat
numbers influenced pigmentation, cell length, and twitching in Legionella
(132) and abolished interactions with some partners of Vibrio HubP (128).
These differences may reflect the individual repertoires of interaction
partners in each species.

The conservation of TPR3 among divergent species suggests that it
might interact with a component that is widely conserved. Here we showed
interactions of TPR3 and FimL, while the C-terminus of V. cholerae HubP
(which is 45% identical to P. aeruginosa TPR3 over 42 residues) interacts
with FIhG, a protein responsible for controlling flagellar polar localization
(128). This finding raises the possibility that FimV could have a broader
role in sub-cellular spatial organization in P. aeruginosa. While both P.
aeruginosa and L. pneumophila encode FIhG orthologs called FleN (164,
165), Neisseria lacks flagella and thus FIhG/FleN orthologs, arguing
against the evolutionarily conserved partner hypothesis. In V. cholerae,
deletion of HubP’s C-terminus failed to mislocalize another of its
interaction partners, ParA1, suggesting that like FimV, it has multiple
cytoplasmic protein-protein interaction domains specific for different

partners.
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Self-interactions mediated by hydrophobic residues were observed
in TPR3 crystals (Figure 2.8, right panel), but it is not yet clear if those are
physiologically relevant. The remarkably well-conserved TPR3 unit could
also potentially contribute to intermolecular interactions, promoting the
functional oligomerization of FimV monomers. TPR motif-dependent
homo-oligomerization has been reported in yeast (166) and bacteria (167).
In Escherichia coli, trimerization of YbgF — part of the Tol system — is
mediated by a single C-terminal TPR motif (167). Involvement in self-
interactions might explain why this region is conserved among very
diverse FimV/HubP family members. However, we saw no TPR3-TPR3
interactions in a BTH assay (data not shown), arguing against self-
interactions as a driver of sequence conservation.

Wehbi et al. (125) showed that the LysM motif of FimV was
required for optimal PilQ multimerization, and that the periplasmic and
cytoplasmic domains of FimV could reconstitute FimV function when
expressed individually. However, our prediction that the periplasmic and
cytoplasmic domains had separate structural and regulatory roles was not
supported by the phenotype of the FimVggg complemented strains. TPR3
is required to promote cAMP synthesis by CyaB, likely through its FimL
interaction; however, FimVeggg only partly restored piliation and motility in
the cAMP-replete fimV cyaB-R456L background, suggesting that TPR3 is

important for cAMP-independent function(s) of FimV as well. Efforts to
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define the full repertoire of protein interaction partners of P. aeruginosa

FimV are ongoing.
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fimV/194
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Figure S2.1. FimVeg is functional. A mutant of fimV that expresses only

the cytoplasmic region of the protein (fimV4194) was transformed with
arabinose-inducible expression constructs encoding either full length FimV
or a truncation mutant lacking TPR3 (FimVsgg). As a control, fimV4194 was
also transformed with empty vector (pB). Twitching motility was
determined by stab inoculation of the strains into LB 1% agar
supplemented with 0.1% (wt/vol) arabinose. Strains were incubated for 16
h, and twitching zones were visualized by removing the agar layer and
staining the bacteria with 1% (wt/vol) crystal violet. Motility was measured
as the diameter of the stained twitching zone. Scale bar denotes 1 cm.
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Figure S2.2. PilU levels are positively correlated with intracellular
cAMP levels. Levels of PilU were determined by preparing cell lysates as
described in the Methods, of wild type PAK, pilU, a mutant lacking the
major adenylate cyclases (cyaAB), and a point mutant encoding a
constitutively active adenylate cyclase (cyaB-R456L) (107) grown
overnight on LB 1.5% agar. Samples were resolved by SDS-PAGE and
transferred to a nitrocellulose membrane. PilU was visualized by
immunoblotting with anti-PilU antiserum. Densitometric analysis (average
of n = 3) was carried out using ImageJ, normalizing band intensity of the
PilU band to a nonspecific control band, and shown as a percentage of the

normalized band intensity of wild type + standard error.
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Table 2.1. Strains and plasmids used in this study

Strain or Plasmid Description Source
P. aeruginosa
PAK Pseudomona_s aeruginosa (55)
strain K
PAK pilA PAK with deletion of pilA (168)
PAK pilU PAK with deletion of pilU Mvﬁ‘/t;?;g’:]g
PAK with deletions of cyaA
PAK cyaAB and cyaB (55)
PAK with arginine to leucine
PAK cyaB-R456L | substitution in cyaB at amino This study
acid position 456
PAK fimV PAK with deletion of fimV (55)
PAK with deletion of fimV and
PAK cygB-R456L _arginine to Iysjne sgbstitujti.on This study
fimV in cyaB at amino acid position
456
PAK with an FRT insertion at
PAK fimV/1194 nucleotide position 1194 of This study
fimV
E. coli
BL21 (DE3) E. coli protein oyerexpression Invitrogen
strain
Methionine auxotrophic protein .
B834 (DE3) oxpression S‘t’rainp Invitrogen
BTH101 Bacterial two-hybriq system Euromedex
reporter strain
Plasmids
IPTG-inducible expression
pRK793 vector encoding tobacco etch (153)
virus protease
oBADGr Arabinose in;lucible protein (169)
expression vector
pBADGr::fimV Arabingse inducible vgctor This study
- encoding full length FimV
Arabinose inducible vector
This study

pBADGr::fimVssg

encoding FimV from residues

1-689
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pET151/D-
TOPO::fim V362-919

IPTG-inducible protein over-
expression vector encoding
FimV from residues 862-919

This study

PKNT25

IPTG-inducible expression
vector encoding T25 fragment
of B. pertussis CyaB

Euromedex

PKNT25::fimViss.
618

IPTG-inducible expression
vector encoding T25 fragment
of B. pertussis CyaB fused to

the C-terminus of FimV
TPR1+2

This study

PKNT25::fimVg11-
919

IPTG-inducible expression
vector encoding T25 fragment
of B. pertussis CyaB fused to
the C-terminus of FimV TPR3

This study

PKNT25::fimL

IPTG-inducible expression
vector encoding T25 fragment
of B. pertussis CyaB fused to

the C-terminus of FimL

This study

pKNT25::pilG

IPTG-inducible expression
vector encoding T25 fragment
of B. pertussis CyaB fused to

the C-terminus of PilG

This study

pUT18

IPTG-inducible expression
vector encoding T18 fragment
of B. pertussis CyaB

Euromedex

pUT18::ﬁmV488-618

IPTG-inducible expression
vector encoding T18 fragment
of B. pertussis CyaB fused to

the C-terminus of FimV
TPR1+2

This study

pUT18::fimV811-919

IPTG-inducible expression
vector encoding T18 fragment
of B. pertussis CyaB fused to
the C-terminus of FimV TPR3

This study

pUT18::fimL

IPTG-inducible expression
vector encoding T18 fragment
of B. pertussis CyaB fused to

the C-terminus of FimL

This study
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Table 2.2. Oligonucleotides used in this study

Primer Name

Sequence

cyaB-R456L F1

5' - GCGGGTACCTTCACCGCACTGGTCATCG -
3|

cyaB-R456L R1

5' - GCGTCTAGAAAGTCAACGGAGTCGTCACC -
3|

5 -
CyaB'R4,§6L SDM | +GCAACAGGCCGCCGAGCTCCTGCGCGACAA
GGTC - 3
5 -
CyaB'R“SGL SDM | GACCTTGTCGCGCAGGAGCTCGGCGGCCTGT
TGCA - 3
. 5 - CACCGATGACTTCGACTTCCTCTCCGGTGE
fimVgs2-919 F _3
fimVsszo10 R 5 - TCAGGCCAGGCGCTCCAGCAACTC - 3
5.
FimV F TTAGTACTAAGGGATTACACTATGGTTCGGCT -
3'
5 -
FimV R CAGTTCTAGATCAATGGTGATGGTGATGATGG
GCCAGGCGCTCCAGCAACTC - 3'
5 -
FimMV689 F | TAAGAATTCCAAGGGATTACACTATGGTTCGGC
TT-3
5.
FimV689 R AATAAGCTTTCAGAGGTCGGCCTGCACGTCG -

3|

B2H FimV TPR1F

5 -
GCGTCTAGAGATGAATGCGCAGAAAGAGAAGG
-3

B2H FimV TPR1R

5'- GCGGGTACCGCCTTGAGCTGCTCGAC - 3'

B2H FimV TPR3F

5 -
GCGTCTAGAGATGGAGAAGGGCGAGGACAG -
3|

B2H FimV TPR3R

5' - GCGGGTACCGCGGCCAGGCGCTCCAG - 3'

B2H FimL-F

5'- GCG TCT AGA GAT GGT CAC AGG AGC
CAC GTCCC-3'
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B2H FimL-R 5'-GCG GGT ACC GCG GCG GCCACC GG -3
. 5'- GCG TCT AGA AAT GGA ACA GCA ATC

B2H PilG-F CGA CGG - 3'

B2H PilG-R 5'- TAA GGT ACC CGG GAAACG GCG TCC

ACC -3
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Table 2.3. Data collection and refinement statistics

Data Collection

Beamline
Wavelength (A)
Space group

a, b, c (A)
a, By ()

Molecules per ASU
Resolution (A)

Total Reflections
Unique Reflections
Redundancy
Completeness (%)
Mean // ol

Rrmerge (%) *

Refinement
Rwork / Rfree (%) #
Resolution (A)
Reflections *
Atoms

Protein

Water
RMSD

Bond lengths (A)

Bond angles (°)
Average B (A% *

Protein

Water

Coordinate error (A) €
Ramachandran statistics (%)

1]

Most Favoured regions

Allowed regions

Disallowed regions

PDB ID

SeMet-FimV
NSLS X29
0.9791
P4,242

42.33, 42.33,
139.48
90.0, 90.0, 90.0
2
50.0-2.05 (2.09-
2.05)
122397
8648 (412)
14.2 (11.1)
99.9 (99.3)
33.9 (6.2)
7.2 (47.8)

21.5/24.2
40.50-2.05
8,314
984
949
35

0.013
1.042
38.8
38.8
40.4
0.23

95.97
4.03
0.00

4MAL

Native-FimV
NSLS X29
1.075
P212424

34.0, 58.5, 136.7
90.0, 90.0, 90.0

6
50.0-2.00 (2.07-2.00)

246901
18054 (1394)
13.7 (10.6)
94.6 (76.2)
20.8 (2.5)
15.1 (78.1)

20.8/25.8
44.45-2.01
17,404
2244
2159
85

0.002

0.541
39.8
39.7
42.2
0.25

99.31
0.69
0.00

4MBQ

Note: Values in parentheses correspond to the highest resolution shell.
q-" Rmerge =D nia 2i | 1i (hkl) — (IChKD)) | | 3 nia 2.i 1{DKI)
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* Ruwork = Y | [Fobs| - K|Fcaic| | / |Fobs| Where Fops and Fearc are the observed
and calculated structure factors, respectively. Reee is the sum extended
over a subset of reflections (9.92 and 10.08% for Selmet and Native,
respectively) excluded from all stages of the refinement.

¥ Only reflections with Fobs/o(Fobs) = 1.34 were used for SeMet-FimV
model refinement. All unique reflections in the resolution range 44.45-2.01
A were included without further cut off criteria for refinement of Native-
FimV.

£ As calculated using Phenix Refine (155, 156).

€, Maximum-likelihood based Coordinate Error, as determined by PHENIX
(170).

¥, As calculated using MolProbity (171)
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CHAPTER THREE

cAMP-independent control of twitching
motility in Pseudomonas aeruginosa by

FimV
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Preface

Chapter Three consists of the following manuscript for publication:
Buensuceso RNC, Daniel-lvad M, Kilmury SLN, Harvey H, Howell PL,
Burrows LL. 2016. cAMP-independent control of twitching motility in

Pseudomonas aeruginosa by FimV.

Attributions: R.N.C.B. cloned plasmids, performed western blot and SDS-
PAGE analyses, twitching motility assays, swimming assays, and
fluorescent microscopy. S.L.N.K. cloned the bacterial two-hybrid and
fluorescent fusion constructs. H.H. generated mutants. R.N.C.B. and L.L.B.
designed the experiments. R.N.C.B., P.L.H., and L.L.B. wrote the

manuscript.
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ABSTRACT

FimV is a Pseudomonas aeruginosa inner membrane protein
implicated in regulating levels of the important second messenger, cyclic
AMP (cAMP), by activating the adenylate cyclase CyaB. FimV mutants
lack type IV pilus (T4P)-associated twitching motility; have decreased
levels of T4P components PiIMNOPQ, and decreased levels of cCAMP.
FimV is a putative ‘hub’ protein, containing multiple protein-protein
interaction motifs that could bind various partners. Here we show that
FimV regulates twitching motility in both cAMP-dependent and —
independent ways. Using epistasis analyses, we found that the response
regulator of the pilus-associated Chp chemotaxis system, PilG, required
both FimV and the CyaB regulator, FimL, to activate CyaB. However, in
backgrounds lacking the cAMP phosphodiesterase CpdA, or expressing a
constitutively-active CyaB enzyme, pilG and fimV mutants did not twitch,
highlighting their cAMP-independent roles in twitching motility. Unlike the
hub proteins characterized in other bacteria, FimV had little effect on
swimming motility. The FimV LysM motif, which interacts with
peptidoglycan to localize the protein to the poles, was dispensable for
CyaB activation but required for wild type levels of twitching. Both
cytoplasmic and periplasmic domains of FimV were important for its
cAMP-dependent and —independent roles. Lastly, we show that FimV is

required for localization of a key regulator of PilA transcription, PilS,
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providing evidence that FimV is required for localization of T4P regulatory

proteins in addition to those of the Chp pathway.
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INTRODUCTION

Type IV pili (T4P) are polar filamentous surface appendages made
by a broad range of bacteria and archaea (2, 5). They can be divided into
two sub-families, type IVa (T4aP) and type 1Vb (T4bP), which differ in their
pilin subunit architecture, and organization of their assembly systems (5).
T4aP are involved in several processes, including DNA uptake, surface
attachment, and twitching motility (3, 4, 6). During twitching motility, T4aP
undergo repeated cycles of assembly and disassembly, acting as
molecular grappling hooks to pull cells along a surface. Well-studied T4aP
model species include Neisseria spp., Myxococcus xanthus, and
Pseudomonas aeruginosa (16, 172). Although they share core structural
components of the T4P assembly machinery and the pilus fibre, each
species has evolved unique regulatory elements that control the function
of the assembly machinery in response to specific environmental
requirements. Without these regulatory proteins, the bacteria make intact
but non-functional T4aP systems.

The Chp system of P. aeruginosa is a putative chemosensory
system that controls twitching motility and intracellular levels of cyclic
adenosine monophosphate (cCAMP), and resembles the well-studied Che
system of E. coli (50, 51, 93). It includes a ligand binding methyl-accepting
chemotaxis (MCP) protein, PilJ; an adaptation methyltransferase and

methylesterase, PilK and ChpB; and a complex multidomain histidine
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kinase, ChpA. However, the Chp system lacks a CheZ-like phosphatase.
Rather, similar to Sinorhizobium meliloti (67), it has two CheY-like
response regulators, PilG and PilH (51, 92). PilG is proposed to regulate
activation of CyaB and pilus extension (55), while PilH has been proposed
to be either a phosphate sink that limits downstream signalling in lieu of a
phosphatase, as in S. meliloti (55, 91), or a separate response regulator
controlling function of the T4aP retraction ATPase (93).

