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ABSTRACT

Haemophilus influenzae Rd is a Gram negative bacterium capable of taking up
exogenous DNA and undergoiﬁg genetic transformation thrbugh natural competence.
As in most naturally competent bacteria, H. influenzae proteins related to type IV pili
are required for natural corﬁpetence. The pil operon of H. influenzae is composed of -
four open reading frames, pilA, pilB, pilC and pilD,‘coding for homologues of proteins

involved in the assembly and function of type IV pili.

pilB is the second gene of the pil operon. It codes for the only H. influenzae
homologue of Pseudomonas aeruginosa PilB and PilT, whicﬁ are required for Type IV
pili assembly and retraction, respectively. The deduced protein sequence of H.
influenzae PilB was analy.zed and nucleotide-binding motifs conserved in the
VrbB/GspE family ATPases were ideﬁtified. Alignment with the homologues iﬁ other
bnatura'lly competent bacteria identified the most conserved regions in the C-termini of
proteins in this family that are essential for ATPase activities. However, little is
known with respect to the specific role of PilB in natural competence and DNA
ﬁptake. To find out H. influenzae PilB’s function in DNA uptake, a pilB knockout
RR1150 was constructed by an insertion at the Bc/l site using a Tn903 Kan® cassette.
To allow expression of ithe downstream genes pilC & pilD in this strain, an additional
CRE (Competence Regulatory Element) regulatory .sequence and promoter were
placed in the knockout RR1150, right before pilC. Natural competence was
eliminatéd in RR1150, indicating that pilB is essential for natural competence. DNA

binding and uptake assays showed that the defect of competence in RR1150 is at the




le;/el of DNA uptake. To further investigate the specific function of pilB, the P.
aeruginosa PAO1 liomologues pilB and pilT were introduced into the above H. -
inﬂuenzqe pilB-background. The two P. aevruginosa genes were strongly expressed in
H. influenzae pilB and ihe sequences have no mutations, as indicated by real time PCR
and DNA sequencing. However, DNA binding and uptake in H. influenzae pilB was
not restored. The experimental data and the recently available evidence in related
studies suggest that complementaﬁon failures could be attribdted to eith;ar the species-
specific interactions of Tfp proteins, or to the different ways by which the Tfp.
assembly/function systems work. Furthermore, since PilT-like ATPases were not
found in any Pasteurellaceae species possessing type IV pili by BLAST search and
sequence analysis, I suggest thaf the energetics of Pasteurellaceae Tfp is different from
the PilB-PilT system of P. aerugz_'nosa Tfp, and that an as-yet-uncharacterized protein

provides the driving force required for Tfp retraction in Pasteurellaceae.
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Chapter 1: Introduction

Haemophilus iﬁﬂuenzae has evolved the ability to take up DNA from the extracellular
environment using a genetically regulated process called natural competence. As in most‘
naturally cofnpetent bacteria (6, 12, 26, 58), prot¢ins related to cell-surface filarﬁents
called type IV pili (Tfp) are required for DNA uptake in H. influenzae (23). The pil
operon of H. influenzae contains genes coding for homologues of important Tfp proteins
(Fig. 1.1), and previous studies have shown that this operon is essential for natural |
competence (23). However, the specific functions of these proteins in DNA uptake

remain to be elucidated.

This study focused on the second gene of the pil operon, pilB. The objective was to
investigate the specific function of H. influenzae PilB in DNA binding and uptake. This. .
‘is important because: (1) Expression of type IV pili has not been demonstrated in H.
influenzae Rd, despite the presence of Tfp in another H. influenzae strain 86-028NP (7).
Type IV pili have been identified in many Gram negative bacteria including competent
and non-competent bacteria. Most naturally competent bacteria express Tfp on the cell
surface (except A. actinomycetemcomitans) ‘(2, 26, 58). The presence of Tfp pfoteins but
no protruding type IV pili suggests that the H. influenzae pil operon rﬁay have evolved to
encode a DNA uptake apparatus. (2) Unlike Pseudomonas aeruginosa, Pseudomonas

stutzeri, and Nesseria gonorrhoeae, whose Tfp systems are well studied, PilB is the only

Tfp-related ATPase of the GspE family proteins in H. influenzae (4, 17, 32, 37, 66, 98).

Studies on PilB’s function may provide insight into the specific mechanism of H.




influenzae’s DNA uptake, and help as well to understand the evolutionary role of the Tfp-

like machinery in H. influenzae.

.HI10295

HI0297  HI0296

Fig. 1.1 The H. influenzae pil operon.

1.1 Natural competence and transformation

Natural competence, defined as the ability to take up exogenous DNA from the
extracellular milieu using a genetically programmed process, plays a central role in
bacterial horizontal gene transfer. As a general consequence of competence, natural
transformation happens when DNA uptake is followed by recombination of the incoming
DNA into the bacterial chromosome, and may result in a heritable change of genotype.
Naturally transformable bacteria have been found in at least 40 species, distributed

through all taxonomic groups (12).

The mechanism of natural competence has been intensively studied in some model

organisms, including the Gram-negative bacteria Neisseria gonorrhoeae, Pseudomonas




(6,12). N. gonorrhoeae and H. influenzae and their relatives share the property that
they preferably take up DNA containing a specific uptake signal sequence (USS) that is
distributed in their genomes in high frequency (20, 27, 92). Other transformation

systems do not display such specificity.

The process of natural transformation can be envisaged as several sequential steps (Fig.
1.2): (1) DNA binds to the cell surface. (2) taken up into the periplasm, where DNA is
inaccessible to exogenous DNase I (known as the DNase I resistant state), (3) passing
through the inner membrane and, (4) sometimes foreign DNA recombining with any

chromosomal homologue on the chromosome (71).

Fig. 1.2 An overview of natural competence and transformation. ® DNA binding to the
putative receptor. @ Initial uptake across outer membrane. ® DNA translocation across
inner membrane. @ Chromosomal displacement through homologous recombination.



1.2 Type IV pili and natural competence

Type 1V pili are filamentous appendages coﬂstituted of pilin subunits on the surface of
bacterial cells, mediating adherence and twitching motility, a flagella-independent
bacterial translocation over moist surfaces (58, 62). Twitching motility is achieved
through the extension, tethering, and then retraction of type IV pili into the bacterium,
thereby f)ulling the cells along. A schematic overview of a P. aeruginosa type IV pilus is

shown in Fig. 1.3.

Tfp and Tfp-related proteins can be assigned to distinct groups including pilin and pilin
proteins, ATPases, prepilin peptidases, secretins and other assembly factors (6, 12)

(Table 1.1).



Prepilin pilA

- Signal sequence

NDP+Pj NDP+Pj

Fig. 1.3 Type IV pili of P. aeruginosa. After processing by the pre-pilin peptidase PilD,
the PilA subunits associate via their hydrophobic stems to form a pilus with the help of
PilB and possibly other assembly factors. Thereby, the core of the pilus forms a
continuous hydrophobic layer with the inner membrane. The assembled pili penetrate the
outer membrane through a gated pore formed by the multi-subunit complex of PilQ. The
retraction is driven by PilT via depolymerization of the pilus fibers.




Table 1.1 Names given to Tfp & Tfp related proteins in different bacteria

Tip proteins Neisseria gonorrhoeae Haemophilus influenzae  Bacillus subtilis Pseudomonas aeruginosa
Pilin (pili subumit) PIIE, ComP, PIlEL, PilV, etc. PilA ComGC, ComGD,
& Pilin like proteins (various ComGE, ComGG PIAL PIAII
functions) (Minor similarity to
: . Pilin subunits)
Nucleotide binding proteins (1) PilF (for Tfp biogenesis)  PilB ComGA (1) PiIB (for Tfp biogenesis)
(generate forces) (2) PAIT (for Tfp retraction) (2) BiIT (for Tfp retraction)
(3) PilU (doesn’t affect (3) PilU (required for twitching |.
competence) - motility)
processing] _
Tip assembly factor BIG PIIC ComGB PilIC
Secretin (forms gated pore _ ComE _
on outer membrane) PIlQ® (different fromcomEl)  None PIQ
Pili tip protein (adhesion) PiIC? None ? 9
Other Tfpassembly factors ~ PiM, N, O, P ComA, B,C,D : PiM, N, O. P




Pilin proteins are the subunits of the actual type IV pilus (or pseudopilus). A type IV
pflus is primarily made up of the ‘major pilin, a single small protein subunit, usually
termed PilA or pilin (58). The common feature of Type IV pili from a wide range of
Gram negative bacteria is the sequence similarities among the major piliné (29), which
are highly coﬁserved in the N-terminal region including a éhort positively charged ieader
sequence and a hydrophobic domain. In addition to the major pilin, some Tfp systems
have several pilin-like proteins called minor pilins, which might be incorporated as well

in the pilus fiber (12, 58, 63).

Pilins are all synthesized as prepilins, whose leader sequence is removed by the prepilin
peptidase PilD to produce pilins. PilD is a bifunétional enzyme carrying out both this
cleavage and N-methylation of the pilin subunit (85). It also cleaves a wide variety of
substrates with prepilin—lik¢ leader sequences, including those involved in protein

secretion (52).

The nucleotide-binding proteins are ATPases that use energy from ATP hydrolysis to
driye the assembly or retraction of Tfp. They belong to a large superfamily of proteins,
the VirB/GspE family, which function not only in the Tfp system but also in Type II and
Type IV protein secretion (30, 49, 63). Proteins in this family are characterized by their
nucleotide-binding motifs in the C-terminal region and by their peripheral (e.g. not
integral) membrane localization. Multiple Tfp-related ATPases have been identified in
most Tfp systems, including the well-studied Tfp systems of P. aeruginosa and N.
gonorrhoeae. In P. aeruginosa, 3 Tfp related ATPases have been identified. PilB

powers assembly of the pilus (90), while PilT is required for pilus retraction (94). Both




are essential for DNA uptake in naturally competent bacteria. The third ATPase, PilU, is
required for twitching motility, but PilU mutants are competent for DNA uptake in N.

gonorrhoeae (66). |

Secretin proteins (PilQ) form the polymeric gated pore on the outer membrane, allowing
paésage of Tfp (41). Electron microscopic analyses revealed that PilQ forms a
dodecameric ring with a central cavity of 5-6.5 nm in diameter, which is wide enough for
passage of an intact type IV pilus (~ 6 nm in diameter) and could easily accommodate the
DNA double helix (~2.4 nm) (6, 10, 12, 16). Therefore current model postulates that
transforming-DNA is taken up through the secretin pore left by depolymerization of the

Type IV pilus (6, 26). .

Other outer or inner-membrane proteins are also required for Tfp assembly and functions

(e.g. PilC, PiIM) (62). But little is known about their specific functions.

Tfp related functions are mainly mediated by the process of pilus elongation and
retraction. Elongation is by subunit addition to the base of the helical array of pilin
subunits, and retraction is thought to involve subunit removal (58, 62). In P. aeruginosa
(Fig. 1.3), after the prepilin signal peptides are cleaved by the prepilin peptidase PilD, the
PilA subunits associate with each other to form a pilus through interactions between the
conserved N-terminal a-helices, with the help of PilB and other assembly factors (47). A
continuous hydrophobic core is formed in the pillus filament and maximizes contact
between subunits .to provide extreme mech%mical strength (18). The assembled pili

penetrate the outer membrane through the gated pore formed by the multi-subunit




complex of secretin PilQ ('10). The retraction is driven by the ATPase PilT via

depolymerization of the pilus fibre at its base (60).