The Chp system also positively regulates levels of intracellular
levels of cCAMP by activating the major adenylate cyclase, CyaB (55).
Deletion of pilG results in decreased cAMP, surface piliation, and twitching
motility, while deletion of pilH has the opposite effect — increased cAMP
and surface piliation — but decreased motility (55). Supplementation of a
pilG mutant with extracellular cAMP restored surface piliation but not
twitching motility (55), suggesting that PilG regulates pilus biogenesis and
function by at least two pathways. A recent study showed that of the two
proteins, PilH is the preferred target of ChpA phosphorylation (91).
Decreased maitility in the pilH background may reflect
hyperphosphorylation of PilG, perturbation of the chemotactic response,
and uncoordinated movement.

Important for P. aeruginosa virulence is a switch from planktonic to
sessile physiological states when cells bind to biotic or abiotic surfaces.

T4aP have been proposed to function as mechanosensors that signal
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through the Chp system to regulate surface-associated virulence
phenotypes, including biofilm formation and enzyme secretion (88, 89).
The putative mechanosensory adhesin PilY1 participates in surface
attachment, triggering the surface sensing signalling cascade via the
PiIMNOP alignment complex (31, 48, 88, 89). T4aP-mediated surface
sensing stimulates Chp signalling and CyaB activity. A transcriptional
regulator called virulence factor regulator (Vfr), binds cAMP and
modulates the expression of >200 genes, including the type Il secretion
system (T2SS) and its effectors, and T4aP assembly components
including the motor ATPases PilBTU, the inner membrane alignment
subcomplex PiIIMNOP, the outer membrane secretin, PilQ, and the PilSR
regulatory proteins (49). This circuitry allows for increased expression of
components required for a sessile lifestyle only under appropriate
conditions.

Other proteins affecting T4aP expression and function include FimL
and FimV (39, 49, 50, 56). FimL is a polar, cytoplasmic cAMP regulatory
protein that is required for surface piliation and motility (54, 56). It has 51%
similarity to the amino-terminus of ChpA, containing histidine and
threonine phosphotransfer sites, although its putative phosphoacceptor
residues are replaced by glutamine (54). FimL is involved in regulation of

cAMP levels, as decreased twitching motility and low intracellular cAMP in
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mutants lacking fimL were rescued by deletion of cpdA, which encodes a
cAMP phosphodiesterase (56, 136).

FimV is a large inner membrane protein with one transmembrane
domain. Its periplasmic region contains a lysin motif (LysM) that binds
peptidoglycan (PG) (141), and its cytoplasmic region contains three
discontinuous tetratricopeptide repeat (TPR) motifs, involved in protein-
protein or protein-carbohydrate interactions (142). TPR motifs are helical
hairpins of ~34 amino acids, typically arranged in tandem repeats of 3-16
units forming a superhelix, although individual repeats can be separated
from larger clusters (142). FimV homologs have been identified in other
T4P-producing bacteria (53) although sequence similarity is low, with the
most conserved features being the LysM motif, the single transmembrane
segment, and a highly conserved cytoplasmic “FimV C-terminal domain” —
TIGR03504 — encompassing a single TPR repeat and capping helix (173).
FimV homologs are not limited to bacteria that produce T4P (174),
suggesting they may have additional roles in bacterial physiology.

FimV homologs have been characterized in Neisseria gonorrhoeae,
N. meningitidis, Legionella pneumophila, Vibrio cholerae, and Shewanella
putrifaciens (53, 128-130, 132, 133, 174). However, their functions are not
conserved across species. Deletion of FimV in L. pneumophila results in
loss of twitching motility and cell elongation, while deletion of the N.

meningitidis FimV homolog TspA had no effect on twitching motility or

86



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical
Sciences

surface piliation, but led to decreased host cell adhesion. The V. cholerae
homolog of FimV, HubP, functions as a protein interaction hub, although
its role is not limited to motility. Deletion of HubP alters the cellular
distribution of the chemotactic and flagellar machinery, and the
chromosomal origin, oriCl (128). HubP from S. putrifaciens is responsible
for localization of the chemotactic machinery, but not the flagellar system
(129). Yamaichi et al. (128) showed that localization of HubP was
dependent on the LysM motif, a domain that is conserved among the FimV
family of proteins (COG3170)(173). The studies of L. pneumophila FimV
and N. meningitidis TspA (130, 132) did not address the role of the LysM
motif or localization in function, but their mutant phenotypes might relate to
mislocalization of motility or adhesion systems.

Wehbi et al. (125) showed that P. aeruginosa fimV mutants have
decreased levels of the T4aP alignment subcomplex proteins, PIMNOP.
Mutants with an in-frame deletion of the LysM motif had fewer PilQ
multimers, suggesting that PG binding is important for optimal formation of
the secretin. Interestingly, the cytoplasmic and periplasmic domains of
FimV could reconstitute the function of full-length FimV when co-
expressed, suggesting that the two fragments may have independent roles.
Michel et al. (134) also showed that FimV is important for secretion of
elastase via the T2SS when bacteria were grown on solid media.

Importantly, FimV was identified in a transposon mutant screen as a
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positive regulator of CyaB, the primary source of CAMP in P. aeruginosa
(55).

Fulcher et al. (55) showed that twitching requires both cAMP-
dependent and independent inputs. Supplementation of mutants lacking
the Chp response regulator PilG with exogenous cAMP restored piliation
but not motility. FimV also has a cAMP-independent role in twitching, as a
mutant lacking FimV but expressing a constitutively active CyaB was also
unable to twitch (173). FimL was recently proposed to link PilG to FimV in
the mechanosensory pathway leading to CyaB activation (135), and FimV
was necessary for localizing FimL and PilG to the cell poles. However, the
proposed FimV-FimL-PilG interaction model fails to explain the cAMP-
independent roles of FimV and PilG in twitching. Here, we examined the
cAMP-independent role of FimV in the regulation of twitching motility.
Using epistasis analyses, we show that FimV and PilG have distinct
cAMP-independent roles in regulation of twitching motility. We show that
many of the previously described phenotypes of mutants lacking fimV —
decreased T2S, decreased PiIIMNOP and PilQ multimerization — are
strictly cAMP-dependent. Loss of FimV also causes mislocalization of PilS,
a membrane-bound sensor kinase that controls pilA transcription. Our data
show that FimV plays a central, cAMP-independent role in twitching that is

distinct from that of the Chp system.
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RESULTS
FimV is required for Chp activation of CyaB

FimV, PilG, and FimL are all required for activation of CyaB, with
FimL proposed to be a scaffold protein that links FimV to the Chp system
through PilG (55, 56, 135, 175). However, while phenotypes associated
with fimL deletion could be rescued by deletion of cpdA or increasing
intracellular cAMP levels in other ways (56, 135, 136), provision of
exogenous cAMP failed to restore motility in a pilG mutant (55). We
investigated if the cAMP-independent function of PilG required FimV by
comparing PilU levels — a proxy for cCAMP levels (49, 173) — twitching, and
piliation in fimV, fimL, and pilG single mutants or in double mutants also
lacking cpdA (56) (Figure 3.1). Previously, we showed that a constitutively
active form of CyaB (cyaB-R456L), originally identified in a pilG
background (107), could increase intracellular cAMP levels in a fimV
background (173). Here, we sought to determine if native CyaB was active
in our mutants, so we deleted cpdA to prevent degradation of intracellular
cAMP. To confirm that FimV and FimL were epistatic to PilG, we also
examined fimV pilH and fimL pilH double mutants, that in the absence of
PilH, are predicted to have hyperactive PilG, and hence higher levels of

cAMP (55, 91).
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Figure 3.1 — The Chp system requires FimV and FimL to activate
CyaB. Cell lysates of the indicated strains were prepared as described in
the Methods from cells grown on LB 1.5% (w/v) agar. Cell lysates were
resolved on 12.5% SDS-PAGE and transferred to a nitrocellulose
membrane. PilU was visualized by immunoblotting with anti-PilU
antiserum. Levels of surface pilins were assessed by sheared surface
protein preparation of strains grown on LB 1.5% agar supplemented with
0.1% (w/v) arabinose. The surface protein fractions were prepared as
described in the Methods, and resolved by 12.5% SDS-PAGE and
visualized by coomassie blue staining. Twitching motility was determined
by stab inoculation of the indicated strains into LB 1% (w/v) agar. Strains
were incubated for 16 h, and twitching zones were visualized by removing
the agar layer and staining the bacteria with 1% (w/v) crystal violet. Scale
bar denotes 1 cm. As a negative control for surface pilins and twitching, a
pilA mutant was included. (B) Densitometric quantification of PilU levels,
and quantification of twitching zones + standard error. Data are

a,b,c

representative of n=3 experiments. Bars labeled as represent paired

samples compared by student’s t-test with p < 0.05.

As predicted (53, 55, 56, 93), fimV, fimL, and pilG mutants all had
decreased levels of PilU, and decreased surface piliation (Figure 3.1).
Both pilG and fimV were twitching deficient, while fimL twitched similar to
wild type. The cpdA mutant had high levels of PilU, surface piliation, and
wild type twitching, consistent with a high cAMP phenotype (55, 56).
Deletion of cpdA in the fimV, fimL, or pilG backgrounds increased PilU
levels relative to the corresponding single mutants (Figure 3.1). However,

only the fimL cpdA mutant was motile, confirming that PilG and FimV have
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cAMP-independent roles in T4P function. Furthermore, lack of twitching
and piliation in the fimV cpdA mutant suggests that the cAMP-independent
function of PilG requires FimV. Consistent with previous reports (55), the
pilH mutant assembled surface pili and had high levels of PilU, but did not
twitch. The fimV pilH and fimL pilH double mutants had PilU levels similar
to those of fimV and fimL single mutants, suggesting that despite being
hyperactive in the absence of pilH, PilG was unable to activate CyaB
without FimV or FimL, confirming that both FimV and FimL are required for

the Chp system to stimulate cAMP synthesis.
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Figure 3.2 — FimV has cAMP-dependent and independent
contributions to T4P function. fimV, fimV;194, fimVyysu, and fimV cyaB-
R456L were transformed with arabinose-inducible expression vectors
encoding full-length FimV (FimV) or as a control, with empty vector (pB).
Cell lysates prepared as described in the Methods from cells grown on LB
1.5% agar supplemented with 0.1% (w/v) arabinose were resolved on
12.5% SDS-PAGE and transferred to a nitrocellulose membrane. Proteins

were visualized by immunoblotting with antisera specific to PilU, or PilM,
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PilN, PilO, PilP, or PilQ. Levels of surface pilins were assessed by
sheared surface protein preparation of strains grown on LB 1.5% agar
supplemented with 0.1% (w/v) arabinose. The surface protein fractions
were prepared as described in the Methods, and resolved by 12.5% SDS-
PAGE and visualized by coomassie blue staining. Twitching motility was
determined by stab inoculation of the indicated strains into LB 1% (w/v)
agar. Strains were incubated for 16 h, and twitching zones were visualized
by removing the agar layer and staining the bacteria with 1% (w/v) crystal
violet. Scale bar denotes 1 cm. (B) Densitometric quantification of PilU and
(C) PiIMNORP levels + standard error. Data are representative of n=3
experiments. & ©
0.05.

paired samples compared by student’s t-test with p <

Decreased levels of PIIMNOPQ and T2S in fimV is due to decreased
cAMP

Wehbi et al. (125) showed previously that fimV mutants had
reduced levels of PIIMNOP, and that a fimVa.ysy mutant with an in-frame
deletion of the LysM motif had decreased PilQ monomers and multimers.
However, transcription of the pilMNOPQ operon is Vfr-dependent, thus it
varies with cAMP levels (49). To determine if any of these phenotypes
were also cAMP-independent, we examined levels of PIIMNOPQ and PilU,
and twitching motility in fimV, fimVa.,su, @ mutant encoding only the
cytoplasmic domain of FimV (fimV1194), and a fimV cyaB-R456L mutant

(173).
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As predicted, the fimV mutant had low levels of PilU (~23% of wild
type), reflecting low cAMP levels, while the fimV cyaB-R456L double
mutant had increased levels of PilU relative to fimV (~102% relative to wild
type) (Figure 3.2A, B). The fimV1194 mutant had ~29% of wild type PilU,
suggesting that expression of the cytoplasmic domain alone was
insufficient to activate CyaB. Complementation of fimV and fimVy494 with a
construct expressing full-length FimV increased PilU levels to ~58% and
~65% of wild type, respectively. Surprisingly, the fimV\ysu mutant had
~89% of wild type PilU, suggesting that the LysM motif and thus PG
binding was dispensable for CyaB activation.

The fimV mutant had decreased levels of PIIMNOP, and no
detectable PilQ multimers, and all were restored to wild type with full-
length FimV. These data suggest that decreased cAMP in the fimV
background was the cause of decreased levels of PIIMNOP. In support of
the link between PIIMNOPQ and cAMP, the fimV cyaB-R456L double
mutant had wild type levels of PIIMNOP and multimeric PilQ. Despite
restoration of PIIMNOPQ expression, the fimV cyaB-R456L double mutant
had no recoverable surface pili (Figure 3.2A) and could not twitch,
confirming a cAMP-independent role(s) for FimV in pilus assembly and
twitching motility. The fimV4194 mutant had low levels of PIIMNOP and no
detectable PilQ multimers. These could be rescued by complementation

with full length FimV. fimVa.ysm had PIIMNOPQ levels similar to fimV
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complemented with full-length FimV, and could assemble surface pili
(Figure 3.2C); however, twitching was ~37% of wild-type, less than fimV
complemented with full length FimV (~63%). Impaired twitching in
fimVaLysm suggests that PG binding by FimV is important for its cAMP-

independent function(s).
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Figure 3.3 — The periplasmic domain of FimV is required for CyaB

activation. fimV, and fimV;194 were transformed with arabinose-inducible
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expression vectors encoding the periplasmic domain (residues 1-507) of
FimV (FimVsg7) or as a control, with empty vector (pB). Cell lysates
prepared as described in the Methods from cells grown on LB 1.5% agar
supplemented with 0.1% (w/v) arabinose were resolved on 12.5% SDS-
PAGE and transferred to a nitrocellulose membrane. PilU was visualized
by immunoblotting with anti-PilU antiserum. (B) Twitching motility was
determined by stab inoculation of the indicated strains into LB 1% (w/v)
agar. Strains were incubated for 16 h, and twitching zones were visualized
by removing the agar layer and staining the bacteria with 1% (w/v) crystal
violet. Quantification of twitching zones + standard error is shown. Data
are representative of n=3 experiments. ? paired samples compared by
student’s t-test with p < 0.05.

FimV’s cytoplasmic domain is insufficient for CyaB activation

Wehbi et al. (125) showed that the fimV1194 mutant that expresses
only the cytoplasmic domain of FimV was unable to twitch, but that motility
could be rescued by complementation with the periplasmic portion of FimV
expressed from a plasmid (pFimVsg7), suggesting that together the two
FimV fragments could restore function without being physically connected.
Given that other cAMP regulatory proteins such as FimL and PilG are
cytoplasmic and interact with the C-terminal region of FimV (50, 56, 173),
we hypothesized that the cytoplasmic region of FimV should be sufficient
to regulate intracellular cAMP levels. We compared PilU levels in fimV or
fimV44194 strains complemented with empty vector or a construct encoding

residues 1-507 of FimV (pFimVso7) (Figure 3.3A).
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The fimV deletion mutant complemented with either empty vector or
pFimVso7 had similar PilU levels, suggesting that the periplasmic domain
alone is not sufficient to activate CyaB. fimV1194 had PilU levels similar to
fimV, suggesting that the cytoplasmic domain alone cannot activate CyaB.
Surprisingly, expression of FimVsg7 in the fimV4494 background did not
significantly increase PilU levels, suggesting that the cytoplasmic and
periplasmic domains are unable to efficiently activate CyaB when they are
not covalently linked to one another. However, CyaB activation is not
strictly required for twitching motility, as both fimL and cyaAB mutants
have low intracellular cAMP levels, but near wild-type motility (55, 56)

We next tested if the periplasmic region played a cAMP-
independent role in twitching by complementing the fimV cyaB-R456L
strain with pFimVso7. As shown previously (125), pFimVsg7 restored ~50%
of wild type twitching in fimV4494 (Figure 3.3B). However, pFimVsy7 failed to
restore wild-type levels of twitching in fimV cyaB-R456L, suggesting that
the cytoplasmic region of FimV plays a cAMP-independent role in
twitching. Taken together, these data show that the cAMP-independent

role of FimV is not limited to its periplasmic region.

FimV is required for PilS localization

The V. cholerae homolog of FimV, HubP, interacts with multiple

proteins and has broad regulatory function (128). FimV is required for
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localization of PilG and FimL (135), and the T4aP structural proteins
PIIMNOPQ (Carter et al., in preparation). We next tested if FimV was
required for localization of PilS, another bipolar T4aP regulator (176, 177).
PilS is the histidine sensor kinase component of the PilRS two-component
system and monitors pilin inventories, regulating pilA transcription in
response to changes in PilA levels in the inner membrane (57). PilS has 6
transmembrane helices, of which helices 5 and 6 are required for its
localization (176).

In wild-type cells, a PilS-YFP fusion exhibited bipolar localization
(Figure 3.4) as previously reported (176). However, in the absence of
FimV, PilS-YFP was diffuse in the inner membrane. We examined PilS-
YFP in fimVaLysm to determine if binding to PG was required for PilS
localization. Interestingly, PilS-YFP had a localization pattern similar to
wild type cells, suggesting that PG-binding via the LysM motif was not
critical for PilS localization by FimV. However, PilS was mislocalized in
fimV1104, suggesting that another periplasmic element besides the LysM
motif is required for PilS localization. We tested for direct FimV and PilS
interactions using the BACTH system (152), but the results were negative

in both directions (Figure 3.4B).
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FimV (fimV), and mutants lacking the FimV LysM motif (fimVaLysu) or the
periplasmic region of FimV (fimV1194). Cells were stab inoculated into 1.0
borosilicate chambered coverglass containing LB 1% agar supplemented
with 0.1% (w/v) arabinose. Slides were incubated at 37°C and imaged
using a 60X oil immersion objective on an EVOS FL Auto. Pixel intensity
profiles were generated of each cell on the YFP channel as stated in the
methods. Scale bar denotes 5 um. (B) Fusions of FimV or PilS to B.
pertussis CyaB T18 or T25 fragments were expressed in E.coli BTH101 in
a pairwise manner. Five pl of a liquid culture normalized to ODgoo 0.6 was
spotted onto MacConkey agar supplemented with 1% maltose and 0.5 mM
IPTG. Plates were incubated at 30 °C for 24 h. Protein-protein interaction
is visualized by pink growth on MacConkey agar indicating protein-protein
interaction and reconstitution of B. pertussis CyaB function.

fimV deletion does not affect swimming motility

Since the V. cholerae and S. putrefaciens homologs of FimV affect
flagellar localization and swimming motility (128), we tested whether
deletion of fimV impaired swimming in P. aeruginosa. We saw no effect of
FimV deletion on swimming motility (Figure 3.5), suggesting that FimV is
not essential for flagellar function in P. aeruginosa. Consistent with reports
that the flagellar system is negatively regulated by cAMP (49), the cpdA
mutant was swimming impaired (40% relative to wild type). Deletion of
fimV (~85%), fimL (~76%), and pilG (~75%) in the cpdA background
reduced swimming slightly relative to the single mutants, most likely due to

increased cAMP levels. Interestingly, despite having high cAMP levels
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comparable with cpdA (65), pilH had (~125% swimming maotility relative to
wildtype). This may be due to the significantly lower amount of surface pili
for the pilH mutant versus the cpdA mutant, as pili might physically

interfere with flagellar function.
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Figure 3.5 — FimV is not required for swimming motility. Cells grown
overnight were resuspended and PBS and normalized to ODgqg of 0.6.
Two pl were spotted onto LB 0.3% agar and incubated overnight. As a
control, a pocA mutant was included which has been shown to be
swimming impaired (178). Representative swimming zones of the
indicated strains. Scale bar = 1 cm. Graphical data displays average
swimming diameter = standard error, and is representative of n=3

independent trials.

DISCUSSION
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PilG, FimL, and FimV were proposed to be components of a
mechanosensory pathway that activates CyaB (135), with FimL
functioning as a scaffold to connect PilG to FimV. Although deletion of pilG,
fimL, or fimV leads to decreased cAMP, only the fimL mutant twitches
following introduction of secondary mutations that restore intracellular
cAMP levels (Figure 3.1) (55, 56), confirming that PilG and FimV have
cAMP-independent roles in twitching (55, 173). These findings represent a
gap in the FimV-FimL-PilG scaffold model, which does not account for the
cAMP-independent regulation of twitching.

Twitching motility in the fimL background suggests that PilG and
FimV must both function in its absence. In the case of PilG, although it
was proposed to interact with FimL — and indirectly, FimV — at the cell
poles, fimL deletion did not cause PilG mislocalization (135), implying that
PilG has another interaction partner with which it can interact at the cell
poles. It is possible that this other interaction partner mediates PilG effects
on motility, independent of cAMP. In swimming cells, the PilG orthologue
CheY interacts with FliM at the flagellar switch complex (81). However, the
T4aP system lacks a functional equivalent of FliM. Possible interaction
partners of PilG include PilM, PilC, or the retraction ATPases. PilU is an
attractive possibility, as the piliated but non-motile phenotype of a pilU
mutant phenocopies pilG mutants. PilC is also able to interact with PilT

and PilU, and PilM can bind PilT (36), making them possible interaction
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partners for PilG as well. Mislocalization of PilG in fimV may reflect the
consequent mislocalization of one of these components, as Carter et al.
provided evidence that deletion of fimV leads to mislocalization of
structural components of the T4P assembly complex (Carter et al., in
preparation).

Interestingly, the cAMP-independent role(s) of FimV appears to be
distinct from that of PilG. FimV deletion mislocalizes a number of T4aP
regulatory and structural proteins (135) (Carter et al., in preparation;
Figure 3.4), while loss of PilG has not been shown to do so (135) (Figure
S3.1). These data provide further evidence that FimV has a broader role in
regulation of twitching than suggested by the FimL scaffold model (135).
HubP from V. cholerae and S. putrefaciens are also responsible for
localization of the flagellar chemotaxis machinery, and in the case of V.
cholerae, the chromosomal partitioning machinery. It is possible that FimV
performs a similar hub function in P. aeruginosa.

We showed previously (125) that the periplasmic and cytoplasmic
regions of FimV could reconstitute FimV function when co-expressed.
However, our data show that CyaB cannot be activated efficiently when
the two halves of FimV are separated. The ability to twitch despite having
low levels of intracellular cAMP is not surprising, as fimL and cyaAB
mutants are both motile (55, 56). The cAMP-independent function of FimV

was also not restricted to the periplasmic or cytoplasmic regions. The
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model for V. cholerae HubP follows a similar model, where the LysM motif
targets HubP and its interaction partners to the cell poles, and the
cytoplasmic domain is responsible for multiple protein-protein interactions
with the chromosomal origin, FInG, and FIhF (128), regulators of flagellar
assembly location and number (179, 180). It is possible that the two
domains of FimV interact through their transmembrane domains and
function similarly to HubP, to perform the same assembly-localization
function in the T4P system.

Interestingly, septal PG binding was not required for CyaB
activation although FimL, PilG, and CyaB are located at the cell poles (56,
135). While the LysM motif of HubP is required for its polar localization
(128), there is no evidence that the same is true for FimV. It may be
possible that deletion of the LysM motif alone does not mislocalize FimV,
as it may have other interaction partners that tether it to the cell poles.
Alternatively, FimV and CyaB may not need to co-localize to promote
CyaB activity.

The LysM motif was also dispensable for localization of PilS to the
cell poles. However, deletion of the entire periplasmic region led to PilS
mislocalization (Figure 3.4). Although we did not observe a direct
interaction between FimV and PIilS, it is possible that they interact through

other intermediaries, whose own localization relies on the presence of
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FimV. Further, the localization patterns of FimVarysw and FimV1194 have
not yet been confirmed, so it is unknown if either retains polar localization.

Our data show that decreased levels of PIIMNOP and PilQ
multimers in fimV is cAMP-dependent. However, this is not a barrier to
T4aP function, as strains lacking FimV remain susceptible to pilus-specific
phage (125). Carter et al. (in preparation) showed that PilQ and PilO are
mislocalized in fimVaysw, raising the possibility that the surface pili
assembled in fimVaLysm are also mislocalized.

Although HubP has been shown in multiple species to be required
for swimming motility, deletion of FimV did not decrease swimming motility
(Figure 3.5). However, FimV likely affects flagellar function indirectly by
modulating T4aP levels and/or cAMP levels, as deletion of fimV in the
cpdA background increased swimming relative to cpdA. Based on the data
in other species, we cannot rule out the possibility that FimV interacts with
one or more regulators of flagellum function or positioning, but further
studies are needed to test this.

In summary, our work resolved the cAMP-dependent and
independent roles of FimV function. The cAMP-independent role of FimV
may be related to localization of structural and regulatory components, as
suggested by our findings and those of others (135) (Carter et al., in
preparation). Importantly, PilG has also been shown to have a cAMP-

independent role in regulating twitching, likely at the level of retraction (55).
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As shown by Inclan et al., PilG localizes to the cell poles (135). Itis
possible that PilG regulates retraction specifically at the poles to allow for
directional movement. However, additional studies are required to better
resolve the cAMP-dependent and independent roles of PilG. Further
characterization of the FimV protein-interaction network will be required in
order to identify its full repertoire of direct and indirect interaction partners,

and to determine how FimV localizes T4aP-related proteins.

Materials and Methods
Bacterial growth and culture conditions

Bacterial strains and plasmids are listed in Table 1. Unless
otherwise stated, untransformed P. aeruginosa strains and all E. coli
strains were grown on LB agar at 37 °C. Antibiotic selection was as follows
unless stated otherwise: gentamicin, 15 pg/ml for E. coli and 30 pg/ml for
P. aeruginosa; kanamycin, 50 pg/ml for E. coli; ampicillin, 100 pg/ml for E.
coli. All P. aeruginosa strains containing a FimV complementation

construct were grown on media supplemented with 0.1% (w/v) arabinose.

Mutant generation
Mutants were generated as previously described by Fulcher et al.
(55). Briefly, mutants were generated by transforming the fimL, fimV, cpdA,

and pilH, deletion cassettes into E. coli SM10. Knockout constructs were
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transferred to P. aeruginosa PAK by biparental mating. E. coli SM10 was
counterselected by plating on Pseudomonas isolation agar (Difco)
supplemented with gentamicin (100 pg/ml). Gentamicin resistant colonies
were then plated onto LB 1.5% agar supplemented with 8% (w/v) glucose
and incubated for 24 h at 30 °C to resolve the plasmid. Sucrose-resistant
colonies were then replica plated on LB 1.5% agar supplemented with 8%
(w/v) glucose, and LB 1.5% agar supplemented with 30 pg/ml gentamicin.
Glucose-tolerant and gentamicin-sensitive colonies were screened by

PCR. The same method was used to generate all double mutants.

Immunoblotting

Western blotting of whole cell lysates was performed as previously
described (28). In brief, whole cell lysates were prepared from strains were
grown overnight on LB 1.5% agar, or in the case of plasmid transformed
strains, LB 1.5% agar supplemented with 0.1% (w/v) arabinose. Cell
growth was then resuspended in 1X PBS and normalized to an ODggo of
0.6. Cells were pelleted by centrifugation at 2.300 x g for 5min. Pellets
were then resuspended in 175 ul of 1X SDS-PAGE loading dye. Cell
lysates were resolved on 15% SDS-PAGE gels and transferred to
nitrocellulose membranes. Membranes were blocked in 5% skim milk
dissolved in PBS (pH 7.4) for 1 h, washed in PBS, and incubated with

PBS-diluted antisera raised against the FimV periplasmic domain (1:1000),
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PilU (1:5000), PilM (1:1000), PilN (1:1000), PilO (1:1000), PilP (1:1000), or
PilQ (1:1000), or polyclonal anti-GFP antibody (Novus Biologicals; 1:5000)
for 1 h, washed, incubated with alkaline phosphatase-conjugated goat-
anti-rabbit secondary antibody (1:3000, Bio-Rad) for 1 h, and washed.
Blots were developed using 5-bromo-4-chloro-3-indolylphosphate (BCIP)
and nitro blue tetrazolium (NBT). Data are representative of n = 3

independent experiments.

Sheared surface protein preparation

Surface pili were analyzed as previously described (150). In brief,
strains of interest were streaked in a grid-like pattern onto LB 1.5% agar,
or in the case of plasmid-transformed strains, LB 1.5% agar supplemented
with 0.1% (w/v) arabinose and grown overnight at 37 °C. Cells were gently
scraped from the plates using a sterile coverslip and resuspended in 4.5
ml PBS (pH 7.4). Surface appendages were sheared by vortexing the cells
for 30 s. The ODegqo for each strain was measured, and an amount of cells
equivalent to 4.5 ml of the sample with the lowest ODgoo Was pelleted by
centrifugation at 16,100 x g for 5 min. When necessary, PBS was added to
samples to a final volume of 4.5 ml prior to centrifugation. Supernatants
were removed and centrifuged again at 16,100 x g for 20 min to remove
remaining cells. Supernatants were collected and mixed with 5 M NaCl

and 30% (w/v) polyethylene glycol (Sigma; molecular weight range ~8000)
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to a final concentration of 0.5 M NaCl and 3% (w/v) polyethylene glycol,
and incubated on ice for 30 min. Precipitated surface proteins were
collected by centrifugation at 16,100 x g for 30 min. Supernatants were
discarded and samples were centrifuged again at 16,100 x g for 2 min.
Pellets were resuspended in 150 ul of 1X SDS-PAGE sample buffer (80
mM Tris, pH 6.8, 5.3% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.02%
(w/v) bromophenol blue, 2% (w/v) SDS). Samples were boiled for 10 min
and resolved by 15% SDS-PAGE. Bands were visualized by staining with
Coomassie brilliant blue (Sigma). Data are representative of n = 3

independent experiments.