Type IV pili systems are evolutionally related to type II secretion systems (30, 63, 78). A
subset of the components of type II secretion system share extensive sequence similarity
with Tfp pilins and other Tfp proteins required for biogenesis of the type IV pilus
(including PilB, PilC, PilD, PilQ) (63). The pseudopilins of type II secretion systems are
homdlogous to Tfp pilins, and are thought to function in secretion by forming a
periplasmic pseudopilus, which might work as a piston, pushing specific substrates from
the periplasm through the secretin pore in the outer membrane (41, 72). When the genes
of the Klebsiella oxytoca pullulanase (Pul) secreton (a type II secretion system) were
expressed in E. coli K12 cells at high levels, a bundled pilus-like structure composed of
the pseudopilin PulG could be formed on the cell surface (81). Furthermore, iﬂ P.
aeruginosa, the ‘secretin PilD is shared between type II secretion and type IV piliation
system (84). Because of the similarities of the two systems, knowledge of Tfp systems
have been extrapolated to understand the structure and function of Type II secretion

systems, and vice versa (63, 67).

Significant involvement of Tfp-related proteins in DNA binding & uptéke has been found

in most of tile naturally competent bacteria studigd so far (6, 12, 58), except Helicobacter
- pylori, which takes up DNA through an ﬁnrelated type IV secretion system (82), and the

related Campylobacter jejuni, whose DNA uptake uses a type II secretion system (95). In

the bacteria requiring Tfp proteins for competence, mutants failing to express Tfp




homologues are unable to bind or take up DNA (26). The different names used for Tfp

related proteins in different bacteria are listed in Table 1.1.

1.3 Possible mechanism of Tfp mediated DNA binding and uptake
Tfp proteins and homologues appear to function in the first steps of transformation, e.g.
DNA binding and uptake. Experimentally this is measured by the amount of DNA bound

to the cell surface and taken up into a DNase I resistant state, respectively (2, 26).

The specific role of Tfp in DNA uptake remains to be elucidated. However, based on the
structure model of Tfp (X-ray diffraction of pilus assembly, electrostatic surface analysis)
and the experimental data obtained from the mod‘el Tfp systems of N. gonorrhoeae and P.
aeruginosa (18, 19, 47, 91), possible mechanisms of Tfp-mediated DNA binding and
uptake in Gram hegative bacteria have been proposed as follows (taking the P.

aeruginosa Tfp proteins as an example):

Electrostatic surface analysis of modeled pilus fibers of P. aeruginosa pilin monomers
suggested that a band of positive charge may be a common feature of all .type IV pili (18, |
47,91). These positively'charged patches that coil around the Tfp fibres provide high
affinity for double-stranded DNA to bind non-specifically to the cell surface (2, 47, 65).
Recently, van Schaik ez al. showed that P. aeruginosa Tfp can bind DNA non-
specifipally and that the DNA binding appeared to be a function of the intact pilus (91).

In N. gonorrhoeae and H. influenzae, whose DNA uptake prefer DNA wjth USS, an as-

yet-unidentified sequence-specific receptor is also required (12). In N. gonorrhoeae,

sequence-specific binding of DNA to the cell can be modulated by the expression of




different minor pilins (1, 2). Once DNA is selected by the sequence-specific receptor, the |
secretin channel is opened allowing passage of DNA. Since the predicted strucfure of
Type IV pilus does not have space for a DNA channel in the center of the pilus (~ 10A)
(47), the transforming DNA is thought to be bound to the surface and taken up through

the secretin pore as the pilus retracts by pilus depolymerization (26). Retraction of pili is
powered by PilT, which provides energy through hydrolysi.s of ATP (33, .39, 54, 60).

However, PilT may not be directly involved in DNA uptake (12, 37).

DNA uptake also involve the periplasmic DNA receptor (12), known in N. gonorrhoeae
as ComE (Table 1.2) (13), which has homologues or partial homologues in both Gram

| positive and negative bacteria including B. subtilis and H. influenzae (43, 74). ComE is a
periplasm protein with DNA binding activity. Chen and Dubnau proposed that binding
of DNA to the cell surface triggers the opening of the secretin channel in the outer
membrane and ComE could also mediate this process (12). Once the traﬁsformi_ng DNA
is taken up into the periplasm, ComE delivers the DNA to the channel in the inner

'membrane and DNA is then translocated to the cytoplasm.

Table 1.2 The homologues of the putative non-specific DNA binding protein in different
_bacteria '

Neisseria Haemophilus Bacillus
Natural competent bacteria gonorrhoeae influenzae subtilis
( meningitidis)

putative non-specific DNA

. : ComE ComEl ComEA
binding protein
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1.4 Natural competence of H. influenzae

H. influenzae becomes competent either when the cells enter stationary phase
(spontaneous competence) or when cells are transferred from rich medium into starvation
medium (induced competénce‘) (35, 45,71). The natural competence of H. influenzae isa
tightly regulated progress.. Most of the competence genes identified so far are under the
transcriptional control of the Competence Regulatory Element (CRE), which promotes

transcription in response to depletion of energy or nucleotide pools (74).

1.5 H. influenzae pil operon and Tfp homologues

Like most naturally competent bacteria, H. influenzae encodes proteins homologous to
type IV pili (23). Since Tfp-mediated DNA uptake has been identified in most naturally
competent bacteria, this raises the question whether H. influenzae’s DNA uptake

mechanism is similar to that of other bacteria.

The pil ope.ron contains four open readihg frames (pilA, pilB, pilC, pilD), which code for
Tfp homologues (Fig.1.1). Like most H. inﬂuenzae competénce induced genes, a CRE
consensus sequence is found 61.5 bp upstream of the transc]ription start of the operon
(53). A BLAST search showed that PilA is a prepilin peptidase dependent protein
homologous to the P. aeruginosa & N. gonorrhoeae Tfp subunits PilA (PilE) (See Table
1.1 for different names of Tfp proteins). All these three proteins contain a signal
seqlience and a conserved region at the N-terminal (22, 59, 83, 99, 100). PilB, a protein

with nucleotide binding motifs, is a homologue of both PilB (PilF) and PilT, paralogous

P. aeruginosa & N. gonorrhoeae proteins with putative ATPase functions (32, 60, 98).
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The other two proteins, PilC and PilD, are homologues of P. aeruginosa& N.
gonorrhoeae Tfp biogenesis factors PilC (PilG) and prepilin peptidase PilD respectively

(25, 48, 64, 89).

Previous studies showed that the H. inﬂuenzée- pil operon is essential for natural
competence. Insertions into the upstream regulatory region were found to eliminate
competence (23). In addition; all the four genes of the pil operon are induced 100 - 150
fold as other competence genes do when the cells become competent (74). Mutations
have been constructed in our lab by insertion of a mini-Tn/0 transposon into pilA and
into the CRE binding site of the operon (Lab data: CM#889, CM#893). Transformation
experiments showed that the pilA mutation eliminated natural competence, and insertion

into the CRE site reduced the transformation frequency to background level.

In addition to the four Tfp genes in the pil operon, H. inﬂuenzaé also has genes coding
for homologués of most other Tfp-like proteins identified in other bacteria so far,
including comA, comB, comC, comD, comE and H10366 (coding for homologl;es of P.
aeruginosa PilM, PilN, Pile, PilP, PilQ and PilF) (31, 55, 56). P. aeruginosa, pilQ codes
for the secretin protein that forms oli gomefic rings in the outer membrane allowing
passage of Tfp. The other genes pilM, pilN, pilO, pilP and pilF of P. aeruginosa are also
required for biogenesis of Type IV pili (56, 93), although_ fhe séecific functions of these
genes are not known. In H. influenzae, Mini-Tn10 insertions in the pilM and pilQ
homologues comA and comE (different from comE1) prevent DNA binding & uptake and

abolish transformation (88). These fin.dings suggest that H. influenzae may share similar
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mechanisms in DNA binding and uptake with other Gram negative bacteria that are

naturally competent.

1.6 H. influenzae Tfp and competence

Despite the existence of a general model for DNA binding & uptake in Gram negative
bacteria, comparison with the Tfp and competence of N. gonorrhoeae and other bacteria

‘reveals some atypical features of H. influenzae Tfp and competence.

The first is that no visible type IV pili have been identified on the cell surface of H.
influenzae, unlike most Gram negative bac’téria capable of DNA uptake, including N.
gonorrhoeae, N. meningitidis, P. stutzeri and Acinetobacter sp. BD413. 1 hypothesize
that in H. influenzae the Tfp-like machinery is maintained specifically for DNA uptake.
Previous studies have shown that DNA uptake in N. gonorrhoeae requires only small
amounts of pilin rather than long pilus fibers (33, 51). Furthermore, substantial increases
in transformation efficiency over an isogenic, nonpiliated mutant N. gonorrhoeae were
observed when limited amounts of three of the pilin variants were expressed (51). It was
proposed that, although Tfp proteins are required ‘in DNA uptake, fully assembled type
IV pili may not be necessary (12). Therefore I hypothesize that, the Tfp proteins in H.
influenzae form Tfp-like aséemblies or pseudopili within~ the periplasm, as was. also
proposed by Chen and Dubnau (12). The pseudopili that serve as the DNA uptake
machinery would need to be long enough to penetrate the outer membrane through the

pore constituted by ComE (PilQ in Neisseria) on the outer membrane (Fig. 1.4). The
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retraction of the pilus-like fiber within the periplasm would then allow the translocation

of DNA across the outer membrane.

- L
~: Prepilin pilA hT_I_P\\Prepllln pilA
Other . >ignal Signal
NDP+Pj energy S®duence NDP+Pj NDP+Pj Sequence
source?

Fig. 1.4 Proposed model of the Tfp-like DNA uptake apparatus in H. influenzae, in
comparison with P. aeruginosa Tfp. After processed by the pre-pilin peptidase PilD, the
PilA subunits associate with their hydrophobic stems to form a pilus-like fibre with the
help of PilB and possibly other assembly factors. The assembled pili-like fibres of H.
influenzae are only long enough to penetrate the outer membrane through a gated pore
formed by the polymeric complex of ComE. Driven by PilB, or perhaps another as yet
unidentified protein, the retraction of the fibre through depolymerization of the PilA
subunits, allows DNA to be taken up into the periplasm.
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The second unusual feature of H. influenzae’s Tfp genes is that only a single gene pilA
encodes a Tfp prepilin protein (26). Multiple pilin proteins have been identified in most
naturally competent bacteria containing Tfp. The pilus is primarily composed of the
major pilin, while minor pilins might also be present in the pilus assembiy (12, 26)‘. In

| naturaliy competent bacteria, minor pilins have various effects on DNA uptake. In N.
gonorrhoeae, the Tfp structural protein PilE (major pilin) is requirgd for non-specific
DNA binding. A homologous protein, ComP, is involved in sequence-specific DNA
binding (99). A third protein, PilV, whose mutation causes a hypertransformable
phenotype, acts as an inhibitor of ComP function (1). P. stutzeri also has a major pilin
gene pilVI that is required for DNA uptake and a minor pilin gene pilVII that is
antagonistic to transformation (36).‘ In H. influenzae, however, the only other two pilin-
related genes (HI0938, H10939) code for PulG-like proteins that are more similar to the

pseudopilins in Type II secretion systems, than to Tfp pilins (61).

The third unusual feature of H. influenzae’s competence genes is the role of ComE1, the
protein thou}ght to be functionally‘equivalent to N. gonorrhoeae ComE. As mentioned in
Section 1.2.3, Neisseria ComE and its homologues are periplasmic proteins capable of
DNA binding and have been proposed to be the periplasmic DNA receptor (12, 26). The
first identified protein of this family, B. subtilis ComEA, is essential for DNA binding
(43). In N. gonorrhoeae, a 4 x 10**fold reduction in transformation frequency was
reached when all four copies of the comE genes were deleted (13). In H. influenzae,

however, ComEA only shares homology at the C-terminal region with Neisseria ComE,
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as indicated by a BLAST search, and deletion of comEA only resulted in a 10 fold

decrease in transformation frequency (lab data CM#957).