Twitching assay

Twitching motility was tested as previously described (150). In brief, cells
from an overnight culture were stab inoculated to the interface between LB
1% agar, or in the case of plasmid-transformed strains, LB 1% agar
supplemented with 0.1% (w/v) arabinose and the underlying tissue culture-
treated polystyrene petri dish, and incubated at 37 °C for 16 h (Thermo
Fisher). Twitching zones were visualized by removing the agar and
staining cells on the petri dish with 1% (w/v) crystal violet and washing
with water to remove unbound dye. Twitching zones were measured by
analyzing the diameter of each twitching zone in pixels using ImageJ

software (NIH). Twitching zones were normalized to the twitching diameter
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of wild type PAK in each individual experiment. Data are representative of

n = 3 independent experiments.

Fluorescence microscopy

P. aeruginosa strains transformed with pBADGr::FimV-eYFP were
grown overnight. Microscopy was performed using 8-well 1.0 borosilicate
chambered coverglass (LabTek). Chamber slides were prepared by
adding LB 1% agar supplemented with 0.1% (w/v) arabinose to create an
agar layer ~3 mm in thickness and covering the bottom of the chamber.
Agar was allowed to solidify with the lid off to prevent condensation.
Bacteria was stab inoculated to the interface between the agar and
coverglass. Slides were wrapped in foil to prevent photobleaching, and
incubated at 37 °C for 1h in the dark. Cells were then imaged using an
EVOS FL Auto with a monochrome camera for brightfield imaging and
fluorescence imaging with a YFP LED light cube, through a 60X oll
immersion objective, at room temperature. Representative fields were
cropped from larger images and enlarged using ImageJ software (NIH)
(151).

Fluorescence images were quantified using the Microbed plugin for
Imaged. Brightfield and fluorescence images were arranged into a stack
on ImagedJ. Regions of interest corresponding to the bacteria were

selected based on the brightfield image, and tresholding particles based
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on length (0.5 um-5 um), width (0.2 um-1.5 um), and area (0.75 umz—max),
and fit to rod-shaped bacteria. Pixel intensity profiles were generated by
Microbed using the profile option on the fluorescence image, using 1um
width, and 0.5um extensions. Intensity profiles were plotted along a Y-axis
of range 0-140, and the X-axis was partitioned into 100 bins. Pixel
intensity profiles were generated for the YFP channel. Data are

representative of at least 3 independent trials.

Bacterial two-hybrid assay

E. coliBTH101 cells were co-transformed with full length FimV and
PilS fused to either the T18 or T25 fragments of Bordetella pertussis CyaB
(152) by heat shock. Single colonies were resuspended in LB
supplemented with 100 ug/ml ampicilin and 50 pg/ml kanamycin and
grown for 8h. Five ul of each strain was then spot plated onto MacConkey
agar supplemented with 100 pyg/ml ampicilin and 50 pg/ml kanamycin, 1%
(w/v) maltose, and 0.5 mM isopropyl B-D-thiogalactopyranoside (IPTG),
and incubated at 30 °C for 16 h. Interactions were visualized by pink

bacterial growth representing fermentation of maltose.

Swimming assay
Cells from overnight cultures were resuspended in PBS and

standardized to ODgpo 0.6. Two pl of resuspended cells were spotted onto
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LB 0.3% agar and allowed to dry onto the surface of the agar. Plates were
incubated at 30 °C for 16 h with the agar side down. Data are

representative of n=3 independent experiments.
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Figure S3.1 — PilS localization does not require PilG. . (A) YFP was
fused to the C-terminus of PilS and expressed in cells lacking PilG (pilG).
Cells were stab inoculated into 1.0 borosilicate chambered coverglass
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containing LB 1% agar supplemented with 0.1% (w/v) arabinose. Slides
were incubated at 37°C and imaged using a 60X oil immersion objective
on an EVOS FL Auto. Pixel intensity profiles were generated of each cell

on the YFP channel as stated in the methods. Scale bar denotes 5 um.
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Table 3.1. Strains and plasmids used in this study

Strains Genotype/Description Source
P. aeruginosa
PAK Wild type P. aeruginosa strain K (55)
NP PAK with a deletion of pilA (168)
pilU PAK with a deletion of pilU Wolfgang, MC
fimv PAK with a deletion of fimV (55)

. PAK with an in-frame deletion of the .
fimViysw LysM motif, nucleotides 519-690 | s Study
PAK with a deletion of fimV and an

fimV cyaB-R456L | arginine to lysine substitution in (173)

cyaB at position 456
. PAK with an FRT insertion at .

fimV1194 nucleotide position 1194 in fimy/ | |1 study
fimL PAK with a deletion of fimL This study

pilG PAK with a deletion of pilG (55)
cpdA PAK with a deletion of cpdA This study
cpdA fimV PAK with deletions of cpdA and fimV| This study
cpdA fimL PAK with deletions of cpdA and fimL This study
cpdA pilG PAK with deletions of cpdA and pilG This study
pilH PAK with a deletion of pilH This study
pilH fimV PAK with deletions of pilH and fimV This study
pilH fimL PAK with deletions of pilH and fimL This study

E. coli
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F-, ®80/acZAM15, A(lacZY A-argF),
U169, recA1, endA1, hsdR17(rk-,
mk+), phoA, supE44, thi-

1, gyrA96, relA1, A-; General cloning
strain

Invitrogen

BTH101

BTH101: F-, cya-99, araD139,
galE15, galK16, rpsL1 (Str'), hsdR2,
mcrA1, mcrB1; Bacterial two-hybrid

reporter strain

Euromedex

SM10

(181)

Plasmids

pBADGr

Arabinose-inducuble expression
construct

(169)

pBADGr::fimV

Arabinose-inducible expression
construct encoding full length FimV

This study

pBADGr::fimV507

Arabinose-inducible expression
construct encoding the periplasmic
domain of FimV, residues 1-507

This study

pBADGr::fimV-
eYFP

Arabinose-inducible expression
construct encoding FimV with eYFP
encoded in-frame at the C-terminus

This study

pUT18

IPTG-inducible expression vector
encoding T18 fragment of B.
pertussis CyaB

Euromedex

PKNT25

IPTG-inducible expression vector
encoding T25 fragment of B.
pertussis CyaB

Euromedex

pUT18::fimV

IPTG-inducible expression vector
encoding T18 fragment of B.
pertussis CyaB fused to the C-
terminus of FimV

This study

pUT18C::pilS

IPTG-inducible expression vector
encoding T18 fragment of B.
pertussis CyaB fused to the N-
terminus of PilS

(57)

pUT18C::pilA

IPTG-inducible expression vector
encoding T18 fragment of B.
pertussis CyaB fused to the N-
terminus of PilA

(57)

pKNT25::fimV

IPTG-inducible expression vector
encoding T25 fragment of B.
pertussis CyaB fused to the C-
terminus of FimV

This study
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pKT25::pilS

Sciences

IPTG-inducible expression vector
encoding T25 fragment of B.
pertussis CyaB fused to the N-
terminus of PilS

(57)

pKT25::pilA

IPTG-inducible expression vector
encoding T25 fragment of B.
pertussis CyaB fused to the N-
terminus of PilA

(57)

pEX18Gm::fimL

Suicide vector containing 1kb
upstream and downstream from the
fimL locus

This study

pEX18Gm::cpdA

Suicide vector containing 1kb
upstream and downstream from the
cpdA locus

This study

pEX18Gm::pilH

Suicide vector containing 1kb
upstream and downstream from the
pilH locus

This study

pEX18Ap-fimV-
GmFRT

Suicide vector containing fimV
amplified from PAO1 and disrupted
at nucleotide position 1194 with an
FRT-flanked gentamicin resistance

cassette

(125)

pEX18Gm-fimV-
ALysM

Suicide vector containing residues
1-1521 of fimV with a deletion of
nucleotides 519-690

(125)
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Table 3.2. Oligonucleotides used in this study

Primers Sequence
eYFP-F 5'- AAG CTT ATG GTG AGC AAG GGC GAG GAG - 3'
eYFP-R 5'-AAG CTT ACT TGT ACAGCT CGTCCATGC C-3'
FimV-F 5' - TTAGTACTAAGGGATTACACTATGGTTCGGCT - 3'
FimVs07-R 5" GCG TCTAGACTGTTC CTC GCC GG -3'
FimV YFP-F 5'-GCG GGT ACCATG GTTCGG CTT CG -3
FimV YFP-R 5'-GCG TCT AGA GGC CAG GCG CTC CA -3
BTH FimV-F 5'-GCG TCT AGAAATGGTTCGGCTTCGT-3'
BTH FimV-R | 5' GCG GGT ACC GCG GCC AGG CGC TCCAG-3
BTH PilG-F 5'- GCG TCT AGA AAT GGA' ACA GCA ATC CGA
CGG-3
BTH PilG-R |5'- TAA GGT ACC CGG GAAACG GCG TCCACC -3
. 5'- GCG TCT AGA GAT GGT CAC AGG AGC CAC
BTH FimL-F GTC CC - 3
BTH FimL-R 5'- GCG GGT ACC GCG GCG GCCACC GG -3
. 5 CGC GAG CTC AAT GGG CGT GCC GTG CAT CA -
ko FimL F1 3
ko FimL R1 5-CGC GGA TCC CGG TCT AGT GCG CCT CCC -3
ko FimL F2 5-CGC GGA TCC TGG CCG GCG AGT TCC GCT -3
. 5-CGC AAG CTTGGACCGTCAGCT CGCTGC TC -
ko FimL R2 3
ko cpdA F1 5'- TC AAGCTT GGATCAGCTCGACGCCCGGCA - 3
5'-TCG GTACCT CTT CGA AGT GGA CTACGACA -
ko cpdA R1

3'
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5'- TAC GGT ACC AGG CGT CGG TGG CGG GAG T -

ko cpdA F2 3

ko cpdA R2 5'-TC GAATTC ACGACCCGCAGCGCGATTGC - 3'

ko pilH F1 5'-TTG AGC TCA GGT TGG CGC CCC - 3'

ko pilH R1 5-TGAAGC TTGTTT ATACGGCGAC -3
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CHAPTER FOUR

PilG controls multiple aspects of
Pseudomonas aeruginosa twitching

motility
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Preface

Chapter Four consists of the following manuscript for publication:
Buensuceso RNC, Khalil H, Farr S, Fulcher NB, Silversmith RE,
Daniel-lvad M, Chakraborty A, Wolfgang MC, Howell PL, Burrows LL.
2016. PilG controls multiple aspects of Pseudomonas aeruginosa

twitching motility

Attributions: H.K. and S.F. generated the PilG-YFP fluorescent construct
and PilG point mutant vectors. R.E.S. and N.B.F. performed kinase and [3-
galactosidase assays. M.D.l. helped with microscopy and structural
modeling. A.C. generated expression construcs of PilG orthologs. R.N.C.B.
performed western blots, twitching motility assays, phage sensitivity assay,
microscopy, sheared surface protein preparations and SDS-PAGE.
R.N.C.B. and L.L.B. performed bioinformatics analyses. Paper was written

by R.N.C.B., M.C.W., P.L.H., and L.L.B.
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SUMMARY

Type IV pili (T4P) are major virulence factors of the opportunistic
pathogen Pseudomonas aeruginosa, used for surface adhesion, and
surface translocation by twitching motility. Twitching involves cycles of
T4P extension, adhesion, and retraction, and is controlled by physical and
chemical inputs. The Chp system is a putative chemotaxis phosphorelay
that controls twitching and intracellular levels of the secondary messenger,
cyclic AMP (cAMP). How Chp regulates pilus extension and retraction is
unclear. Here we show that the CheY-like response regulator PilG
localizes predominately to the leading pole of twitching cells, while PilH
has diffuse localization. Levels of the PilB, PilT and PilU ATPases, are
cAMP-dependent; therefore T4P extension but not dynamics are cAMP-
dependent. Bacteriophage susceptibility showed PilG is not required for
retraction, suggesting that PilG coordinates asymmetrical/pole-specific
retraction for directed movement. Bioinformatic studies showed that
Pseudomonads encode either a simple — possibly ancestral — version of
the Chp system, or a complex form that also encode PilU, CyaB, and its
activator FimL. Complementation of P. aeruginosa lacking pilG with PilG
orthologs from other species showed that only closely related homologs
restored cAMP-dependent and —independent functions. These data

suggest that PilG and PilU may collaborate to favor pilus extension and
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retraction at one pole of rod-shaped cells, allowing for directional

movement across surfaces.
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INTRODUCTION

Type IV pili (T4P) are long, flamentous protein polymers expressed
by a broad range of bacteria and archaea that use them for surface
attachment, DNA uptake, and twitching motility (2-5). Twitching moatility is
typically associated with bacteria expressing pili of the type IVa (T4aP)
subfamily (7, 14, 15). During twitching motility, T4aP undergo repeated
cycles of fiber extension (or assembly/biogenesis), attachment, and
retraction (disassembly), pulling the cell towards the point of pilus
attachment. Although T4aP have been well studied in a number of model
organisms including Pseudomonas aeruginosa, Neisseria spp., and
Mpyxococcus xanthus, species-specific differences in the regulation of
twitching motility have been reported (16). While the terms
assembly/extension/biogenesis and disassembly/retraction are used
interchangeably, we will use extension and retraction throughout this
manuscript.

T4P extension and retraction are powered by ATPases belonging to
the secretion NTPase family (182). Typical T4aP systems have two
ATPases, PilB and PilT, involved in pilus extension and retraction,
respectively, although P. aeruginosa and some other species have PilB
plus two or more PilT paralogues (27, 183). P. aeruginosa expresses PilB,
PilT, and PilU; the latter has 39% sequence identity to PilT, but its function

remains unclear (26, 27, 184-186). P. aeruginosa pilU mutants have at
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least wild-type levels of surface pili, and remain susceptible to pilus-
specific phages — a property that requires pilus retraction (27) — but lack
appreciable twitching motility. Chiang et al. (35) showed previously that
the localization pattern of the three ATPases differs. While PilB and PilT
are bipolar (35), PilU is unipolar, and is localized more frequently to the
lagging pole of twitching cells (Cynthia Whitchurch, personal
communication).