The absence of a second Tfp related GspE-like ATPase is the fourth unique feature of H.
influenzae's competence. As mentioned in Section 1.2, three Tfp-related ATPases PilB,
PilT and PilU have been found in the well studied Tfp sy'stems of N. gonorrhoeae, P.
aeruginosa and P. stutzeri (17,32, 37, 60, 66). Both PilB and PilT are required for DNA
uptake in N. gonorrhoeae. PilB homologues are known to function in Tfp biogenesis
(32, 90). PilT is responsible for Tfp retraction/depdlymerization, through which DNA is |
thought to be taken up in naturally competent bacteria (98). Our BLAST searches with
the above well-characterized Tfp-related ATPases showed that PilB is the only Tfp-
related homologue of this family in H. influenzae. When searching H. influenzae’s

_ genome with P. aeruginosa PAO1 PilB and PilT, no other protein was found with E-

values lower than 1.1 and 0.36. The possible explanations are discussed below.

Taken together, although Tfp pr'oteins are required for natﬁral competence in H.
influenzae, the detailed mechanism of Tfp-mediated DNA uptake is unknowh. Since
there is only one homologue of the Tfp-related ATPase PilB in H. influenzae, the possible
explanations would be that either PilB is required only for Tfp assembly, or functions for
both Tfp biogenesis and DNA uptake via Tfp retraction. Therefore in the former case, an
as-yet-uncharacterized protein, other than a PilT homologue, would power the retraction
of the Tfp-like machinery, using either ATP or other energy source (e.g. proton motive

force) or both.
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1.7 Objecfive and approaches
B%wonmemecdmﬂammmdﬂBwudmmn%ﬂwﬂmmoﬂMsWﬂy1%6
predicted protein sequence of PilB was analyzéd and conserved nucleotide-binding
motifs in the VrbB/GspE family ATPases were identified (49). The sequence was
aligned with PilB, and PilT homologues, showing the most conserved C-terminal region
in this family (sée Section 1.2). To experimentally investigate thé specific function of
PilB in DNA uptake, a pilB knockout was constructed by insertion of a Tn903 Kan®
cassette at the Bc/l site. To examine the polarity of the knockout, a wild type pilB was
introduced into the strain. The transformation capacity of the complemented pilB were
tested. Real .time PCR was used to examine the expression of the downstream genes.
Subsequently, tran;sformafion assays and DNA binding & uptake experiments were
performed to test the effect of the knockout on competence. To investigate H. iﬁﬂuenzae
PilB’s specific function, plasmids containing either P. aeruginosa PAO1 pilB or pilT, or
both, under control of the CRE and the promoter of the H. influenzae pil operon, were
constructed and introduced into the H. influenzae pilB knockout. The sequence and the
expression of P. aeruginosa pilB and pilT in the knockout cells were verified by DNA
sequencing and real time PCR, respectively. The complemented pilB knockout strains,
thus constructed, were used to carry out transformation tests and DNA binding & uptake

assays.
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Chapter 2: Material and methods

2.1 General methods

2.1.1 Strains, media and plasmids

The bacterial strains used in this study are listed in Table 2.1. All H. influenzae strains
are descendants of the original Rd strain (3, 96). H. influenzae strains were routinely
grown in sBHI medium (Brain Heart In;fusion supplemented with 10 ug/ml hemin and 2
ng/ml NAD) at 37°C and shaken at 200 rpm (70). To promote aeration, the culture
volume did not exceed 20% of the flask capacity. When growing strains with plasmids or
cassettes, SBHI was supplemented with novobiocin (Nov, 2.5 pg/ml), kanamycin (Kan,
7.0 ug/ml), or chloramphenicol (Cam, 1.0 ug/ml). MIV starvation medium was used for
preparation of competent cells (40). Transformed H. influenzae.cells were plated on
sBHI agar with or without addition of appropriate antibiotics. The E. coli DH5q, TopiO
(Inv itrogen) and GM2163 (NEB) strains, grown in LB, were used for propagating
plasmids. When necessary, the following antibiotics were used for E. coli: ampicillin

| (Amp) 100 pg/ml; chloramphenicol (Cam) 20 png/ml; kanamycin (Kan) 10 ug/ml. P.

aeruginosa PAO1 was grown at 37°C in low salt LB (0.05% NaCl).

The plasmids used in this work are listed in Table 2.2. pGEM-T easy vector (Promega)
was used for cloning of H. influenzae pilB. pWIC3 is the source of the Tn903 Ka1_1R

cassette (14). pSU20 was used as a shuttle vector between E. coli and H. influenzae (57).

!
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Table 2.1 Bacterial strains used in this study

Strain Genotype Source or Reference
H. influenzae
KWwW20 wild-type 3)
RR1137 pilB::Kan® This study
RR1136 KW20, pSUPILB This study
RRI1138 pilB::Kan", pSUPILB This study
RR1150 ApilB::Kan®/CRE/pilC This study
RR1151 ApilB::Kan®/CRE/pilC, pSUPILB This study
RR1156 ApilB::Kan®/CRE/pilC, pPAPT (Pa pilT) This study
RR1157 ApilB::Kan®/CRE/pilC, pPAPB (Pa pilB) This study
RR1158 ApilB::Kan"/CRE/pilC, pPAPBT (Pa pilB, | This study
Pa pilT)
RR1159 ApilB::KanR/CRE/pilC, pPAPT2 (Pa pilT) This study
RR1196 ApilB::Kan"/CRE/pilC, pPAPBT2 (Pa pilB, | This study
Pa pilT)
E. coli
DHS5a supFE44 recAl 38) -
GM2163 dam dem NEB
Topl0 lacZAM15, endA1l, deoR, hsdR, mcrA, Invitrogen
recAl

Pa: P. aeruginosa PAO1
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Table 2.2 Plasmids used in this study.

Plasmid Vector Insert Application Source or
Reference
pPILB pGEM-T easy | P,+ pilA + pilB + part of pilC Construction of RR1137 This study
pPILB::Kan® | pGEM-T easy Ppil + pilA + pilB with Kan® + part of pilC Construction of RR1137 This study
pSUPILB pSU20 Ppil + pilA + pilB + part of pilC Polarity examination ' This study
pPILC pGEM-T easy | Pp” + pilC + part of pilD Construction of RR1150 This study
pBKan(CREC); | pGEM-T easy Ppil + pilA + truncated pilB with Kan® + (Ppil + Construction of RR1150 This study
pilC)s .
pPAPB pSU20 Hi ppu + Pa pilB Complementation of RR1150 | This study
pPAPT pSU20 Hi P, + Pa pilT (Starts at ATG) Complementation of RR1150 | This study
pPAPBT pSU20 Hi Ppil + Pa pilB + Hi Pp,-, + Pa pilT (Starts at Complementation of RR1150 | This study
ATG) . .
pPAPT2 pSU20 Hi ppﬂ'.,. Pa pilB (Starts at TTG) Complementation of RR1150 | This study
pPAPBT2 pSU20 Hi P, + Pa pilB + Hi P, + Pa pilT (Starts at TTG) | Complementation of RR1150 | This study
pWIC3 N/A Kan®- Source of Tn903 Kan® (14)
cassette
pSU20 N/A N/A Shuttle vector between H. 67
influenzae and E. coli
PGEM-T easy | N/A N/A Cloning vector Promega

N/A: Not applicable.
P,.: CRE promoter of H. influenzae pil operon.

pil
Hi: H. influenzae

Pa: P. aeruginosa

21



2.1.2 H. influenzae transformation

Standard procedures for H. influenzae natural transformation have been described by

Goodgal (35). The cells were grown as described above. At an OD,,, nm of 0.2-0.3, 10-
12 ml of culture were washed with and transferred to MIV medium in which they were
shaken for 100 min at 37°C at 100rpm to induce competence (40, 97). MAP7 DNA, the
genetically marked DNA from the strain MAP7, was used for standard transformation
assays (71). After addition of 1.0 ug/ml MAP7 DNA or other DNA needed to 1 ml of
cells, the cells were shaken at 37°C for 15-30 min, then diluted and plated on sBHI agar.
Novobiocin was used as the antibiotic marker in transformation tests unless otherwise
noted. When selecting. for chloramphenicol resistance, the transformation rﬁixture was
diluted with 2 volumes of sBHI and incubated at 37°C for 90 minutes to allow expression
of the resistance gene (71). Transformation frequency was defined as the number. of
transformants per rﬁilliliter divided by the total number of cells per milliliter and was

measured using an excess of chromosomal DNA (1ug to 1 ml of competent cells).

2.1.2.2 Natural transformation of H. influenzae with plasmid DNA

The method for transforming a plasmid into H. influenzae cells was described by Stuy
(86) and performed with minor modifications. After incubation of 1-3 ug plasmid DNA
with 1 ml of MIV—induéed competent cells for 30 min at 37°C, glycerol was added to a
final concentration of 30-32%. The cells were incubated at room temperature for 10 min,

collected by centrifugation, resuspended in 1.5 ml of sBHI, and plated as usual. For
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chloramphenicol selection; the cells were incubated at 37°C for 90 minutes before plating

).

The method used for making H. influenzae cells chemically competent was modified
from Barcak et al. and Williams et al. (8, 97). At an ODg, of 0.30 v—. 0.33, cells in 10 ml
of culture were washed with 10 ml of 25 mM cold CaCl, and collected by filtration. The
cells were resuspended in 2 ml of 75 mM ice-cold CaCl,, of which 1 ml of cells was
pelleted again, and resuspended in 100 ul of 75 mM ice-cold CaCl,. To the competent
 cells thus prepared, 1.0-2.0 pg of plasmid was added and the rﬁixture was incubated on
ice for 30 min. Heat-shock was performed at 37°C for 3 min; followed by addition of 1.
ml of sBHI to the cells, which were then shaken at 37°C for 1.5 hours ana plated on sBHI

agar.

2.1.3 E. coli plasmid transformation

E. coli competent cells were prepared using the filtration method described by Williams
et al. (97). Once grown in LB broth to an ODygy of ~0.375, 10 ml of the cells was
collected by filtration, washed once with 10 ml of 160 mM ice-cold CaCl, and
resuspended in 2 ml of 100 mM ice-cold CaCl,. The cells were used immediately for
transformation. Frozen stocks of competent cells were prepared by adding 0.5 ml of 80%

glycerol to 2 ml of above cell suspension containing 100 mM ice-cold CaCl,, dividing
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into 150 ul aliquots and storing at —80°C. Transformation of E. coli was done by the

standard method described by Sambrook et al. (77). .

2.1.4 DNA manipulations

2.1.4.1 Isolation of plasmid DNA

Plasmid DNA was isolated and purified from E. coli or H. influenzae using Qiaprep spin

miniprep kits (Qiagen) following the instructions of the manufacturer.

2.1.4.2 Isolation of chromosomal DNA

Chromosomal DNA of H. influenzae was extracted using the method described by Poje
and Redfield (70). 1.5 ml of a fresh overnight culture was pelleted and resuspended in
cell resuspension solution (50 mM Tris HCI, pH7.4, 50 mM EDTA). The cell suspension
was then mixed with 50 ul of‘ 10% SDS and incubated at 50°C for ~10 minutes for
complete lysis of the cells. The chromosomal DNA was extractéd twice with
phenol/chloroform and precipitated with 2 volumes of 95% ethanol in the presence of 15
mM NaCl. The fibrous clump of DNA resulting from the precipitation was retrieved by
winding it onto the sealed tip of a Pasteur pipette and was washed with 1.0 ml of 70%
ethanol dribbling down the pipette. The DNA was then air-dried for one hour. The dry

DNA Was resuspended in 200 ul of dH,O or TE buffer (10 mM Tris-HCL, pH7.4, | mM

EDTA). A few hours were allowed for full dispersion of the DNA.

The method for extraction of P. aeruginosa PAO1 chromosomal DNA was modified from

the online protocol of Goldberg lab (34). From an overnight culture of P. aeruginosa
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grown at 37°C in low salt LB broth t0.0S% NaCl), 1ml of cells were pelleted and
resuspended in 1ml TNE buffer (10 mM Tris-HCI, pH 8.0, 10 mM NaCl, 10 mM EDTA,
pH 8.0). The cells were pelleted again and resuspended in 135 ul of TNE buffer. To lyse
the cells, 135 ul of TNE with 2% Triton X-100 was added followed by addition of 30 pl
freshly prepared 5 mg/ml lysozyrﬁe and incubation at 37°C for 30 minutes. The cell
lysate was treated with 15 ul of 20mg/ml proteinase K at 65°C for 2 hours. Phenol-
chloroform extraction was performed twice afterwards to purify the DNA. The

subsequent procedures were the same as described above for H. influenzae DNA

extraction.

2.1.4.3 Gel electrophoresis, gel extraction, restriction digestion and ligation

Agarose and polyacrylamide gel electrophoreéis were performed as described by
Sambrook et al. (77) and Ausubel et al. (5). DNA fragments were extracted and purified
from agarose gels using QIAquick Gel Extréction Kits (Qiagen) according to the
instructions of the manufacturer. DNA manipulations with restriction endonucleases and
T4 DNA ligase were done according to the manufacturers’ recbmmendations. The

li gafed products were transformed into E. coli DH5a, GM2163 (NEB) or Top 10

(Invitrogen) competent cells.

2.1.4.4 PCR amplifications

Amplification of DNA by PCR was done in a PTC-150 MiniCycler (M) Research). Tag-

DNA polymerase was used for most PCR amplifications. Pfu polymerase was used if

. products longer than 3.5kb were to be amplified or if PCR products with no “A”

overhang were required. For Inverse PCR of pPILB::Kan® (a 6174 bp amplicon), the

25




Expand Long Template PCR System (Roche) was used. The PCR primeré used in this
study are listed in Table 2.3. Priﬁers were designed using the online program NetPrimer
of Premier Biosoft International (44). Simulation of PCR reactions were carried out
using Amplvify 1.2 (28). DNA sequencing was performed by the UBC NAPS Unit

(Nucleic Acid Protein Service Unit).

For colony PCR, single colonies were picked up with 20-200 pl pipette tips and
resuspended in water in PCR tubes. The cells were lysed at 95°C for 10 min and placed
on ice afterwards for a few minutes. The remaining components were then added and

PCR reaction was performed the same way as normal PCR.
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Table 2.3 Primers used in this study.

Name Sequence Original usage Source
- This study
PilBf 5'-GCTTGTGAGAATGCTAAACCAGA Cloning of KW20 pilB
PilBr 5’'-GGTCAGCAATCCTTTCTCAATATCT
pilCf 5'-TTCTTGGTTTGCCACGTTTG Real time PCR of H. influenzae pilC This study
pilCr 5'-CAAGCTGGCGTACCGCTTAA
pilDf 5'-CACTTTTTTTGTTGAATAGAGGCAAA Real time PCR of H. influenzae pilD This study
pilDr 5'-GCGATTTACGTTGAATTATTTCCA
LPICSf 5'-AATGACTAAAAAACTCTTTTATTATCAAGC Cloning of H. influenzae pilC. This study
LPICr 5'-GTTGTCTAGAGGCAAAGTGCGGTTGAAATG
Xbal
VecF 5'-CATTTTCCTTTTATTAAGCCTTTGTTGG Inverse PCR of pSUPILB and pPILB This study
Vec2R 5'-AGGTTCTAGAGGTCGAATCGGCGTGTATCA .
: Xbal
Vec2F 5'-TTTATCTAGAAATCGCCCATCTTGTGGAAGTC | Inverse PCR of pPILB::Kan® This study
Xbal
piBF2 5'- CCAAACTAGTGAACCTCAACAAGCACTTACC Cloning of P. aeruginosa pilB coding sequence and | This study
, , Spel : 200 bp upstream
piBR 5'-TCTTACTAGTGCCCTCCCAGATGAAAA
Spel :
Vec3F 5'-CCTTTTCTAGAGCCTTTGTTGGCAACGACATTGTG | Inverse PCR of pSUPILB This study
Xbal
Pro-10R 5'-AGGTTCTAGAGGTCGAATCGGCGTGTATCA
Xbal
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Table 2.3 Primers used in this study (continued).

Name Sequence Original usage Source

) ) i ' This study
piTF 5'-AATGGATATTACCGAGCTGCTCGCCTTCA Cloning of P. aeruginosa pilT (Starts at ATG). The ,
piTR 5'-TCCTACTAGTGAATCCTAGACGCAGTTCC first “A” in piTF before the start codon ATG is the

Spel last residue of the pil promoter
piTF2 5'-ATTGGGGAGTCCTATGGATATTACCGA Cloning of P. aeruginosa pilT (Starts at TTG). The | This study
piTR > "TCCT‘?#GAATCCTAGACGCAGTTCC first “A” in piTF2 before the start codon ATG is the | °
pe last residue of the pil promoter
K1 5'-~GGATCCGGGGGGGARAGCCACGTTTGT Amplification of a 997 bp fragment from pWJC3 (61)
_ BamH1 containing Kan® cassette

K2 5'~-AGCCGCCGTCCCGTCAAGT
PFRTPilA 5'-AGTTCTTTGAGTTGGCTGCTTTCT Real time PCR of H. inﬂuenzae pllA MN
PRRTPIIA | 5'~TCAGCCTGTGAAACCATTGC ‘ #304
SpBEf 5'—-CTCTAGTGCCCTCCCAGATGAAAA Sequencing of pPAPB ’ This Study
SpBr 5'-CAGTCGTATCTCTGCTCGTCTCAA
SpBf 5'-GGTAGAGTTCCTTCTGGTCCTCCTC Sequencing of pPAPB This study
SpBSf 5'-CGGAACTGCGTCTAGGATTCACTA Sequencing of pPAPBT and pPAPBT2 This study
SpTSf 5'~TCCCAGTCACGACGTTGTAARAC Sequencing of pPAPBT and pPAPBT2 This study
PaBf 5'-GCTCTTCCGACCTGCACTTC Real time PCR of P. aeruginosa pilB This study
PaBr | 5'-AGCGCACCCGGTAGATCTT
PaTf 5'-CGGGACGTCTGAAACACGTT Real time PCR of P. aeruginosa pilT This study
PaTr 5'-ATGGAGGAGCTTGGCATGG
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2.1.5 DNA binding & uptake assays

DNA binding & uptake by competent H influenzae cells was measured using Bglll or
Hinfl fragments of KWZO DNA end-labeled with o-*P-dATP (Amersham). KW20 DNA
(~ 6.8 ng) was treated with Bg/Il or Hinfl in a 50 ul reaction, and 20 pl was used in a fill-
in reaction with Klenow enzyme (Roche) in the presence of 6.25 mM dGTP/dTTP/dCTP
~ and 16 pmol of a *P- dATP (40 uCi). The reaction was then chased with 0.625 mM
dNTPs at 37°C for 15minutes. Unincorporated nucleotides were removed using
Sephadex G25 mini columns (Amersham), yiélding 450 pl of 8.4 ng/ul labeled DNA

(1.45 x 10* cpm/ng).

2.1.5.1 Total DNA binding plus uptake

To measure the total DNA bound to the cell is‘urface and taken ﬁp into the cells, P
labeled DNA (~ 100 ng) was added to 1 ml of MIV-induced competent cells. After

incubation for 5-10 min at 37°C, the cells were washed twice with 1ml of MIV medium,
pelleted, and resuspended in 100 pl of MIV. The cells and 100 i of the supernatants of
each wash were separately used for scintillation counting. The total amount of DNA

binding plus uptake was determined from the radioactivity associated with the cells.

2.1.5.2 DNA binding and/or uptake -

To measure DNA binding and uptake separately, *’P labeled DNA (~ 100 ng) was added

to 1 ml of MIV-induced competent cells. After incubation for 5-10 min at 37°C, the
sample was then split into two 0.5 ml fractions. One 0.5 ml fraction was transferred to

ice immediately to stop DNA uptake. The other fraction was incubated with 10 ul of 100
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ug/ml DNase I for 15 min at 37°C. The cells were washed twice with 1ml of M1V
medium, pelleted, and resuspended in 100 ul of MIV. Subsequently, the cells and 100 ul
of the supernatants of each wash were subjected to scintillation counting. The total
amount of DNA bound to the cell surface and taken up into the cells was determined
from the radioactivity of the DNase I-free cell fraction, while the amount of DNA taken
up into the cells was determined from the radioactivity of DNase I-treated cell fraction.

The amount of DNA binding is obtained by subtracting the above two numbers.

Scintillation counting of the samples was performed in Iml of liquid scintillation cocktail

(Amersham) in a Beckman LS180 I liquid scintillation system.

2.1.6 Real time PCR

Real time quantitive PCR was performed using an ABI Prism 7000‘ Sequence Detection
System. The primers used for the real time PCR of H. influenzae pilA, pilC, pilD and P. N
aeruginosa pilB and pilT in H. influenzae were designed using Primer Express software
supplied by Applied Biosystems, and are listed in Table 2.3. Total mRNA was extrécted
from MIV-induced comp\etent cells of H. influenzae using an RNeasy Mini Kit (Qiagen)
and was treated with DNase I using a DNA-free kit (Ambion) to remove possible trace of
DNA. Reverse transcriptase PCR was carried out in the PTC-150 MiniCycler (MJ
Research) according to the protocol provided by the SYBR Green PCR Master Mix and

RT-PCR protocol (Applied Biosystems) to get cDNA. Real time PCR was then /

performed using the cDNA as template in the ABI Prism 7000 Sequence Detection
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System (Applied Biosystems). Data analysis was done using the software provided by -

the same company.

2.1.7 Nucleotide sequence analyses

Multiple sequence alignments were performed using NCBI BLAST programs (NCBI)
and Clustal W (EMBL-EBI). Restriction maps of DNA were obtained using DNA Strider

(24).

2.2 Plasmid and strain constructions

This section includes the overall strategy and the general procedures of plasmid and

strain construction.

2.2.1 Construction of H. influenzae plasmids

2.2.1.1 pPILB and pPILB::Kan®

The scheme for construction of pPILB is shown in Fig. 2.1. To generate pPILB, a
fragment containing H. influenzae KWiO pilB and flanking sequences was amplifi'ed
from MAP7 chromosomal DNA using Tag DNA polymerase and primers PilBf/PilBr.
The 2326 bp PCR product was ii gatgd to a pGEMT-easy vector (Promega), and
transformed into GM2163 (dam, dcm;) (NEB). This host was chosen because the
restriction enzyme Bcll used in the next step is blocked by Dam methylation.

Transformants were plated on LB plates supplemented with Almpicillin, X-gal and IPTG.
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White or light blue colonies were selected. Transformants carrying the desired pPILB

construct were verified by restriction analysis using EcoRI, Dral and Sacll.