In P. aeruginosa, twitching requires the input of a number of
different cellular and environmental factors, including a putative
chemotaxis system called Chp (50, 51). Similar to the canonical Che
flagellar chemotaxis system, the Chp system includes a putative methyl-
accepting chemotaxis protein (MCP) that may sense ligands (PilJ); two
CheW-like putative adaptor proteins (Pill and ChpC); a multidomain CheA-
like histidine kinase (ChpA); and putative adaptation methyltransferase
and methylesterase enzymes (PilK and ChpB) (50, 51). There are two
separate CheY-like single-domain response regulators, PilG and PilH, but
no CheZ-like phosphatase. PilG and PilH are both targets of
phosphotransfer from ChpA, although PilH has a higher rate of
phosphorylation (91). Two hypotheses for the roles of PilG and PilH in
regulating twitching motility have been advanced. Fulcher et al.
hypothesized that both PilG and PilH are targets for ChpA phosphorylation,

but that PilH might act as a phosphate sink to attenuate Chp signaling in
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lieu of a phosphatase, similar to the organization in the flagellar
chemotaxis system of Sinorhizobium meliloti (55, 67, 68, 91). This idea is
consistent with previous reports (55, 93) that pi/lH mutants are motile but
pilG mutants are not, suggesting that PilG is the authentic response
regulator. Bertrand et al. (93) proposed another model, where PilG and
PilH control pilus extension and retraction respectively. In their model, PilG
and PilH control PilB and PilT activities, respectively, explaining the
hyperpiliated but reduced motility phenotype of pilH mutants. Here we
provide evidence that the PilG is the response regulator of the Chp system.
Recently, Fulcher et al. (55) showed that in addition to controlling
twitching motility, the Chp system of P. aeruginosa regulates levels of
intracellular cyclic AMP (cAMP). Many P. aeruginosa virulence-related
phenotypes — including twitching motility — are regulated by a cAMP-
binding transcription factor called Vfr (virulence factor regulator), a
homologue of E. coli CRP (cAMP receptor protein). Vfr controls
expression of ~200 virulence genes, including many involved in T4aP
biogenesis, including the minor pilin operon fimU-pilVWXY1E, the
alignment subcomplex genes pilNOPQ), pilU, and vfr itself (49, 110, 187,
188). P. aeruginosa has two adenylate cyclases, CyaA and CyaB, with the
latter being the main source of intracellular cAMP (49, 106). PilG is
proposed to activate CyaB in a complex with FimL and the bitopic inner

membrane protein FimV, with FimL serving as a scaffold that connects
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PilG and FimV (135). Deletion of pilG decreased CyaB function, reduced
levels of intracellular cAMP, and abrogated piliation and twitching maotility.
Supplementation of the growth medium with cAMP restored piliation but
not twitching motility in the pilG background, suggesting that PilG had
separate roles in cAMP-dependent pilus biogenesis and cAMP-
independent pilus retraction. Interestingly, the piliated but non-motile
phenotype of the cAMP-supplemented pilG mutant resembles that of a
pilU mutant (27), suggesting a possible functional connection. However,
because many of the genes required for T4P biogenesis are cCAMP-
dependent, mutants deficient in cAMP biogenesis resemble mutants
unable to extend pili. Consequently, low levels of cAMP in many T4P-
deficient mutants make extension/retraction dynamics difficult to assess.
In this study, we examined the roles of PilG in twitching motility.
Bioinformatic analyses of available Pseudomonas genomes (189)
revealed intriguing links between the Chp system, PilU, and components
of the cAMP regulatory circuit. We show that Pseudomonads can be
divided into ‘simple’ or ‘complex’ species based on the presence or
absence of specific genes, but that PilG orthologues from the simple
Pseudomonads are capable of complementing both cAMP-dependent and
independent functions of PilG in a complex species pilG mutant. Using a
strain expressing a CyaB R456L variant that no longer requires PilG for its

activity (107), we confirmed the previous finding that PilG controls
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twitching motility in a cAMP-independent manner (55). Both PilU and PilG
localized predominately to the leading poles of actively twitching cells,
consistent with roles in controlling directionality, while PilH was diffuse in

the cytoplasm, in keeping with its hypothesized role as a phosphate sink.

RESULTS
PilB, PilT, and PilU ATPase protein levels are cAMP-dependent

Fulcher et al. (55) showed that specific Chp mutants have reduced
levels of intracellular cAMP due to loss of CyaB activation.
Supplementation of the growth media with cAMP restored piliation but not
twitching in a pilG mutant, suggesting that pilus biogenesis was a CAMP-
dependent phenotype, while pilus fiber extension/retraction dynamics
necessary for twitching were cAMP-independent (55). To determine
whether the pilus biogenesis defect in the pilG background was associated
with altered levels of the motor ATPases, we examined the levels of PilB,
PilT and PilU by western blot. Levels of PilB, PilT, and PilU were
decreased in the pilG and cyaAB backgrounds compared to wildtype.
Levels of PilU were most sensitive to decreased levels of intracellular
cAMP, as they decreased to ~20% compared to wildtype in cyaAB (Fig
4.1A). Deletion of pilH had no effect on ATPase levels. To determine if the
inability of a cAMP-supplemented pi/lG mutant to twitch was due to

decreased levels of the retraction ATPases, we used a CyaB point mutant
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(R456L) that is active in the absence of PilG (107). The point mutation was
introduced into wild type, pilG, and pilH backgrounds, allowing for
constitutive activation of CyaB and synthesis of cCAMP in the absence of
upstream regulators. The cyaB-R456L mutant had levels of PilB, PilT, and
PilU similar to wild type. In the pilG cyaB-R456L background, levels of PilB,
PilT, and PilU were increased to 98%, 102%, and 84% of wild type
respectively. The increased cAMP in the pilG cyaB-R456L background did
not restore twitching, confirming previous findings (55). Taken together,
these data suggest that the inability of a cAMP-supplemented pi/lG mutant
to twitch is not due to decreased levels of the motor ATPases, and may
instead be related to how efficiently they mediate pilus extension and

retraction.
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Figure 4.1 — Levels of PilB, PilT, and PilU are cAMP dependent.

(A) Cell lysates of the indicated strains were prepared as described in the
Methods from cells grown on LB 1.5% (w/v) agar. Cell lysates were
resolved on 12.5% SDS-PAGE and transferred to a nitrocellulose
membrane. ATPases were visualized by immunoblotting with anti-PilB,
PilT, or PilU antisera. Densitometry was performed on 3 independent
western blots for each ATPase. (B) Twitching motility was determined by
stab inoculation of the indicated strains into LB 1% (w/v) agar. Strains
were incubated for 16 h, and twitching zones were visualized by removing
the agar layer and staining the bacteria with 1% (w/v) crystal violet. As a
negative control for surface pilins and twitching, a pilA mutant was

included. Data are representative of n=3 experiments.
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Figure 4.2 — PilG is dispensable for T4P retraction. (A) Levels of
surface pilins were assessed by sheared surface protein preparation of
strains grown on LB 1.5% agar. The surface protein fractions were
prepared as described in the Methods, and resolved by 12.5% SDS-PAGE
and visualized by coomassie blue staining. Twitching motility was
determined by stab inoculation of the indicated strains into LB 1% (w/v)
agar. Strains were incubated for 16 h, and twitching zones were visualized
by removing the agar layer and staining the bacteria with 1% (w/v) crystal
violet. Scale bar denotes 1 cm. As a negative control for surface pilins and
twitching, a pilA mutant was included. Data are representative of n=3
experiments. (B) Phage sensitivity assay. Bacteriophage PO4 was spot
inoculated onto LB/1.5% agar. Indicated strains were inoculated through
the spot inoculation of phage. Dashed white line indicates approximate

position of phage inoculation.

PilG contributes to the extension/retraction balance

Given that the lack of twitching in a pilG mutant was not due to a
lack of ATPases, we next examined the extension/retraction dynamics in
the absence of pilG by comparing levels of surface piliation (Figure 4.2A).

To do this, we deleted pilT in a pilG background to isolate the T4P
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extension phenotype. We also examined a pilG cyaB-R456L pilT triple
mutant to determine the contribution of cAMP to surface piliation in the
absence of pilG. As expected, pilG had little recoverable surface pili,
though there was some recovery in pilG cyaB-R456L. These data
confirmed that increased cAMP promotes T4P assembly (55). The large
difference in the amount of surface pilins between pilG cyaB-R456L and
wild type suggested that there was a defect in either extension or
retraction in the absence of pilG. To clarify this, we introduced pil T
mutations into these backgrounds to isolate the T4P extension phenotype.
The pilG cyaB-R456L pilT mutant had levels of surface pilin levels similar
to the pil T mutant, suggesting that it had normal levels of T4P extension.
The pilG pil T mutant had less surface pilins relative to pilT, suggesting that
it had an extension defect likely due to decreased intracellular cAMP.
Importantly, although none of the strains twitched, the increases in
the amount of recoverable surface pili that were observed after disruption
of pilT in the pilG or pilG cyaB-R456L backgrounds suggested that those
mutants were still capable of pilus retraction when PilT was present. We
verified ongoing pilus retraction by testing sensitivity to a pilus-specific
phage, PO4 (Figure 4.2B). Phage PO4 attaches to host T4aP, and upon
pilus retraction, is brought in close enough proximity to the cell surface for
transduction of phage DNA and eventual cell lysis. PO4 is unable to

transduce its DNA into retraction-deficient strains, leading to phage
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resistance. Both pilG and pilG cyaB-R456L mutants were phage sensitive,
confirming that they are retraction competent. These data suggest that
PilG coordinates twitching motility, but is not essential for pilus retraction.
Notably, pilG cyaB-R456L phenocopied a pilU mutant, which is capable of

pilus assembly and retraction, but is unable to twitch (27).

YFP-PilU PilG-YFP PilH-YFP

¥l

Fluorescence

Merge

Figure 4.3 — Localization patterns of PilG and PilH fluorescent
fusions. Wildtype PAK cells were transformed with expression constructs
encoding YFP-PilU or response regulator-YFP fusion proteins, by
electroporation. Transformed cells were resuspended in LB and mixed
with resuspended and untransformed wild type PAK at ratios of 2:1 to 1:2.
The mixed cultures were pelleted by centrifugation, and a sample of the
cell pellet was stab inoculated into chambered coverglass slides
containing LB 1% agar. Slides were incubated in the dark for 2 h, and then
imaged using a 60X oil immersion objective on an EVOS FL Auto
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microscope. Scale bar indicates 10 ym distance. Arrows indicate direction
of twitching.

PilG localizes to the leading poles of twitching cells, while PilH is diffuse
In the two-response regulator system of S. meliloti, only the
response regulator believed to be involved in downstream signaling is
polarly localized (190). To see if the PilG/PilH system was similar, we
examined their localization in twitching cells. C-terminal fusions of either
PilG or PilH to YFP were expressed in twitching cells. PilH-YFP was
diffuse in the cytoplasm, while PilG-YFP showed a mixed pattern of polar
and diffuse localization (Figure 4.3). In cells at the periphery of twitching
colonies, there was a pronounced polar focus of PilG-YFP. Other cells had
foci at both poles, often with a more intense focus at the leading pole.
PilG’s localization pattern suggests that it is potentially dynamic, and is
consistent with a role in control of directional motility. PilH’s diffuse

localization is consistent with its proposed role as a phosphate sink (67).

Evolutionary links between PilU, the Chp system, and the cAMP regulatory
circuit

Based on the similar phenotype of pilG cyaB-R456L and regulation
of PilU levels through PilG, we explored other potential links between PilU
and PilG function. Bioinformatic analyses of available Pseudomonas

genomes (189) showed that pi/G homologs were present in all species,
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but pilU was present only in strains of P. aeruginosa, P. fulva, P. stutzeri,
and P. mendocina, which we term ‘complex’ species. Strains of P.
entomophila, P. putida, P. brassicacearum, P. fluorescens, and P.
syringae, which we term ‘simple’ species, lack a pilU homolog. Further,
only complex species have chp gene clusters that include genes encoding
the putative adaptation proteins PilK (methyltransferase) and ChpB
(methylesterase), as well as the ChpD and ChpE proteins of unknown
function (Figure 4.4A). In addition to simpler chp clusters lacking pi/lK and
chpBDE homologs, species lacking pilU had an ~1.5 kb shorter version of
the chpA kinase gene. In P. aeruginosa, chpA encodes a complex signal
transduction protein that is predicted to phosphorylate PilG and PilH. It has
9 potential sites of phosphorylation, 6 histidine phosphotransfer (Hpt)
domains, a serine phosphotransfer domain (Spt), a threonine
phosphotransfer domain (Tpt), and a CheY-like receiver domain (50).
Simple ChpA orthologs generally lacked regions between Tpt and Hpt2,
regions flanking Hpt4, and Hpt6. Although P. putida lacks Hpt5, it is
present in other simple species (Figure S1). Hpt2, which in P. aeruginosa
is the primary source of phosphoryl groups for PilG (91), was present in

each species we examined.
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Figure 4.4 — PilU is genetically linked to the Chp system. (A)
Schematic of complex and simple Pil-Chp clusters found in Pseudomonas
genomes annotated on the Pseudomonas Genome Database. Genes
marked in yellow are unique to the full-length cluster. (B) Unrooted
phylogenetic tree based on MUSCLE alignment of PilG ortholog amino
acid sequences. Complex species are shown in red. Scale bar indicated

distance in substitutions per site.
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Only complex species encoded the adenylate cyclase CyaB, as
well as regulatory components FimL and FimX (56, 191). A comparative
genome search for other genes that are present in complex species but
absent in simple species produced a list of 56 additional genes with the
same distribution pattern (Table S1). None were obviously associated with
motility, although some were previously identified as belonging to the
cAMP-dependent Vfr regulon (Table S1, genes labeled in red) (49).

Although simple species lack components of the cAMP regulatory
circuit, they encode PilG orthologs with ~75-88% sequence similarity to
those from complex species. A PilG phylogenetic tree showed that
orthologs from complex species form a distinct clade compared with those
from simple species (Figure 4.4B), and that among the latter, P.
entomophila and P. putida formed a separate cluster. These observations
suggested that the PilG orthologs in complex species could have specific
sequence differences that related to gain-of-function in regulation of CyaB

activity and cAMP production.

‘Simple’ cluster PilG orthologs can complement a P. aeruginosa pilG
mutant
To determine if PilG from simple species were capable of

complementing both cAMP-dependent and independent pathways, we
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expressed PilG from P. fluorescens (PilGps) or P. putida (PilGpp) —
representing phylogenetically closest and furthest simple orthologs — in P.
aeruginosa pilG and pilG cyaB-R456L mutants, and examined their PilU
levels, surface piliation, and twitching motility (Figure 4.5). Transformation
of pilG or pilG cyaB-R456L with PilGps or PilGp, could restore PilU levels
and surface piliation. However, complementation with PilGp, was less
efficient at restoring twitching than PilGps. Thus, PilG homologs from
simple species can at least partly restore both cAMP-dependent and

independent functions in P. aeruginosa.
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Figure 4.5 — ‘Simple’ cluster PilG orthologs restore twitching and

piliation in a pilG mutant. PAK pilG and cyaB-R456L pilG were
transformed with P. aeruginosa PilG (PilGp,), P. fluorescens (PilGgs) or P.
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putida (PilGpp) orthologs, or pBADGr (pB). WT PAK was transformed with
empty vector (pBADGr) as a vector control. (-) denotes the negative
control, either a pilA mutant or pilU mutant. Levels of surface pilins were
assessed by sheared surface protein preparation of strains grown on LB
1.5% agar. The surface protein fractions were prepared as described in
the Methods, and resolved by 12.5% SDS-PAGE and visualized by
coomassie blue staining. PilU levels were determined by preparing cell
lysates of the indicated strains as described in the Methods from cells
grown on LB 1.5% (w/v) agar. Cell lysates were resolved on 12.5% SDS-
PAGE and transferred to a nitrocellulose membrane and immunoblotted
with anti-PilU antiserum. Twitching motility was determined by stab
inoculation of the indicated strains into LB 1% (w/v) agar. Strains were
incubated for 16 h, and twitching zones were visualized by removing the
agar layer and staining the bacteria with 1% (w/v) crystal violet. Scale bar
denotes 1 cm.