For pPILB::Kan® construction, a 1466 bp fragment bearing a Tn903-derived Kan®
cassette was obtained from pWJC3 by BamHI digestion and inserted at the Bcl/I site of
pilB on pPILB, resulting in the plasmid pPILB::Kan® (Fig.2.2). Kan® transformants
carrying the right constructs were identified by restriction analysis with BspHI, Pvul, Nru

I, and Sspl digestions.

PilB
L. i

CRE pifA piB Vil PiC

8 o 8 PGEM.T
N e easy vector
] WA

(@017 bp)

Fig. 2.1 Construction of pPILB. A fragment containing pilB and the flanking sequence
was amplified from KW20 chromosomal DNA and inserted into the pPGEM-T easy
vector. The fragment includes the CRE promoter of the pil operon, pilA, pilB and about
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330 bp of the pilC gene. The Bcll site used for the later cassette insertion was at 1280bp,
so that there are at least 1kb flanking region on either side for the future homologous
recombination of the pilB::Kan® fragment into the chromosome.

KanP

Bamid | Bami | Bel |

PILB
(5%43DP)

BamH |
digestion
R
Source of the \ Kan
KanR cassette {1466bp)
Set | digestion

ligation

pPILB::KanR

(6803bp)

Fig. 2.2 Construction of pPILB::Kan®. A 1466 bp fragment containing the Kan® cassette
was obtained with BamHI digestion of pWJC3 and inserted into the Bcll site of pilB on
pPILB. The orientation of the Kan® cassette is opposite to that of pilB.
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2.2.1.2 pPILC

The scheme for pPILC construction is shown in Fig. 2.3. A fragment containing H.
influenzae pilC was amplified from KW20 chromosomal DNA and cloned into a vector
containing a CRE promoter of the H. influenzae pil operon. The detailed procedures are

described below.

5° phosphorylated —
LPICt pHC pilD
(r—— starts
1
0 1292 1378
(1) PCR LPICY
(2) b= | Digestion Xbal
Miw |
l/( piiD
{——— 5 starts
0 1293 Xbal
pil C, Dfragment
(1) Inverse PCR l 137900)
[2) xbal Digestion
Xba)] part

CRE

CRE vector
(3652bp)

pPILC
(5031bp)

Fig. 2.3 Construction of pPILC. H. influenzae pilC was PCR amplified and inserted into
a vector containing a CRE promoter of the H. influenzae pil operon, thus that pilC is
under the control of a regulatory sequence of its own.
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A 1384 bp fragment bearing the complete pilC gene and a small fraction of pilD was
amplified by. PCR using primer LPICf/LPICr. LPICf was 5’ phosphorylated and LPICr
was engineered with an Xbal site. Pfu DNA polymerase was used in the PCR to geta

blunt ended fragment.

To generate a pSU20-based shuttle vector containing the CRE promoter of the H.
influenzae pil operon (simplified as “pSU-CRE vector” below), an inverse PCR of pPILB
was performed using primers VecF/Vec2R. The Vec2R primer included an added Xbal
site. Pfu DNA polymerase was used in the inverse PCR to get blunt-ended amplicons.
The Xbal cleavage.of the 3661 bp PCR prodﬁct genérated a pSU-CRE vector of 3652 bp
that was ligated to the above Xbal digested pilC fragment, with the pilC start codon fused
at the noymal location of the pilA start codon. The ligation mixture was first transformed
into Top10 competent cells (Invitrogen). Cam resistant transformants carrying the
desired pPILC construct were verified by restriction analysis with EcoRI, Hindlll, and
Sspl. Miniprép DNA from one of the colonies carrying the right construct was then
transformed into GM2163 competent cells (dam’, dem’) (NEB) to permit Xbal digestion
in the downstream .construction (Section 2.2.1.4). Sspl digestion and Xbal/Spel double
digestion were used to confirm the restriction pattern of pPILC e);tracted from GM2163
cells. The sequence of pPILC around the 5' ligation joint was examined by DNA

sequencing using primer PilBr.

2.2.1.3 pSUPILB
To generate the plasmid pSUPILB, the insert of pPILB was released by EcoRI digestion

e

and subcloned into EcoRI linearized pSU20 (Fig.2.4). The ligation mixture was
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transformed into DH5«, plated on LB plates supplemented with Cam, ITPG and Xgal.
White colonies bearing the desired pSUPILB construct were verified by restriction
analysis with EcoRl, Dral, HindIII, and by colony PCR using primers PilBf/PilBr. The

sequence of pSUPILB in the CRE promoter region was examined by DNA sequencing .

using primer PilBr.

Y S
&f essop

k. S EcoRI
EooR? | Ligation /"~ digestion:

PSUPILB

(46980p):

Fig. 2.4 Construction of pSUPILB.
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2.2.1.4 pBKanCREC

To construct the plasmid pBKanCREC, a fragment containing the pilC géne under the
bcontrol of the CRE promoter (CRE/pilC fragment) was subcloned into a vector containing
a H. influenzae pilB knockout. The plasmid thus constructed contains a fragment bearing
a CRE + a truncated pilB with a Kan® inserti;m at the Bcll + another CRE + pilC + part of
pilD (the ApilB::Kan®/CRE/pilC fragment) and can be used‘to generate a non-polar pilB
knockout (Fig. 2.5). The detailed procedures for pPBKanCREC construction are described

below.

To obtain a vector containing a H. influenzae pilB knockout, inverse PCR was performed
using plasmid pPILB::K.anR and primers Vec2F/Vec2R, each with an Xbal site at the end.
Expand Long Template PCR system” (Roche) was used to amplify the 6174 bp fragment.
The PCR product was gel extracted to remove non-specific amplifications, followed by
Xbal di gesﬁon to get the 6160 bp vector containing a H. influenzae pilB knockout. The
1537 bp CRE/pilC fragment was .released frdm pPILC by Spel/Xbal double digestions
and ligated to the above vector . The li gation was transférmed into Topl0 E. coli

competent cells (Invitrogen), selecting for Amp/Kan double resistance.

Transformants with the desired pBKanCREC constructs bearing the ApilB::Kan"/

CRE/pilC fragment were screened by restriction analysis using Accl, EcoRI, HindIIl, and

Sacll/Ndel double digestion.




pPILC
(5031bp)

lm-n-sm
20C

CRE part
(1537bp) 2D
Spel

) M g

Spe |

CRE

pBKanCREC
(7697bp)

2AC

part

A0
part

AB
part

Xba |

pPILB::KanR

(6160bp) (6809bp)

Miu) Spel+ Mzl
digestion

Fig. 2.5 Construction of pBKanCREC and the strain RR1150.

pilB::KanR/CRE/pIIC (RR1150)
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- 2.2.2 H. influenzae knockouts_

2.2.2.1 RR1137 (pilB::Kar®

To generate ‘the pilB knockout strain RRI 137, the insertional knockout of pilB

constructed in pPILB::Kan® was released from its vector by EcoRI digestion and
transformed into KWZO by natural transformation, replacing the wild type pilB on the
chrémosome. To reduce the probability that one cell would take up multiple fragments

of the pilB knockout, serially diluted DNA was used in the transformations. Colonies
were chosen from the transformation in which the number of fransformants was greatly
reduced cbmpared to the transformation using more DNA, suggesting that the amount of -
DNA used was low enough that no c_ell‘s took up more than one fragment. Kan® colonies
were chosen from a transformation that usc;d ~0.5 ng DNA and chromosomal DNA was
extracted.. Substitution of the wild type pilB with the knocked-out pilB was verified by

PCR using chromosomal DNA and the primer pair PilBf/PilBr.

2.2.2.2 Construction of RR1150 (ApilB::Kan"/CRE!pilC)

The overall sfrategy used to generate a non-polar H. influenzae pilB knockout is shown in
Fig.2.5. The strategy was to place a regulatory sequence containing a duplicate copy of
the pil CRE promoter immediately upstream of pilC, downstream of the insertionally
inactivated pilB. To do this, the fragment containing the pi/B knocbkout, pilC with a CRE
4promoter, énd flanking sequences (ApilB.'.'KanR/CRE/pilC) was released by Miul/Spel

double digestion of pBKanCREC and transformed into KW20 by natural transformation.

For the same consideration as in Section 2.2.2.1, limited amounts and serial dilutions of




DNA (5 ul, 0.5 pl and 0.05 pl to 1 ml of competent cells) were used in the
transformation. Colonies were chosen from the transformation with ~2.5 ng DNA, in |
which CFU were significantly reduced. PCR was used to screen for colonies carrying the
recombined frégment in the chromosome, using primer pairs PilBf/PilBr,

PilBf/PRRTPILA and PilBf/K2.

2.2.2.3 Construction of RR1136 (KW20 cafrying pSUPILB), RR1138 (RR1137
complemented with pSUPILB) and RR1151 (RR1150 complemented with

SUPILB

For construction of strain RR1136 (KW20 carrying pSUPILB), pSUPILB was introduced

into KW20 by natural transformation. Since RR1137 (pilB::Kan®) and RR1150
(ApilB::Kan®/CRE/pilC) are defective in natural transformation, the strains RR1 138_
(RR1137 complemented with pSUPILB).and RR1151 (RR1150 (;omplementedeith
pSUPILB), were obtained by introducing pSUPILB into RR1137 and RR1150 using
chemical transformation, selecting for Cam/Kan double resistance. Presence of
pSUPILB in the strains was verified by restriction analysis and colony PCR as described

in the construction of pSUPILB.

2.2.3 Introduction of P. aeruginosa PAO1 pilB, pilT to the H. influenzae
DilB background

P. aeruginosa PAOL pilB and pilT were amplified from chromosomal DNA and placed
under the control of the CRE promoter of H. inﬂueﬁzae pil operon. The cloning

strategies are shown in Fig.2.6 and Fig.2.7 and Fig. 2.8. Details are given below.
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2.2.3.1 Cloning of P. aeruginosa pilT

For construction of P. aeruginosa pilT plasmids pPAPT and pPAPT?2, the two fragments

containing pilT (starting at ATG, and GTG,, respectively), were amplified from P.

aeruginosa PAO1 chromosomal DNA and cloned into a pSU20-based vector containing a

CRE promoter of the H. influenzae pil operon. To do this, fragrﬁents containing P.

. aeruginosa pilT and pilT2 were PCR amplified using Pfu DNA polymerase and primers
piTF/piTR or piTF2/piTR, respectively (Fig. 2.6). Both piTF and piTF2 were 5’

| phosphorylated and a Spel site was included in piTR. The amplified fragments start
exactly at the first nucleotide of the start codon, and end at ~50 bp downstream of each
ORF. The PCR products were digested with Spel, resulting in .1096bp and 1108bp
fragments: To get a pSU20-based vector containing a CRE promoter of the H. influenzae
pil operon (simplified as pSU-CRE vector beléw), inverse PCR of pSUPILB was
performed using Pfu DNA polymerase and the primer pair VecF/Vec2R. VecF was 5’
phosphorylated and Vec2R had a Spel site at the 5’ end. The 3016 bp PCR product was

- purified by gel extraction, followed by Xbal digestion, resﬁlting in a pSU-CRE-vector of

2481bp.

PPAPT and pPAPT?2 were obtained by ligation of Spel-digested P. aeruginosa pilT
fragments into Xbal-digested pSU-CRE vector. The ligation mixture was transformed -
into DH5a and plated on LB plates selecting for Cam resistance. Restriction analyses
were applied to screen for transformants carrying desired constructs. Réstriction
enzymes EcoRI, Ncol and Xhol were used in analysis of pPAPT candidates, and Ncol,

Pvull, Xhol were used first for analysis of pPAPT?2 candidates. Hinfl digestion was
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perforrhed subsequently to confirm that pPAPT2 has the extra 12 bp not present in
pPAPT. In addition, Hindlll, a unique cutter of both constructs, was used as well to’
check the size of the two plasmids. Sequences of pPAPT and pPAPT2 around the

i gation joint and the promoter were examined by DNA sequencing, using the primer péir

PilBr/piTR.

plTF or,. -pilTF2

__PAO1
chromosome

Staﬂ

codon . TR Spel
PHT ( pllm ’
1 Speil e
.| digestion: : l Xbal
: dlgestmn

Xba

{2481bp)

Fig. 2.6 Cloning of PAO1 pilT and construction of pPAPT
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2.2.3.2 Cloning of P. aeruginosa pilB

The overall étrategy for P. aeruginosa PAOI pilB cloning is-shown in Fig.2.7 and Fig.
2.8. P. aeruginosa pilB was cloned under the control of its own RBS (Ribosome Binding
Site) and a CRE promoter of the H. influenzae pil operon. In the final pilB clone, the
ligation joint of P. aeruginosa pilB and the H. influenzae CRE promoter was designed to
be downstream of the transcription start and upstream of the RBS. This was to minimize
the impact of short deletions at the ligation joint. To coﬁstruét this, a fragment containing
P. aeruginosa PAO1 pilB and 200bp upstream was first amplified from P.‘ aeruginosa
PAOI chromosomal DNA and cloned into a pSU20-based vector containing a CRE
promoter of the H. influenzae pil opefon, giving the plasmid pPAPBpro. The RBS in the
CRE promoter and most of the regulatory sequence of P. aeruginosa pilB except the
RBS, were then femoved by inverse PCR of pPAPBpro using the primer pair pilBF3 &
Pro-10. The final clone of P. aeruginosa pilB was obtained by self-ligation of the PCR
product, such that P. aeruginosa pilB uses H. inﬂuenzée pilA's CRE promoter including
the putative transcription start, and uses P. aeruginosa pilB's own RBS. To ensure that
the ligation point was not too closed to the transcription start and RBS, 6 bases
downstream of H. influenzae pilA's transcription start and 6 bases upstream of P. '
aeruginosa pilB's RBS were included in the clone, so that in the final pilB clone, there
should be 12 basesbetw.een the putative transcription start and RBS. Thé experimental

procedures are described in more detail below.
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Fig. 2.7 Cloning of PAO1 pilB and construction of pPAPB.
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Fig. 2.8 The strategy for P. aeruginosa PAO1 pilB cloning, showing the regioh and
sequences around H. influenzae pilA and PAO1 pilB chosen for the cloning, and the
predicted sequence of pPAPB around the ligation point. |

To construct the plasmid pPAPBt)ro, a fragment contéining the pilB ORF and 200 bp
upstream was amplified by PCR using the primer pair piBF2/piBR, each having a Spel
site at the 5’ end. The PCR grociuct was digested with Spel, which produced a 1950 bp
fragment. A pSU20-based vector containing the CRE promoter (pSU-CRE vectdr) from
H. inﬂueﬁzae pil operon was obtained by inverse PCR of pSUPILB using the primer pair
Vec2F/Vec2R. An Xbal site was included at the 5’ end of Vec2F. Xbal digestion of the
PCR product produced a 2469 bp pSU-CRE vector, which was ligated to the 1950 bp
pilB fragment to get the plasmid pPAPBpro. The ligation mixture was transformed into
DH5a, selecting for Cam resistance. Constructs carrying desired construct were screened

with restriction analysis using BamH]I, Banl and Pvull. Sequence of pPAPBpro around
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the ligation joint and the promoter was examined by DNA sequencing, using primer

PilBr.

pPAPB was obtained by remO\./ing the unwanted sequence in pPAPBpro, using inverse
PCR and religation of the PCR product. Pfu DNA polymerase and the primer pair
piB3F/Pro-10, both 5’ phosphorylated, were used in the PCR reaction. Thé PCR
amplification removed most of pilB’s own regulatory sequence except its RBS
(Ribosome Binding Site). Therefore the final P. aeruginosa pilB clone, which was
obtained afterwards by self-ligation of the PCR product, should contain pilB with its own
RBS and H. influenzae pilA’s CRE and promoter in the upstream region (Fig. 2.7). The
predicted sequence at the joint of the self-ligation is shown in Fig. 2.8. Self-ligation of
the PCR product was transformed into DH5<;L, selecting for Cam resistance. Restriction
enzymes BamH]I, Banl and Pvull were used to examine colonies bearing the desired
construct. The sequences of pilB and the CRE promoter in pPAPB were examiﬂed by

DNA sequencing, using primer pairs SpBf/PilBr and SpBEf/SpBr.

2.2.3.3 Construction of pPAPBT and pPAPBT2

The scheme for pPAPBT and pPAPBT?2 is shown in Fig.2.9. Two fragments containing
the P. aeruginosa pilT gene (starting at ATG, and GTG_IZ,- respectively) under the control
of the CRE promoter were released from pPAPT and pPAPT2 by Nhel/Spel double
digestion, and inserted into Spel digested pPAPB. The ligation mixtures were
transformed into DH5a and spread on LB plates, selecting for Cam resistance. The

constructs were examined by restriction analysis with BamHI, Ncol and Sacll.
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Fig. 2.9 Construction of pPAPBT and pPAPBT?2.

2.2.3.4 Transforming the P. aeruginosa plasmids into H. influenzae pilB

Since H. influenzae pilB is deficient in natural transformation, the P. aeruginosa plasmids
pPAPT, pPAPT2, pPAPB, pPAPBT and pPAPBT2 were first transformed into wild type
H. influenzae KW20, chromosomal DNA of the non-polar pilB knockout was then

introduced into the resultant strains by natural transformation (Fig.2.10). Details are

givven below.
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Fig. 2.10 Construction of H. influenzae strains containing both pilB knockout and P.
aeruginosa pilB, pilT plasmids.

The 5 plasmids were first transformed into KW20, selecting for Cam resistance. Since
the pilB plasmids (pPAPB, pPAPBT and pPAPBT2) contain multiple HindIII sites, they
were treated with methylase HindIII (Takara) before transformation into KW20 (~ 0.6
units/ug) to protect them from digestion by H. influenzae HindlIl. Presence of the P.
aeruginosa plasmids was verified by restriction anélyses. The resultant strains were then
transforme(; with the chromosomal DNA of RR1150. Limited amount of DNA (100 ng,
10 ng and 0.1 ng to 1 ml of competent cells).was used in the transformation (See Section
2.2.2.1). Kan/Cam double resistant transformants were chosen from the 0.1 ng
transformation. Chromosomal organization was examined by PCR using primer pairs
Pile/PRRTPILA and PilBf/K2. Sequences of the P. aeruginosa inserts in the resultant
strains were verified by DNA sequencing (Fig. 2.11, Fig. 2.12, Fig. 2.13). The
sequencmg primers used were: for pPAPB, SpBEf, SpBr, SpBf and PilBr; for pPAPT,

and pPAPT?2, piTR and PilBr; and for pPAPBT and pPAPBT?2, SpBsf, SpBr, SpBf,

SpBsF, SpTsf and piTR.
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Fig. 2.11 Sequencing of P. aefugino&a PAOL1 pilB in pPAPB.
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Fig. 2.12 Sequencing of P. aeruginosa PAO1 pilT in pPAPT.
PR ‘Spf| _ .. SpBE
| et | g Partil .

Fig. 2.13 Sequencing of P. aeruginosa PAO1 pilB and pilT in pPAPBT and pPAPBT2.
Since there are 2 CRE promoters in the plasmids, the primer PilBr that anneals to the
CRE promoter cannot be used. Therefore SpTSf and SpBSf were designed.
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Chapter 3: Results and discussion

3.1 Sequence analysis and functional prediction of H. influenzae PilB

H. influenzae pilB (gene H10298) is 1395bp long and encodes a predicted protein of 464
amino acids. Sequence alignments showed that PilB is more similar to homologﬁes of P.
aeruginosa PilB (required for Tfp biogenesis), and less similar to Pi.lT homologues
(required for Tfp retraction). In a BLASTP with H. influenzae PilB, a number of Tfp
assembly proteins (required for Tfp biogenesis) were obtained with high identities to
PilB, including PilB (or HofB) in Pasteurellaceae Species, PilB of Vibrio cholerae, PilF
of N. gonorrhoeae and N. meningitides, PilB of Acinetobacter sp-. ADP1. 'Follc‘>wing the
Tfp biogenesis proteins, twitching motility proteins (PilT homologues, required for Tfp
retraction) were found with much lower E-values (>10%). Alignment scores of H.

influenzae PilB homologues in P. aeruginosa and N. gonorrhoeae are shown in Table

3.1.

ya

Table 3.1 Alignment scores of H. influenzae PilB horhologues in P. aeruginosa and N.

gonorrhoeae
ClustalW score BLAST E value Identity to H. influenzae PilB
PaPilB 40 4e-89 38%
NgPilF 35 2e-73 41%
PaPilT 21 3e-30 - |38%
NgPilT |17 | 8e27 31%
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PilB and PilT hpmologues all belong to the PulE/GspE family (TrbB proteins). Members
of this family are distinguished by conserved nucleotide binding and hydrolysis motifs
(49). The nucleotide binding motifs of H. influenzae PilB are indicated in Flg 3.1a. Fig.
3.1b shows the sequence alignment of the C-terminal of some PilB and PilT homologues.
All the proteins share the three conserved domains related to nucleotide binding and ATP
hydrolysis (Fig. 3.1a). In addition to the sharing of these domains, extended searching in
the alignment also revealed some conserved regions shared by the PilT proteins but
absent inv the PilB proteins (also see (66)). This is consistent with the different functions
known for PilB & PilT in P. aeruginosa and N. gonorrhoeae (4, 33). H. influenzae PilB
shares high homology with other PilB proteins and does not contain the conserved
regions unique to the PilT proteins. Therefore H. i'nﬂuenzae PilB is expected to function’

as an ATPase in the assembly of the Tfp-like apparatus for DNA uptake.