Characterization of PilG point mutants

Although ChpA is predicted to be the kinase that would
phosphorylate PilG and PilH, this hypothesis has not yet been tested
experimentally. Using a high-confidence Phyre2 model of PilG generated
on an RcsC template (192), we identified the predicted phosphoacceptor
residue, Asp58 (Figure 4.6A), and converted it to Glu, Asn or Ala by site-
directed mutagenesis. All the HisX6 tagged mutant proteins were stable in
both wild type and the pilG mutant (Figure 4.6B). Using a purified C-

terminal fragment of ChpA, an in vitro radioactive phosphotransfer assay
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was performed as described in the Methods. Only wild-type PilG was

phosphorylated by ChpA (Figure 4.6C).
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Figure 4.6 — PilG D58N is constitutively active.

(A) Model of PilG structure. Phyre was used to model PilG using the RcsC
aspartate phosphotransferase (PDB: 2AYX) as a template. The
phosphoacceptor site is indicated with a black box. Right panel: Enlarged
view of phosphoacceptor site. The phosphoacceptor residue, D58, is
indicated. Neighboring residues in close proximity to D58 as well as side
chain distances are indicated. (B) PilG point mutants are stably expressed
in P. aeruginosa. PAK pilG and pilG cyaB-R456L were transformed with
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pBADGr expression plasmids encoding wildtype PilG (D), PilG point
mutants D58A (A), D58N (N) or DS8E (E), or empty vector (-). As a control,
we included wildtype (WT) PAK. Whole cell lysates were probed by
western Blot using anti-PilG antisera. (C) Phosphorylation of PilG point
mutants. Purified ChpAess-2328 Was incubated with 3P ATP and purified
PilG, PilG D58A, D58N, D58E, or incubated alone as a control (-). ChpA
and phospho-PilG were resolved by SDS-PAGE and imaged by
autoradiography. Top panel: purified ChpA binding to **P ATP. Bottom
panel: phosphorylated PilG, bound to **P. (D) Sheared surface protein
fractions were prepared as outlined in the Methods. Surface pilns were
resolved by 15% SDS-PAGE and visualized by Coomassie staining. NP,
non-piliated. (E) Motility of pilG or pilG cyaB-R456L expressing PilG, PilG
D58A, PilG D58N, or PilG D58E was determined by twitching motility
assay. Twitching assay was performed by stab inoculation into LB/1%
agar and incubated overnight at 37°C. twitching zones were visualized by
crystal violet staining. (F) CyaB activation by PilG point mutants. PAK
cyaA::lacP1-lacZ cells were transformed with pMMB (-), pMMB piG,
pMMB pilG-D58A, pMMB pilG-D58E, or pMMB pilG-D58N. Activity is from
samples with roughly equivalent levels of PilG protein as determined by
immunoblot with anti-PilG antibody (not shown). Induction of pilG
expression with 50 mM IPTG yielded about the same level of PilG for all
constructs except PilGDS58E, which required 150 mM IPTG. All data are

representative of n=3 independent experiments.

To determine if phosphorylation was required for PilG’s cAMP-
dependent and independent functions, we tested the ability of the mutant
proteins to complement pilG and pilG cyaB-R456L mutants.

Complementation with wild type PilG in trans restored twitching in pilG to
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~70% and to 90% in pilG cyaB-R456L compared to the parent strain
transformed with the vector control, (Figure 4.6E). Neither PilG D58A nor
PilG DS58E restored piliation (Figure 4.6D) or twitching (Figure 4.6E) in
either pilG or pilG cyaB-R456L. Interestingly — since it was not
phosphorylated by ChpA — the PilG D58N mutant restored piliation to both
pilG and pilG cyab-R456L, and twitching to ~33% in pilG and 26% in pilG
cyaB-R456L relative to wild type (Figure 4.6E). Consistent with their
effects on twitching motility, wild type PilG and PilG D58N restored surface
piliation in both pilG and pilG cyaB-R456L (Figure 4.6D). Because PilG is
required for CyaB activity, we examined the effect of the PilG point
mutations on intracellular cAMP levels. Wild type or mutant PilG variants
were used to complement a cyaA pilG double mutant (in which only CyaB
contributes to CAMP synthesis) expressing a (3-galactosidase reporter
responsive to intracellular cAMP levels (55). PilG and PilG D58N restored
the production of cAMP to levels commensurate with the cyaA mutant
control (Figure 6F). The ability of the PilG D58N mutant to restore function
in vivo is likely due to the spontaneous deamidation of Asn58 to Asp, as
reported previously for a D57N mutant of CheY (64). However, these
results suggest that phosphorylation of PilG is require for both cAMP-

dependent and independent functions of PilG.
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DISCUSSION
Two forms of the Chp system

Whitchurch et al. (50) reported that homologs of the P. aeruginosa
chp genes were found in a number of other species, and that P.
fluorescens, P. putida, and P. syringae lacked PilK and ChpB homologs.
The subsequent increase in the number of available Pseudomonas
genomes over the last decade allowed us to broaden that analysis. The
chp clusters fall into two broad classes, which we termed simple and
complex. The simple cluster encodes a shorter form of ChpA and lacks
genes encoding orthologs of the putative methyltransferase PilK and
putative methylesterase ChpB, as well as ChpD and ChpE, suggesting
that it may have reduced capacity to adapt to changes in signal strength or
type. A total of 60 genes unique to complex species were identified using
comparative genomics (Table S1); they include cyaB and fimL involved in
the cAMP regulatory circuit; fimX, encoding a cyclic-di-GMP binding
protein required for twitching motility; and the T4P ATPase-encoding gene,
pilU. Among those genes are 11 whose expression was decreased in a vfr
mutant (Table S1, genes highlighted in red) (49). A functional link between
the Chp system and cAMP production by CyaB has been established (55),
and these observations suggest that the Chp system may have a broader
role in regulation than previously appreciated. Luo and colleagues (89)

recently described a model in which they propose that Chp signaling is
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part of a hierarchical pathway involving cAMP, cyclic-di-GMP, and the
minor pilins. Their data suggest that PilJ may signal via direct interactions
with the sensor kinase FimS of the FimS-AlgR two-component system to
positively regulate transcription of the fimU-pilVWXY1 minor pilin operon.
PilY1 and the minor pilins would then regulate their own production
through Pild, FimS-AIgR, and Vfr (193). More recently, Persat et al. (88)
suggested that Pild may interact with PilA subunits that have undergone
force-induced conformational changes due to retraction under tension, and
that these interactions could lead to upregulation of cAMP production and
surface-associated virulence. These data suggest that the Chp system is
integral to the expression of P. aeruginosa virulence phenotypes.

The complex P. aeruginosa ChpA protein has 9 potential sites of
phosphorylation, including six Hpt domains, one Ser phosphotransfer
domain, one Thr phosphotransfer domain, and a CheY-like
pseudoreceiver (REC) domain (50). Leech and Mattick (90) showed that
ChpA'’s Hpt2 and Hpt3 and REC domains are required for twitching.
Silversmith et al. proposed that Hpt2 and Hpt3 are the dominant sources
of phosphoryl transfer to PilG and PilH (91). Hpt6 is unique to complex
versions of ChpA, suggesting that it might be involved in phosphotransfer
to other regulatory components that are specific to complex species.
These might include ChpB, whose homologue CheB is regulated by CheA

phosphorylation (194), or FimX, whose REC domain controls its unipolar
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localization (54, 120). Phosphotransfer from ChpA to multiple components
could be involved in the coordinate activation of cAMP- and cyclic-di-GMP-
dependent pathways in complex species. An alternate model proposed by
Luo and colleagues (89) suggests that Chp-dependent regulation of the
minor pilin operon may have downstream effects on cyclic-di-GMP levels.
In Xanthomonas axonopodis pv. citri, the regulatory protein PilZ interacts
with FimX to regulate pilus extension (118). PilZ is present in all complex
species, but also in the simple species P. syringae, P. brassicacerum and
P. fluorescens that lack FimX, suggesting that there are species-
dependent variations in regulation of pilus expression and function.

Both complex and simple species encode PilG orthologs, with
amino acid identities of at least 71% Our data show that simple PilG
orthologs, even from distantly related species such as P. putida, can at
least partly regulate both cAMP-dependent and independent pathways in
P. aeruginosa, a complex species. This finding argues against the idea
that the more elaborate Chp clusters in complex species are the result of
gain-of-function evolution following acquisition of the cyaB gene and
associated regulatory elements such as FimL. Comparison of high
confidence models of PilG, PilGps, and PilGp,, generated using the Phyre2
server (192) revealed no obvious clustering of amino acid substitutions to
any particular face of the protein that might account for functional

differences due to changes in potential interaction interfaces (data not
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shown). These data suggest that the ability of the Chp pathway to regulate
cAMP production was likely not an original ability of the complex cluster

Pseudomonads, and was acquired later.

PilG is the response regulator of the Chp system

Based on mutant phenotypes, PilG and PilH were previously
hypothesized to function as response regulators controlling pilus extension
and retraction, respectively (93). Fulcher et al. (65) subsequently proposed
that PilH may function as a phosphate sink to control the levels of PilG
phosphorylation, similar to the diffusely-localized CheY1 protein in the
flagellar chemotaxis system of S. meliloti (67). Our data suggest that PilG
is dispensable for T4P retraction as mutants lacking pilG are phage
sensitive. Decreased surface piliation in pilG is due to decreased
intracellular cAMP, as pilG cyaB-R456L pilT but not pilG pilT has levels of
surface pilins similar to wild type. However, lack of twitching maotility in pilG
and pilG cyaB-R456L confirm that PilG is required for twitching motility
independent of its role in cCAMP regulation. Interestingly, non-
phosphorylatable PilG localizes to the cell poles, suggesting that
phosphorylation is not necessary for polar localization (135). Consistent
with this, bacterial two-hybrid data suggests that both wild type and PilG
D58A both interact with FimL, which has been shown previously to have

unipolar localization (56). PilG was proposed to interact with FimL, which
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in turn interacted with FimV (135). Only deletion of fimV mislocalized PilG
suggesting that it has a second interaction partner which is likely related to
its CAMP-independent function.

The relatively high level of function of PilG D58N in the absence of
phosphorylation (Figure 4.6) was somewhat unexpected. A D57N mutation
of E. coli CheY was previously shown to be active due to phosphorylation
at S56, which was dependent on the activity of CheA (60), and a S56A
D57N double mutant was inactive. Due to the in vitro nature of the kinase
assay, we cannot exclude the possibility that PilG or any of the PilG point
mutants might be phosphorylated at another residue in vivo. However,
PilG D58A and PilG D58E, which have the same residues that could serve
as alternate sites of phosphorylation, are inactive. Instead, the partial
function of the PilG D58N point mutant is likely due to spontaneous
deamidation of N58 in vivo, as reported previously for a D57N mutant of
CheY (64). Interestingly, PilG D58A had the same localization pattern as
wild-type PilG (135), suggesting that as in E. coli, response regulator
localization is independent of phosphorylation (195). Our data confirm that
phosphorylation of PilG is required to activate CyaB and to regulate
motility, although the nature of phospho-PilG’s interaction partner(s) is
currently unknown. PilG is 28% identical to CheY, but the T4P system
lacks homologs of the flagellar switch complex, suggesting that PilG acts

through a different mechanism to regulate motility. CheY becomes
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delocalized in E. coli lacking cheA (195), but PilG-YFP localized to the cell
poles in mutants lacking chpA (135). These data suggest that PilG
interacts with one or more as yet unidentified components to coordinate

cAMP-dependent and independent functions.

PilG controls both extension and retraction

PilG modulates both extension and retraction of T4P (55). Pilus
biogenesis is CAMP-dependent, as demonstrated by the difference in
piliation of a pilG pil T double mutant and a pilG pil T cyaB-R456L triple
mutant relative to pil T (Figure 4.3). PilG activation of CyaB increases
intracellular cAMP levels, thereby promoting transcription of Vfr-dependent
T4P genes, including those encoding the PIIMNOPQ proteins that form the
assembly complex, and the minor pilins FimU, PilVWX and PIilE plus the
putative adhesin PilY1, involved in control of pilus extension (49, 196, 197).
PilG also increases levels of the extension ATPase PilB through its
activation of CyaB (Figure 4.2A). Together, these increases in expression
would lead to more T4P assembly systems in the cell envelope, and thus
increased piliation. Activation of CyaB by PilG is proposed to be through
FimL and FimV (135). Pilus retraction does not require PilG, as both pilG
and pilG cyaB-R456L mutants are susceptible to pilus-specific phage (Fig
4.2B). Localization of PilG to a single pole may bias retraction over

extension at one pole of the cell. Lack of PilG may result in an imbalance
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between retraction and extension at the poles, leading to retraction of T4P
along opposing vectors at both poles, preventing directional movement.

Although PIIT and PilU ATPase levels are positively regulated by
cAMP, both proteins function downstream of PilB, as pilus disassembly
can only occur following pilus assembly. The presence of pilG in simple
species that lack pilU and cyaB suggests that the ancestral function of
PilG was likely spatial and/or temporal coordination of pilus retraction. We
hypothesize that hyperactivation of PilG caused by deletion of pilH and the
resulting increases in CAMP and T4P expression, also results in extension
of pili at both poles instead of mostly at the leading pole, impairing
directional movement. These data suggest that twitching motility requires
optimal levels of phosphorylated PilG.

In summary, our data show that the P. aeruginosa Chp system
regulates T4P function by modulating expression of assembly system
components — and thus pilus extension — in a cAMP dependent manner,
while coordinating twitching motility in a cAMP-independent manner. The
signals to which the Chp system responds, and how Chp signaling is
coordinated with that of factors such as FimX and PilZ that control pilus
extension in response to cyclic-di-GMP levels, remain to be clarified. This
regulatory complexity is consistent with the ability of Pseudomonas and
related environmental bacteria to adapt to a wide range of growth

environments.
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The role of PilU in twitching

Because PilU orthologs appear to be unique to complex species,
we initially hypothesized that PilU function was linked to the Chp system
and the cAMP-regulatory circuit. Expression of PilU — but not PilB or PilT —
is decreased ~11-fold in a vfr mutant (49). Here we showed that
expression of all three ATPases was cAMP-dependent. A potential role for
PilU in coordination of motility is supported by its unipolar localization in
twitching cells (35) (Cynthia Whitchurch, personal communication) and the
ability of a pilU mutant to both extend and retract pili without net motility;
these phenotypes are shared by pilG mutants supplemented with cAMP,
either in the medium or by constitutive activation of CyaB (27, 55, 107).
This result demonstrates the need to separate cAMP-dependent and
independent effects when examining pilus function, which depends on the
ability to repeatedly extend and retract in a coordinated manner.

As the pilG cyaB-R456L mutant phenocopies a pilU mutant, we
hypothesize that the two are functionally connected. The bioinformatic
analysis suggests that this could be in part through the cAMP regulatory
circuit. Inclan et al. showed that PilG localization is dependent on FimV,
however there is no evidence to suggest a direct interaction (135). We
propose that PilG will colocalize with other members of the cAMP

regulatory circuit, and in this way, play a role in coordinating asymmetrical
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pilus function through PilU, which has unipolar distribution (35). In their
absence, simultaneous pilus extension and retraction at both cell poles
likely leads to a loss of directed movement. Similarly, uncoordinated
retraction of pili along multiple vectors was proposed to be responsible for
loss of motility in pocA mutants of P. aeruginosa, which express non-polar
pili (178).

Studies in M. xanthus showed that ATPase localization during T4P-
mediated motility can be influenced by its Chp-like Frz chemotaxis system
(100). Although the Frz system is not required for the initial polar
localization of the M. xanthus ATPases, signaling through the Frz system
leads to GTPase signaling that re-sorts polar localization of PilB and PilT
(198). Based on the homology between the Frz and Chp systems,
Whitchurch et al. (50) proposed previously that they play similar roles.
However, Whitchurch et al. showed that PilU remains localized to a single
cell pole during short reversals (Cynthia Whitchurch, personal
communication). One possibility is that PilU prevents PilT binding at one of
the poles, thereby promoting retraction at the leading pole of the cell and
directional movement.

PilG has several important roles in regulating twitching. The model
proposed by Inclan et al. does not explain the cAMP-independent role of
PilG, as its interaction partner, FimL, only participates in cCAMP-dependent

control (56, 135). Our data show that decreased T4P extension in pilG is
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due to decreased intracellular cAMP, which leads to decreased
transcription of multiple T4P structural components (49). In the absence of
PilG, our data suggest that there is an imbalance between T4P extension
and retraction when intracellular cAMP is high. Whether the cAMP-
independent function of PilG intersects with PilU is unknown, but it will be
interesting to see the roles of both of them in regulating twitching. Taken
together, our data suggest that PilG has a cAMP-independent role in
controlling the balance between T4P extension and retraction, and this

may be an ancestral function of PilG homologs.

METHODS

Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are listed in Table I.
Unless otherwise specified, bacteria were grown on LB 1.5% (w/v) agar at
37°C. Antibiotic selection was as follows: Gentamicin (Gm), 15 ug ml™ (E.

coli), or 30 ug ml”" (P. aeruginosa).

Western blotting

Western blotting of whole cell lysates was performed as previously
described (28). In brief, whole cell lysates were resolved on 12.5% SDS-
PAGE gels and transferred to nitrocellulose membranes. Membranes were

blocked in 5% skim milk (w/v) dissolved in PBS (pH 7.4), washed in PBS,
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incubated in the appropriate rabbit antisera diluted in PBS (anti-PilB
1:2000; anti-PilT 1:500; anti-PilU 1:5000; anti-PilG 1:1000), washed,
incubated with alkaline phosphatase-conjugated goat anti-rabbit
secondary antibody (1:3000; Bio-Rad), and washed in PBS. Blots were
developed using BCIP (5-bromo-4-chloro-3-indolylphosphate) and NBT

(nitro-blue tetrazolium) as per manufacturer’s instructions.

Twitching motility assays

Twitching motility was tested as described previously (150). In brief, cells
from an overnight culture were stab inoculated to the interface between LB
1% (w/v) agar and the underlying polystyrene petri dish, and incubated at
37 °C for 16 h. Twitching zones were visualized by removing the agar and
staining cells on the petri dish with 1% (w/v) crystal violet followed by

washing excess crystal violet with tap water.

Electroporation

Cells from overnight solid media cultures were washed three times with
sterile milliQ H20 and resuspended in sterile milliQ H2O. Using 0.2 cm
electroporation cuvettes, 100 ul cell suspension was pulsed at 2.5 V.
Electroporated cells were resuspended in 500 ul LB and incubated at

37 °C for 3 h. Following recovery, cells were plated on selective media and

grown at 37 °C overnight.
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Sheared surface protein preparation

Surface pili and flagella were analyzed as described previously (150). In
brief, strains of interest were streaked in a grid pattern onto LB 1.5% (w/v)
agar in 15 cm diameter petri dishes, and grown at 37°C overnight. Cells
were gently scraped from the plates using a sterile coverslip and
resuspended in 4.5 ml PBS (pH 7.4). Surface appendages were removed
by vortexing of resuspended cells for 30 s. An amount of cells normalized
by ODgoo were pelleted by centrifugation at 16,100 x g for 5 min.
Supernatant was collected and centrifuged again at 16,100 x g for 20 min
to remove remaining cells. Supernatants were collected, mixed with 1/10
volume of each of 5 M NaCl and 30% w/v polyethylene glycol (Sigma;
molecular weight range ~8000), and incubated on ice for 90 min.
Precipitated surface protein was collected by centrifugation at 16,100 x g
for 30 min. Supernatants were discarded and samples were centrifuged
again at 16,100 x g for 2 min. Pellets were resuspended with 150 ml of 1X
SDS-PAGE sample buffer (80mM Tris, pH 6.8, 5.3% v/v 2-
mercaptoethanol, 10% v/v glycerol, 0.02% w/v bromophenol blue, 2% w/v
SDS). Samples were boiled for 10 min and resolved by 15% SDS-PAGE
gels. Bands were visualized by staining with Coomassie brilliant blue

(Sigma).
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Phage sensitivity
Five pl of bacteriophage PO4 was spot inoculated onto LB 1.5% (w/v) agar.
Strains were inoculated in a straight line through the phage inoculum.

Plates were then incubated at 37 °C overnight.

Fluorescence microscopy

P. aeruginosa (PAK) strains expressing YFP tagged protein (PilU, PilG
and PilH) were grown overnight on solid LB media supplemented with
gentamicin at 37 °C. Transformed and untransformed PAK cells were
resuspended in LB and normalized to ODggo = 0.8. Cells containing empty
vector were mixed with cells carrying fluorescent fusions at ratios of 2:1 to
1:2. Cell mixtures were pelleted by centrifugation, and a sample of the
pellet was stab inoculated into 1.0 borosilicate chambered coverglass
slides (Lab-Tek) containing LB 1% (w/v) agar. Cells were incubated in the
dark for 2 h at 37 °C. Cells were visualized with an EVOS FL Auto (Life
Technologies) using a 60x oil immersion objective. For fluorescence
microscopy, a YFP LED light cube (excitation A =500-524 nm, emission A
= 524-527 nm) was used. Images were acquired and edited using EVOS

FL Auto Cell Imaging System (Life Technologies) and ImagedJ (NIH).

Comparative gene analysis
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Complex species were identified by searching the Pseudomonas Genome
Database for putative orthologs of the Chp genes. Species encoding
putative orthologs of P. aeruginosa PilGHIJK and ChpABCDE were
classified as complex species. Species lacking components of the cluster
were classified as simple species.

The comparative search tool was then used to identify all annotated genes

present in complex species genomes, and not in the simple species.

Plasmid construction

pBADGr::pilGpa was generated by amplifying the PilG coding region of P.
aeruginosa strain PAK using the indicated primers. pilGp, was ligated into
pBADGr at the EcoRI and Xbal sites using T4 DNA ligase (Thermo
Scientific) as per manufacturer’s instructions.

A pUCS57 construct encoding PilG (Gl: 229593123) from P. fluorescens
SBW?25 (PilGr)) was synthesized by GenScript USA. pilGps was excised
from pUCS57::pilGps by digestion with EcoRI and Xbal, and subcloned into

pBADGr.

p-galactosidase assay

The p-galactosidase activity was assayed as described previously (49).

Bacteria were grown to mid-logarithmic phase in LB broth or LB broth
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containing 30 ug ml™* carbenicillin containing 50 mM isopropy! $-D-1-

thiogalactopyranoside (IPTG) or 150 mM PilG D58E.

Kinase assay

DNA encoding P. aeruginosa PilG or ChpA residues 1668-2328 was
obtained by PCR using PAK genomic DNA as template. The fragments
was inserted between the Ndel/BamHI (for PilG) or Ndel/Hindlll (for
ChpAges-2328 sites of pET28a (Merck Millipore) to encode the desired
protein with an N-terminal, thrombin-cleavable hisg.tag. Plasmids
encoding PilG mutants D58A, D58N, and D58E were made by site
directed mutagenesis (Quikchange, Agilent Technologies) of the wild type
pET28-PilG plasmid. For protein expression and purification, plasmids
were transformed into Escherichia coli BL21(DE3). Expression cultures
were grown at 37°C to an absorbance at 600 nm of 0.4. Expression was
then induced with 0.5 mM IPTG and allowed to proceed for 16 h at room
temperature. The hisg-tagged proteins were purified by standard Ni-NTA
affinity protocols (Qiagen), followed by thrombin cleavage of the Hisg-tag,
and gel filtration chromatography (Superdex 75 1660, GE Biosciences).
1.4 mM ChpA construct (PAK ChpAiess-2328, Which comprises Hpt6, the
dimerization domain, the catalytic comain, and the CheW-like domain) and
30 mM [y-32P]-ATP were incubated at room temperature for 15 min either

in the absence of PilG (-) or in the presence of 19 mM wild type PilG, PilG
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D58A, PilG D58N, or PilG D58E. Reactions were quenched with 2x SDS
sample buffer and a fixed volume separated on an 18% polyacrylamide

SDS gel. The gel was dried and analyzed by phosphorimaging.
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Table 4.1. Strains and plasmids used in this study

Sciences

complementation; gentamicin
resistance marker

E. coli
F- @80/acZAM15 A(lacZY A-
. argF)U169 recA1 endA1 .
E. coli DH5a hsdR17(rk-, mk+) phoA supE44 Invitrogen
thi-1 gyrA96 relA1 A-
thi-1 thr leu tonA lacY supE recA
: RP4-2-Tcr::Mu, Km"; mobilizes

E. coli SM10 plasmids into P. aeruginosa via (181)

conjugation

P. aeruginosa

PAK PAK wildtype, laboratory strain Boyd, J.
PAK NP Tet' cassette inserted into pilA (168)
PAK pilG Deletion of pilG (55)

PAK cyaAB Deletion of cyaA and cyaB (55)
PAK pilG cyaB- | deletion of cyaA and cyaB, Rto L :
R456L substition of codon 456 This study
PAK pil T FRT scar at position 540 of pil T (26)
. ) Deletion of pilG, FRT scar at
PCAEB‘?’F’{E:%{_T positio 540 of pilT, and R to L This study
y substition of codon 456
. : Deletion of pilG and FRT scar at .

PAK pilG pilT position 540 of pilT This study
PAK pilH Deletion of pilH (55)
Plasmid
pMarkiC pUCP20 carrying YFP This study

N pUCP20 containing PilG with C- .
pMarkiC pilG terminal YEP This study
N pUCP20 containing PilH C- .
pMarkiC pilH terminal YFP This study
pUCP20Gm-yfp YFP construct (35)
pUCPZISSm'yfp' YFP-PilU fusion construct (35)
Broad host range arabinose
oBADGr inducible vector used for (169)

160




Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical

Sciences

Comeplementation construct

pBADGr pilG carrying PilG This study
pBADGr pilG Complementation construct .
D58A carrying PilG D58A This study
pBADGr pilG Complementation construct .
D58N carrying PilG D58N This study
pBADGr pilG Complementation construct .
D58E carrying PilG D5SE This study
pEX18Gm Suicide vector with Gmr cassette (199)
Allele exchange vector containing
pEX}.\? fsrgl_cy aB cyaB codon 456 flanked by (173)
upstream and downstream 1kb
Suicide vector containing pilT
pEX18Ap disrupted with FRT-flanked (169)
pil T::FRT gentamicin cassette at position

540
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Table 4.2. Oligonucleotides used in this study

5'-
PilG D58A Fwd GAACATCATTTTCGTCGCCATCATGATGCCGCGC -
3'
5'-
PilG D58A Rev | GCGCGGCATCATGATGGCGACGAAAATGATGTTC -
3'
PilG D58N Fwd 5 - GAACATCATTTTCGT?@/—\CATCATGATGCCGCGC
5'-
PilG D58N Rev GCGCGGCATCATGATGTTGACGAAAATGATGTTC -
3'
5'-
PilG D58E Fwd GAACATCATTTTCGTCGAGATCATGATGCCGCGC -
3'
5'-
PilG D58E Rev GCGCGGCATCATGATCTCGACGAAAATGATGTTC -
3'
PilG Fwd (for 5'-
cloning into GCGGAATTCATGGAACAGCAATCCGACGGTTTGAA
pBADGr) AGTGATGGTG - 3'
PilG-His Rev (for 5'-
cloning into GCGTCTAGATCAGTGGTGATGGTGATGATGGGAAA
pBADGr) CGGCGTCCACCGG -3

162



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical

Sciences

Table S4.1 — List of PAO1 genes shared among ‘complex’ species

and absent from ’simple’ species

Locus Gene
Tag Name Product Name
glycerophosphoryl diester phosphodiesterase,
PA0347 | glpQ periplasmic
PA0391" hypothetical protein
PA0412 | pilK methyltransferase PilK
PA0414 | chpB probable methylesterase
PA0573 hypothetical protein
PA0657 probable ATPase
PA0O664 hypothetical protein
PA0745 probable enoyl-CoA hydratase/isomerase
PAO780 | pruR proline utilization regulator
PA0951 probable ribonuclease
PA0952 hypothetical protein
PA1191 hypothetical protein
PA1505 | moaA2 molybdopterin biosynthetic protein A2
PA1595 hypothetical protein
PA1822 | fimL FimL
PA1825 hypothetical protein
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PA2024 probable ring-cleaving dioxygenase

PA2184 conserved hypothetical protein

PA2632 hypothetical protein

PA2779 hypothetical protein

PA2829 hypothetical protein

PA2992 hypothetical protein
Na+-translocating NADH:quinone

PA2994 | nqrF oxidoreductase, subunit Nqr6
Na+-translocating NADH:quinone

PA2995 | nqrE oxidoreductase subunit Nqr5
Na+-translocating NADH:uniquinone

PA2996 | nqrD oxidoreductase subunit Nqr4
Na+-translocating NADH:ubiquinone

PA2997 | nqrC oxidoreductase subunit Nrq3
Na+-translocating NADH:ubiquinone

PA2998 | nqrB oxidoreductase subunit Nrg2
Na+-translocating NADH:ubiquinone

PA2999 | nqgrA oxidoreductase subunit Nrqg1

PA3051 hypothetical protein

PA3052 hypothetical protein

PA3091 hypothetical protein
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PA3217 | cyaB CyaB

PA3270 hypothetical protein

PA3276 hypothetical protein

PA3289 hypothetical protein

PA3306 hypothetical protein

PA3967 hypothetical protein

PA4048 hypothetical protein

PA4325 hypothetical protein

PA4369 hypothetical protein

PA4396 probable two-component response regulator
PA4404 hypothetical protein

PA4611 hypothetical protein

PA4616 probable c4-dicarboxylate-binding protein
PA4713 hypothetical protein

PA4737 hypothetical protein

PA4870 conserved hypothetical protein
PA4929 hypothetical protein

PA4959 | fimX FimX

PA5027 hypothetical protein

PA5073 hypothetical protein

PA5137 hypothetical protein
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PA5190 probable nitroreductase

PA5207 probable phosphate transporter
PA5208 conserved hypothetical protein
PA5291 probable choline transporter

PA5305 conserved hypothetical protein
PA5307 hypothetical protein

PA5518 probable potassium efflux transporter

'Expression of genes in red text was decreased in a vfr mutant (49)
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P. aeruginosa

Hpt Tpt Hpt Hpt Hpt

P. putida

P. entomophila

P. syringae
P. brassicacearum
P. fluorescens

Figure S4.1 — ChpA orthologs in ‘simple’ Chp cluster species have
fewer predicted phosphotransfer domains. Schematic depicting
predicted histidine phosphotransfer domains (Hpt), threonine
phosphotransfer domains (Tpt), serine phosphotransfer domains (Spt),
and CheY'-like receiver domains (REC). Dashed lines represent regions
not present in the ChpA coding region relative to the P. aeruginosa coding

region.
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CHAPTER FIVE

Conclusions and Future Directions

168



Ph.D Thesis — R. Buensuceso; McMaster University — Biochemistry and Biomedical
Sciences

Summary of contributions to the field

This thesis describes studies aimed at clarifying the role of the Chp
chemotaxis system and the inner membrane protein FimV in the regulation
of twitching in P. aeruginosa. Our investigations of FimV showed that it
has a cAMP-independent role in regulating twitching in P. aeruginosa that
is distinct from the previously identified cAMP-independent role of the Chp
system (55). We clarified which of the previously reported phenotypes
associated with fimV deletion — decreased T2S (134) and decreased
PIIMNOPQ (125) — were due to decreased intracellular cAMP levels
(Chapter 2 and 3), and determined the structure of a domain critical to
both aspects of FimV function (Chapter 2). Our study of the Chp response
regulator PilG suggests that it may regulate T4aP function by altering the
balance between extension and retraction at the leading poles of moving
bacteria (Chapter 4). Together, these data and newer models of T4aP
regulation help provide clarity about the organization of the T4aP
regulatory circuit, which is important for understanding its role in P.

aeruginosa physiology and virulence.