‘1272
251-300 RVLSQPQGEILVTGPTGSGKSISLY TALQWLNTPDKHIMTAEDPIETELD
(hhhxGBTGSGKoTxhxxhh| ‘hEhhEDxxE:
' ' Motifdl Motif 1T

301-350 GITQSQINPQIGLDFNRLIRTFLRODPDIINLGEIRDEESAMIALRAAQTS -
hIxxxLRxxPDXhhhGEhRDXExhxhhhxxxxxS
: Motif I
351-4003GHLVLSTEHTNDAISATSRLQQLGIQQYEIKNSLLLY TAQRLVRKLCSKC

Fig. 3.1a Residues 251-400 of H. influenzae PilB showing the 3 nucleotide binding
motifs predicted by Lessl and Lanka (49). h represents hydrophobic amino acids, o
marks polar ones, and x any other amino acids. Highlighted capital letters represent

" residues that are strictly conserved in at least 12 of the 14 proteins analyzed by Lessl and
Lanka. The sequence of PilB fits all the three motifs except residue Ile,,;, (underlined)
that should be a Thr (the 13® residue) in Motif 1.
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AcPilT
NgPilT

Fig. 3.1b Amino acid alignment of C-terminal segments of PAO1 PilB and PilT
homologues, accomplished by using ClustalW. The numbering is based on the H.
influenzae PilB sequence. Conserved residues are enclosed in boxes, and identical
residues shaded. The alignment begins in the regions corresponding to residue 150 of H.
influenzae PilB where the sequences begin to align well. The boxes and shaded region
within the last three sequences indicate the conserved regions unique to PilT family
proteins. The following proteins are shown: HiPilB (H. influenzae PilB), AaPilB
(Actinobacillus actinomycetemcomitans PilB), PaPilB (P. aeruginosa PilB), AcPilB
(Acinetobacter sp. Strain BD413 PilB), NgPilF (N. gonorrhoeae PilF), EcHofB (E. coli
HofB), PaPilT (P. aeruginosa PilT), AcPilT (Acinetobacter sp. Strain BD413 PiIT),
NgPilT (N. gonorrhoeae PilT).
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BLAST searches with the well characterized nucleotide binding proteins PilB, PilT and
PilU of P. qeruginosa and N. gonorrhoeae indicated that PilB is the only Tfp-related
ATPase in H. influenzae (Section 1.6). Efficient DNA uptake by H. influenzae in the
absence of a PilT homologue indicates that DNA uptake does not require a PilT-like
ATPase. This has several possible explanations. First, PilB may function in both
assembly .and reaction of the Tfp-like apparatus. In this case, PilB'may drive the two
opposite processes (assembly/polymerization and retraction/depolymerization) under
different éonditions. The second explanation is that PilB only powers Tfp assembly. In
this case, a non-VrbB/GspE-like protein could power the retraction of the Tfp-like
machinery by either ATP hydrolysis or other process that can generate energy.
Alternatively, H. influenzae might need no other proteins for Tfp retraction; that is, Tfp
might automatically depolymerize and retract when the assembly protein PilB is not
active. Thus the transforming DNA would be taken up during this process. The two
alternative hypotheses (whether PilB is required for b§th Tfp assembly and retractioﬁ, or
only required for Tfp assembly), can be tested by complementing a H. influenzae pilB
knockout with pilB/pilT genes from a well-characterized Tfp system, which is the major

approach of this study.

In this analysis I have assumed that pilus retraction is needed for DNA uptake by H.

influenzae. The validity of this assumption is reconsidered in the discussion.
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3.2 Construction of H. influenzae pilB knockouts

3.2.1 Overview

Two H. influenzae pilB knockouts, RR1137 and RR1150, were constructed in this study.
As described below, inserting a Kan® cassette at the Bc!l site of the pilB ORF generated
the pilB knockout strain RR1137. However, complementation experiments and real time
PCR showed that the pilB knockout in RR1137 is seriously polar to the downstream
genes pilC and pilD (i.e. a mutation or’.knockout in one gene reduces the expression of
the downstream génes) (more details below). This polarity was eliminated by placing an

additional CRE regulatory sequence and a promoter before pilC in the pilB::Kan®

: background,‘ giving strain RR1150. The relevant genotypes of RR1137 and RR1150 are

illustrated in Fig.3.2.

Construction of the necessary plasmids is described in detail in the Methods. The
plasmids used for generatioh of RR1137 were pPILB and pPILB::Kan®. The plasmids
used for generation of RR1150 were pPILB::Kan®, pPILC and pBKanCREC. pSUPILB

was used to test polarity of the pilB mutations in both RR1137 and RR1150.
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Fig. 3.2 Genetic organization of KW20, RR1137 and RR1150. P, = CRE promoter of

the pil operon.
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3.2.2 Construction of pPILB and pPILB::Kan®
To investigate H. inﬂuenzae pilB’s function, a pilB knockout was generated using a
Tn903 Kan® insertion. First, a plasmid carrying the pilB gene was constructed. A 2326

bp fragment encompassing H. influenzae pilB ORF and the flanking sequences was PCR

amplified and cloned into a pGEM-T easy vector, resulting in pPILB.

To knock out pilB, a Kan® cassette was inserted into the pilB gene on pPILB at the Bcll

site. The knockout plasmid was designated pPILB::Kan®.

3.2.3 Construction of RR1137 ggilB::KanR!

The knockout was then introducéd into H. influenzae KWZO by natural transfdrmation,
replacing the w‘ild—type copy of pilB. Two colonies c;,arrying the desired chromosomal
organization were examined for exponential growth rate in sBHI and the ability to

. develop competence using a chromosomal DNA transformation assay. Wild type KW20
was used as the control. No discernable difference of growth rate was observed between
the strains (data not shown). Since H. inﬂuenzaé pilB codes for a nucleotide binding
protein predicted to be required for the biogenesis and/or function of the Tfp-like
machinery, the knockout of pilB was expected to give no transformation due to lack of a
Tfp-like machinery. No transformants were obtained from either isolate, giving- |
transformation frequencies less than 9.5 x 10, which was 8.9 x 10° lower than that of the

wild type. One colony was frozen as strain RR1137.
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The elimination 6f transformation could have resulted gither frpm the disrui)tion of pilB.
itself or from polarity, which significantly reduced expression of the downstream genes
pilC and pilD, another two genes expected to be required for Tfp biogenesis (Section
1.5). In the later case, the lack of competence in RR1137 could not be attributed to the

knockout of pilB. The polarity of the pilB knockout in RR1137 was examined below.

3.2.4 Complementation assays and real time PCR revealed severe

polarity of RR1137 pilB knockout

To assess whether the pilB knockout in RR1137 was polar on the downstream genes, a -

plasmid expressing a wild type pilB was needed. Full complementation of the knockout

by this plasmid would imply no polarity.

To generate a plasmid that can replicate in H influenzae and contains a wild type pilB,
the 2346 bp EcoRI fragment of pPILB containing pil/B was subcloned into the H.
influenzaelE. coli shuttle vector pSU20, giving pSUPILB. pSUPILB was then introduced
into RR1137 by chémical transformation, as RR1137 is defective in natural
transformation. The plasmid-carrying knockout strain RR1138 was then used in the
transformational cofnplementation assays.’ RRl 137 and KW20 were included as negative
and positive controls. Due to addition of Cam to keep pSUPILB, growth of RR1138 was
slightly slower than that of RR1137 and KW20 (data not shown). Therefore another
strain RR1136 (wild type strain containing pSUPILB) was included as a positive coﬁtrol

in the second assay. On average of the 4 transformation assays, introduction of pSUPILB

into RR1137 only restored transformation frequency to 1.75 x 10, which is about 1800




fold lower than that of the wild type KW20 (Fig. 3.3). This suggests that the pilB

knockout in RR1137 may be strongly polar on pilC and pilD.

Transformation frequency

1.0E-02

1.0E-03

1.0E-04

1.0E-05

1.DE-06

1.0E-07 -

1.0E-08

1.0E-09 -+

1.0E-10 +

KW20 RR1137 RR1138 RR1136
36x103 95x109 18x108 69x109

Fig. 3.3 Transformation tests of the pilB knockout in RR1137 complemented with wild

type pilB.
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To confirm that lack of complementation was due to polarity, feal tiﬁle PCR was used to
measure the mRNA levels of pilC and pilD. Since the real time PCR primer pair for pilA
was already available in the lab (MN#403), and pSUPILB contains pilA in addition to
pilB, the pilA gene, instead of pilB was analyzed to examine the expression of the genes
on pSUPILB. The gene hwrG, whose expression is largely constant (74),-was used as an
internal control. The result showed that the average expression levels of pilC and pilD in
RR1137 were only 6.3% and 5.8%, respectively, of the same genes in the wild type

- KW20, indicating that the pilB knockout in RR1137 has serious polar effect on the
downstrear genes pilC and pilD. Thus I could not conclude that its competence defect ié

due to lack of PilB.

3.2.5 Construction of a non-polar pilB knockout RR1150
To circumvent the polar effect of the pilB insertional knockout on pilC and pilD, a
competence inducible CRE promoter (see Section 1.3) was inserted in front of pilC (Fig.

2.5), downstream of the Kan® insertion in pilB. The strain constructed using this strategy

was designated RR1150.

To add an additional CRE promoter before pilC, a 1384 bp fragment containing pilC
coding sequence was cloned into a pSU20 based vector containing a CRE promoter (Fig.
2.3) to get the plasmid pPILC. Subsequently, the pilC gene, together with the CRE
promdter right before it, was subcloned into a vector containing a truncated pilB with a
‘Tn903 Kan® insertion at the B¢l site (Fig. 2.5). The resultant plasmid pPBKan(CREC)5

thus constructed contains a fragment bearing a truncated pilB with a Kan® + CRE
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promoter + pilC (Fig. 3.4) . The fragment was then released by Mlul/Spel double
digestion and introduced into H. influenzae KW20 by natural transformation, giving the

strain RR1150.

3.3 Natural competence was eliminated in RR1150

Groﬁth and natural competence of RR1150 were tested using the wild type KW20 as a
control. Although the integrity of the pilB coding sequence was disrupted by the Kan®
insertion, RR1150 did not exhibit discernable difference in growth rate from that of ithe
wild type (data not shown). Like RR1137, the transformation frequency was reduced to
background level 5.6 x 10", more than 10° fold lower than that of the wild type KW20

(9.0 x 10).

3.4 RR1150 pilB knockout was complemented by wild type pilB

To confirm that insertion of a CRE promoter before pilC eliminated polarity, the pilB
knockout in RR1150 was tested for complementation by the pilB—expressing plasmid
pSUPILB. A strain RR1151 was constructed by transforming plasmid pSUPILB into
RR1150. Transformation assays were performed using RR1150 (ApilB: .'KanR/CRE
/pilC), RR1151 (RR1150 complemented with pSUPILB), KW20, and RR1136 (KW20
carrying pSUPILB). The result showed that RR1151, with the Wild type pilB introduced
on the plasmid pSUPILB, had an average transformation frequency of 6.2 x 10, which is
only 6.6 fold lower than the average transformation frequency of 4.08 x 10” of KW20

(Fig. 3.5).
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Fig. 3.4 Construction of RR1150. In construction of pBKanCREC, restriction analysis showed that a plasmid pBKan(CREC), containing

>5 tandem insertions of the 1537 bp CREC/pilC fragment was obtained instead of pPBKanCREC. Since pBKan(CREC), carries the final

fragment for a non-polar pilB knockout construction, it was used to generate the strain RR1150.

pilB::KanR/CRE/pIIC (RR1150)

61



1.00E-02

& 100E-03
£

3

3 1.00E-04
o

-

¢ 1.00E-05
9

™ 1.00E-06
g L

S

% 1.00E-07
c

e

~ 1.00E-08

1.00E-09 ’ : :

Kw20 - RR1150 RR1151 RR1136
42 %103 64 %109 6.6)(104 61x10-3

Fig. 3.5 Transformation tests of the pilB knockout in RR1150 complemented with wild

type pilB.

Although the transformation frequency of the complemented pilB strain RR1151 is close
to that of the wild type; it is still considerabl)} lower than expected for a full
complementation. To examine whether the regulatory sequence added next to the 5 of
pilCis correc£, the region of CRE and the promoter in pPILC was sequenced ﬁsing the
prime; PilBr. An A-fo—G substitution was detécted in the —10 area of the putative
promoter (46), which could explain the low complementation. The substitution is also

expected to be present in the CRE promoter of pilC in RR1150. This substitution may
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have reduced the expression of the downstream gene pilC and pilD, which was supported
by the later real time PCR that showed the e)tpression of pilC in RR1150 was about 3.7
fold lower than that of KW20 (Table 3.2). Thus the incomplete complementation
observed in RR1151, was still caused by pc;larity, although indirectly. Nevertheless,
introduction of a wild type pitB into RR1150 has restored the transformation more than
107 fold, suggesting the pilB knockout in RR1150 is sufficient to account for the
transformation deficiency of RR1150. This strain was used for later experiments and for

construction of derivative strains.