The C-terminal region of FimV
The most conserved regions of FimV orthologs are the periplasmic
LysM motif, and the C-terminal domain. While LysM motifs are known to

be involved in polar targeting (128, 129), the role of the C-terminal domain
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was unknown. We demonstrated a role for the C-terminal domain in FimV
function, and determined the structure for this highly conserved region
found in multiple FimV homologs.

FimV, FimL, and the Chp system were all identified as regulators of
CyaB function (54-56), although the original study did not explain if or how
they work together to do so. Inclan et al. (135) later proposed that FimV
interacts with FimL to connect it to the Chp system. In Chapter 2, we
showed that this critical interaction occurs through the conserved FimV C-
terminal domain (Figure 2.6). Consistent with the proposed model, a C-
terminally truncated form, FimVesgg, failed to restore either the cAMP-
dependent or independent functions of FimV (Figure 2.4). These two
studies were the first to provide evidence showing how FimV, FimL, and
the Chp system work in concert to activate CyaB. Complementation
studies using FimVegg also showed that the cAMP-independent and cAMP-
dependent functions of FimV were not localized to the periplasmic and
cytoplasmic regions of FimV, respectively, as previously hypothesized
(125).

No experimentally-derived structural information was available for
FimV and its homologs prior to our study. The structure we determined
encompasses the highly conserved ‘FimV C-terminal domain’, the first for
this region of FimV and its orthologs. The structure confirmed the

presence of a single TPR motif and capping helix, which at least in the
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case of FimV, is sufficient for a protein-protein interaction with FimL.
Interestingly, sequence alignment of the conserved domain in FimV
orthologs showed that the most highly conserved residues do not
correspond to the published TPR consensus sequence (126). The
conserved TPR residues were identified from sequence alignment of TPR
sequences form eukaryotic proteins (126). Alignment of TPR sequences
from bacterial proteins with solved structures showed loose conservation
with the published TPR consensus sequence (126) (Figure 5.1). The TPR
in the FimV C-terminal domain may represent a specialized subset of
TPRs unique to the FimV family. The differences between the FimV C-
terminal TPR and the published TPR consensus sequence suggest that
sequence conservation alone is a poor predictor of a TPR motif. The high

sequence variability among TPRs makes it a rich area for further study.

1 10 20 30 34
= XYY SLGEYDE 'E KALELDEPNN|
4
Y =
l%l;».?/.-\;é\}"} e N '?,EEXEE.\‘;,E,\ Y&K Fi)l\}\')'?}\'m

Figure 5.1 — Alignment of bacterial TPRs. Conservation of TPRs among
bacterial proteins. TPR sequences from bacterial proteins with solved
structures were used to generate a consensus logo. Aligned sequences
included: Bacillus thuringiensis NprR TPR1-7 (5DBK), E. coli LapB TPR1-
6 (4ZLH), B. fragilis BF2334 TPR1-4 (4117), Magnetobacterium bavaricum
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MamA TPR1-5 (3VTY), Cytophaga hutchinsonii Q11T16_CYTH3 TPR1-7
(3U4T), P. aeruginosa PilF TPR1-6 (2HO01), T. thermophilus TTC0263
TPR1-5 (2PL2), E. coli NIpl TPR1-4 (1XNF), B. subtilis YrrB TPR1-6
(2Q7F), and E. coli NrfG TPR1-4 (2E2E).

The cAMP-independent role of FimV in regulation of twitching motility

FimV is involved in twitching (53), T2S (134), control of PIIMNOPQ
levels (125), and importantly, activation of CyaB (55). While PIMNOPQ
transcription was shown previously to be cAMP-dependent (49), cAMP
deficiency could not explain the lack of twitching in the fimV background,
as cyaAB mutants are still capable of twitching maotility (55), suggesting
that FimV has a cAMP-independent role in twitching. Our study is the first
to directly address and resolve its cAMP-dependent and —independent
functions (Chapter 3).

The activating point mutations of CyaB identified by Topal et al.
(107) in a pilG background allowed us to resolve cAMP-dependent and —
independent phenotypes of fimV. Restoration of intracellular cAMP in fimV
restores T2S (Figure 2.5) and PiIMNOPQ levels (Figure 3.2), confirming
that they are cAMP-dependent phenotypes, and that the same activating
point mutations in CyaB render it independent of both FimV and PilG. Our
study and those of Carter et al. (in preparation) and Inclan et al. (135)
provide evidence that at least part of the cAMP-independent role of FimV

is to localize T4aP structural and regulatory proteins (Figure 3.4). Our data
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are the first to show that FimV is linked to T4aP regulatory machinery
outside of the Chp-cAMP regulatory circuit. Phylogenetic analysis by
Inclan et al. (135) confirmed that FimV is expressed in T4aP-encoding
species that lack the Pil-Chp system, as well as FimL or CyaB.

The model of FimV function proposed by Inclan et al. — where FimV
interacts with FimL and indirectly through FimL, with PilG — does not
account for its cCAMP-independent roles. The HubP family of FimV
orthologs serve as polar protein organization centres, required for
localization of the flagellar chemotactic cluster and regulation of flagellar
number in Vibrio and Shewenella (128, 129, 131). We did not test whether
P. aeruginosa FimV interacts with the flagellar positioning and number
regulators FIhF or FInG, as fimV deletion did not impair swimming motility
(Figure 3.5). Together, our data support a new role for FimV as a protein
hub for parts of the pilus-specific Chp chemotactic cluster (135), as well as
T4aP structural (Carter et al., in preparation) and regulatory components
(Figure 3.4). One of the major goals moving forward will be to identify

FimV’s complete repertoire of interaction partners.

The role of PilG in twitching
PilG is a critical activator of CyaB, but also has cAMP-independent
effects on twitching (55), although their underlying mechanism is unclear.

We provided evidence that PilG is potentially involved in regulating the
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balance between extension and retraction at the leading pole of cells
(Chapter 4).

When provided with extracellular cAMP, pilG mutants are still
unable to twitch despite restoration of surface pili (55), suggesting a
retraction-related role for PilG. Our data elaborates on this idea by
isolating not only the cAMP-dependent phenotype of pilG, but the T4aP
extension phenotype as well. We confirmed that PilG controls pilus
extension in a cAMP-dependent manner, and suggest that it mediates the
balance between extension and retraction in a cAMP-independent manner,
likely at the leading poles of twitching cells.

PilG and PilH have been proposed to either control PilB and PilT
respectively, or function as a response regulator (PilG) and phosphate
sink (PilH) pair. Subcellular localization patterns of PilG and PilH mirror the
localization patterns of CheY2 (polar) and CheY1 (diffuse) in S. meliloti
(190). Recent phosphokinetic characterization of the ChpA-PilG/PilH
system (91) shows preferential phosphorylation of PilH, supporting the
RR/phosphate sink model. Our analysis of the Chp cluster suggested that
the Chp system has an ancestral function in controlling T4P retraction,
supporting our hypothesis that PilG is involved in regulating the
extension/retraction balance. The response regulators from the
characterized flagellar systems interact with the flagellar switch complex,

leading to a change in the direction of flagellar rotation. The T4aP system
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lacks a functional analog of FliM but recent evidence suggests that the
T4aP motor is likely rotary, with PilB or PilT docking onto PilC, and ATP
hydrolysis causing PilC to rotate either clockwise (PilB-mediated) or
counter clockwise (PilT-mediated) (36). PilG may function by affecting the
ability of PilB or PilT to dock onto the platform protein at the leading pole.
Importantly, our findings suggest a model where PilG and FimV
function overlaps in terms of cAMP regulation, but the cAMP-independent
functions of each are distinct. Whereas FimV likely has hub properties, we
have no evidence to date that pilG deletion mislocalizes any of the T4aP
structural or regulatory components. These data have major implications
on the proposed mechanosensory models that include the FimV-FimL-
PilG scaffold model (135) and the hierarchical second messenger cascade
(89). The cAMP-independent function of FimV and PilG, and the continued
localization of PilG in fimL cannot be explained by FimV-FimL-PilG model.
The latter model did not account for FimV at all (89), which clearly has an
important role in CyaB activation, and localization of PilG, and likely the
T4aP assembly complex itself. FimV may have a central role in the larger
regulatory model, being required for localization of many components of
the regulatory pathway, including the T4aP itself. Based on new FimV-
related data, new regulatory models will have to include FimV as a hub for

several regulatory proteins. It is possible that further study of the FimV
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interaction network will reveal a connection to the c-di-GMP circuit and the
regulation of biofilm formation.

Taken together, the studies presented in this thesis as well as
concurrent work from other groups, provide the foundation for a model of
T4aP regulation that integrates cAMP-dependent and independent

functions, not accounted for in other studies of FimV function (135).

Future directions
The FimV interaction network

The next major step in understanding the role of FimV will be to
characterize its interaction network. FimV is required for localization of
T4aP structural components to the cell pole (Carter et al., in preparation),
interactions with cAMP regulatory and chemotactic proteins (135), and
T4aP regulatory proteins (Figure 3.4). How FimV localizes all these
proteins is unclear. In V. cholerae, HubP mediates localization of the
chemotactic cluster through interactions with cellular partitioning proteins,
ParA1 and ParB (128). To test if this model is conserved in P. aeruginosa,
potential interactions of FimV and the ParA and ParB homologs, Soj and
Spo0J will be examined using the BACTH assay, and co-purification and
mass spectrometry to identify other interaction partners, while
fluorescence microscopy can be used to verify its role in protein

localization.
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Our data show that the fimV,ysv mutant is twitching impaired, but
can assembly surface pili (Figure 3.2) despite partial mislocalization of
T4aP assembly complexes (Carter et al., in preparation). Although pili can
be assembled, it is likely that mislocalized assembly complexes also lead
to mislocalized surface pili. To test this idea, pili localization in fimV and
fimV,ysm backgrounds will be determined by transmission electron
microscopy. A fusion of fimV,.ysm to a fluorescent protein will be made to

determine if PG-binding is required for FimV localization.

The roles of PilG

PilG interacts with FimL, but deletion of fimV — but not fimL —
mislocalized PilG, suggesting that PilG has another binding partner that
tethers it to the cell pole (135). It is possible that this unidentified binding
partner represents its connection to the cAMP-independent pathway.

To gain insight into how PilG exerts its cAMP-independent effects,
interaction studies will be performed between PilG and the cytoplasmic
components of the T4aP assembly complex, including the alignment
subcomplex proteins PIIMNO, and the ATPases PilBTU. Associations with
PilG will be tested using BACTH and fluorescence microscopy in various
T4aP assembly complex deletion mutants.

The localization pattern of PilG suggests that it biases type IV pilus

function to one pole at a time. To determine if PilG consistently marks the
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leading poles of twitching cells, fusions of PilG to photostable fluorescent
fusions will be made. Localization will be tested in real-time to determine

PilG localization before, during, and after reversals in direction.

The function of PilU

One of the major unanswered questions surrounding T4aP function
in P. aeruginosa concerns the function of the ATPase, PilU. Mutants
lacking PilU are nonmotile, produce at least wild-type levels of surface pili,
and are phage sensitive (27). Recent evidence also suggests that PilU
localizes to the old pole and remains there during reversals in twitching
direction (Cynthia Whitchurch, personal communication). The phenotypes
of pilU mutants are similar to those of a cAMP-supplemented PilG mutant
(55), suggesting that they could be functionally linked. PilU is also found
only in Pseudomonads with CyaB and FimL (Figure 4.4), hinting at a
connection to activation of virulence via the mechanosensing pathway
proposed by the Gitai lab (88). To investigate this potential link, we will co-
express PilG and PilU fusions to fluorescent proteins and determine their
localization relative to each other before, during, and after cellular
reversals.

It is also possible that PilU and PilG do not function with one
another. As PilU and PilT are both capable of binding to PilC and are

predicted to be structurally similar, it is possible that PilU functions by
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competing with PilT for docking onto PilC. Although PilT was shown to
localize to both poles (35), these experiments were not performed in the
context of actively twitching cells. To explore this idea, fluorescent fusions
of PilU and PilT will be co-expressed in twitching cells, and fluorescent
signals can be quantified during twitching.

There is very little information about PilU function and regulation.
Phosphoproteomic analysis showed that the functional equivalent of PilB
in T. thermophilus is phosphorylated (200), and phosphorylation negatively
regulates piliation and twitching. Another AAA ATPase, p97, is regulated
by phosphorylation on a patch of C-terminal tyrosine residues (201). PilU
has a C-terminal patch of tyrosines that may also be a target for
phosphorylation (Tyr322, Tyr325, Tyr332). We have started to examine
the possibility that these residues are important for function by mutating
the residues to alanine or phenylalanine and examine functionality and
localization of the non-phosphorylatable mutant. These data will help to

characterize the role of PilU in twitching.

Significance and Conclusions

T4aP are important virulence factors for P. aeruginosa. Their
function relies on a complex signalling pathway that integrates
mechanosensing, cCAMP signalling, chemosensing, and localization. Some

proteins, including FimV and PilG, are involved in multiple regulatory
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systems and based on their phylogenetic distribution, may represent
examples of regulatory integration of older and newer circuits. Our study is
the first to resolve the cAMP-independent and —dependent roles of FimV,
and to contrast this with the cAMP-independent role of PilG. Prior to these
and concurrent studies, regulation of twitching by FimV and its connection
to the Chp system were not well studied. The data presented here help to
resolve the signalling pathways controlling twitching — in particular, our
understanding of FimV function. Moving forward, these data will help to
inform a new model of twitching regulation that will better integrate the
different regulatory pathways. A better understanding of these pathways

will uncover new methods to control T4aP function and virulence.
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