Later sequencing analyses indicate that the A-to-G substitution found in the —10 segment
of pPILC was originated from pPILB, the very first clone of H. influenzae pilB fragment
(Fig. 3.6, Fig. 3.7). Therefore the pPILB-derived pSUPILB, used for complementation of
RR1150, should have the substitution as well. This was confirmed later by DNA

sequencing of pSUPILB.
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Expected promoter
sequence of pilA from
TIGR (wild type)

'Observeded proanoter
sequence in pPILB

Ohbserveded promoter
sequence in pSUPILB

Observeded promoter
sequence of piiC in pPILC

TTTTCACENTGTCGTTGCCAACARAGGCTTAATAAAAGGAAAATGARTGARATTAAC

-10 transcription RES start

start codon
TTTTEACGATGTCCTTGCCARCAARGGCTTAATAAANMGGAAAATCGARTGAAATTAAC

transcription RES start

start codon

TTTTEACGNIGTCGTTGCCAACAARGCGCTTAATAAABGGAARATGARTGAAATTAAC
-10 ‘ transcription RES staxt

TTTTE AL ERTGTCGTTGCCAACAARGGCTTAA TAAAAGGAAAATGAATGAAATTAAC

-19 transcription . REBES start
start codon

| Fig. 3.6 The expected and observed sequences around the —10 region of pil promoter in
the wild type and in pPILB, pSUPILB and pPILC, showing the A-to-G substitution.
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Fig. 3.7 Relationships between the plasmidé of this study and the strain RR1150.

Table 3.2 Expression level of pilC in the non-polar pi/B knockout compared to that of

the wild type.
Real Time PCR 1 Real Time PCR 11
pilC expression in competent 129 146
KW20
Average pilC expression in 33 ' 42.8
RR1150 complemented with Pa - =
pilB,T
pilC expression in RR1150 Average 1:3.7
relative to that of KW20

Note: :

(1) The quantities of the expression were normalized by the gene murG, the expresswn of
-which is constant.

(2) The pilC expression of the knockout came from the expression data of the P. aeruginosa
pilB, T complemented RR1150.

(3) Pa=P. aeruginosa
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3.5 Transformation defect of RR1150 is at the level of DNA uptake

As mentioned in the Introduction, natural competenée includes steps in which DNA is
bound, taken up, translocated across the outer and inner membranes and sometimes
recombined with its homologous counterpart in the genome. A defect at any of these
steps could be responsible for the transformation defect of RR1150. However, DNA
binding and uptake would be expected to be normal if the defect occurs in the
downstream steps such as translocation or recombination. As mentioned in Section 3.1,
H. influenzae PilB was predicted as a Tfp-related ATPase responsible for assembly -
and/or retraction of the putative Tfp-like apparatus, which in other bacteria acts as DNA
uptake machinery. RR1150 is expected to be deficient in DNA binding and uptake. To
test this, DNA binding and uptake assays were performed for RR1150, using **P-end-
labeled Hinfl fragments of KW20 DNA. MIV-induced KW20 and RR1151 (RR1150
complemented with pSUPILB) were used as positive controls for DNA binding and
uptake, and non-competent KW20 cells (in exponential phase) were used as a negative

control.

According to the current model, Type IV pili (or pseudopili) provide the structural basis
for DNA binding, whereas retraction of Tfp drives DNA uptake. In H. influenzae, PilB is
predicted to be required for assembly, or for both assembly and retraction of the Tfp-like
machinery. In either case, knocking out pi/B would result in a failure in Tfp assembly.
Therefore no DNA binding & uptake is expected in RR1150. The assays of DNA

binding plus uptake showed that the amount of DNA associated with RR1150 cells was ~

66



500 fold lower than that of the wild type KW20, and was not significantly different form
that of the negative control (Fig: 3.8). This result indicates that RR1150 can neither bind
nor take up DNA. The DNA binding and uptake of RR1151 (RR1150 complemented
with pSUPILB) is ~7 fold lower than that of the wild type, but ~57 fold higher than that
of RR1150. The defect in RR1150 suggests that the pilB.knockout strain was unable to
assemble a Tfp-like apparatus, thus leading to the strongly decreased DNA binding and

uptake.
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Fig. 3.8 DNA binding and uptake of RR1150. After incubation in MIV medium for 100
min, cells were incubated with o->P-dATP labeled KW20 DNA. DNase I was not added
so that total cell-associated DNA (DNA bound or taken up) could be measured.

Competent KW20 and RR1151 (RR1150 containing pSUPILB) were used as the positive
controls, and non-competent KW20 (cells in log-phase) was used as the negative control.
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3.6 Introduction of P. aeruginosa pilB and pilT into the H. influenzae

pilB knockout
As mentioned above, PilB is the only H. influenzae Rd ATPase-like protein in the PilB,
PilT and PilU family. If all the Bacteria that have Tfp or Tfp-like machinery share similar
mechanism in DNA binding and uptake, either H. influenzae PilB performs the functions
of both Tfp biogenesis (required for DNA binding) and retraction (required for DNA
uptake), or PilB only functions in Tfp assémbly and another as-yet-uncharacterized

protein is responsible for Tfp retraction.

3.6.1 Overview

Complementation of pili genes and type II secretion genes with foreign homologues has
been reported (21, 30,42, 68). P. aeruginosa PilB/PilT and N. gonorrhoeae PilF/PilT are
the only well-characterized ATPases systems required for Tfp biogenesis/retraction.

Both P. aeruginosa PilB and N. gonorrhoeae PilF share high similarity with H.
influenzae PilB (identities 38% and 41%, BLAST E value 4e-89 and 2¢-73) (see Table
3.1). Since P. aeruginosa PAO1 PilB and PilT are a closer homologues of H. ihﬂuénzae
PilB than N. gonorrhoeae PilF and PilT, they were chosen for complementation of the H.
influenzae pilB knockout RR1150 and for identification of the specific role of H.
influenzae PilB in DNA uptake. If H. influenzae PilB is needed for both pseudopilus
élongation & retraction, complementation of the pi/B knockout would not be observed
unless both P. aeruginosa pilB >and pilT have beén introduced (Table 3.3). If P.
aeruginosa PilB can complement the assembly defect of H influenzae pilB, then

introduction of P. aeruginosa pilB might restore DNA binding but not uptake in RR1150.
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On the other hand, if another H. influenzae protein is responsible for Tfp retraction,

introduction of P. aeruginosa pilB would be able to restore both DNA binding and uptake

in the H. influenzae pilB knockout. However, if P. aeruginosa pilB and pilT cannot

interact with the H. influenzae Tfp genes, no complementation would be observed.

Table 3.3 Hypothesis about complementation of H. influenzae pilB with P. aeruginosa

PAO1 pilB & pilT
Introduced P. Trans- DNA DNA
aeruginosa formation binding uptake
gene ‘
P. aeruginosa | Hypothesis I - - - -
iIB and pilT
pr=and pt H. influenzae pilB pilB - + -
able to .
complement required for ir
P required for both p ) ) )
assembly and pilB + pilT + + +
retraction
Hypothesis 11 - - - -
H. influenzae pilB pilB + + +
required only for o
Tfp assembly pt i ) i
pilB + pilT + + +
P. aeruginosa pilB and pilT cannot - - - -
interact with H. influenzae Tfp o
. pilB - - -
proteins
pilT - - -
pilB + pilT - - -
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P. aeruginosa PAO1 pilB and pilT were cloned using similar strategies, placing each gene

under the control of the CRE promoter of the H. influenzae pil operon (Séction 2.2.3).

However, two possible start codons are found in the 5’ of both P. aeruginosa pilB and

pilT (Fig. 3.9) (87). Sequence alignment of PilB homologues indicated that ATG,, rather

than GTG,,,, is the real start of translation of pi/B, because the region from 0-117 bp is

well conserved in homologues. Analysis for PilT, however, could not identify the true

start codon of pilT from the two codons ATG, and GTG_,,, because only 4 amino acids
were involved. The sequences upstream of both pilT putative start codons were also
examined for ribosome binding sites. An oblvious consensus sequence for a possible
ribosome binding site could not be found. Consequently, two pilT plasmids were

constructed, each using one of the candidate start codons.

Three types of P. aeruginosa plasmids were generated, containing pilB (pPAPB), pilT

(pPAPT and pPAPT?2), or both (pPAPBT and pPAPBT?2), and were transformed into the

H. influenzae pilB knockout RR1150. Plasmids containing P. aeruginosa pilB and pilT

are listed in Table 3.4.
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| Putative coding seq. 1(1701 bp)
PAD1 pilB : latag >
letanz >
|‘ Putative coding seq. |1(1584 bp)
Putative coding seq. |
~ 106bp
PAD1 pilT: aTG _
. TTG -12 ’ o
Putative codingseq.ll
(1047bp)

Fig. 3.9 Graphic preséntation of the two putative coding sequences of P. aeruginosa pilB
and pilT.

Table 3.4 Constructed P. aeruginosa plasmids.

No. | plasmids P. aeruginosa gene Start codon
1 pPAPB pilB
2 pPAPT - pilT Starts at ATG,
3 pPAPT2 pilT Starts at TTG‘12
4 | pPAPBT pilB and pilT pilT starts at ATG,
5 | pPAPBT2 pilB and pilT pilT starts at TTG.,,
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3.6.2 Cloning of P. aeruginosa pilT

3.6.2.1 Construction of pPAPT and pPAPT2

Fragments of 1100 bp (pilT, from start codon ATG,) and 1112 bp (pilT2, from GTG.,)

containing either possible P. aeruginosa pilT coding sequences were amplified from

chromosomal DNA (Fig.2.6) and cloned into a pSU20 based vector containing a CRE

promoter of the H. influenzae pil operon, to get the plasmids pPAPT and pPAPT2.

As indicated by DNA se_quencing, an A-to-G substitution in the putative —10 region of
the promoter was found as well in both pPAPT and pPAPT2, as was found in the pPILC
construct (Section 3.4) (Fig. 3.6, Fig. 3.7 and Fig. 3.10). As shown in the polarity
examination of RR1150 (Section 3.4), the A-to-G substitution did not cause dramatic
decrease in the expressibn_ of the déwnstream gene, because the transformation frequency
of the complemented strain RR1151 (RR1150 complemented with pSUPILB) was only
6.6 fold lower than that of the wil‘d type but was more than 10°fold higher than that of the
pilB knockout. The pPAPT and pPAPT2 constructs were used afterwards for
construction of pPAPBT (containing P. aeruginosa pilB and pilT that starts at ATG,),
pPAPBT?2 (containing P. aeruginosa pilB and pilT that starts at GTG ,,) and for |

complementation of the H. influenzae pilB knockout. .
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Wild type |L non- polar #.

f.infuenzae o o mwenzae pitB infuenzae pile pit8 " piC
pSUPILB —I:b— pPILC
H. influenzae pifB
pPAPB pPAPT
pPAPT2 : pPAPBT
P. aeruginosa pT
pPAPBT2 ~

PapiT  PapilB

Fig. 3.10 The strains and plasmids with or without the A-G substitution in the putative
-10 segment (indicated by x ). Pa = P. aeruginosa.

3.6.2.2 Construction of pPAPB

The strategy used to construct pPAPT and pPAPT?2 was initially also used to construct -
the P. aeruginosa pilB plasmid pPAPB. However, sequencing of the constructs revealed
th'ét deletions occurred at the ligation joint of the end of the pilA promoter and start of
pilB.' The problem was not resolved by several modifications in experimental procedures.
Therefore toxicity of P. aeruginosa pilB to the host cells DHS(x was suspected. The

‘ori ginal cloning strategy was modified by shifting the breakpoints in the promoter and in
pilB (Fig. 2.7, Fig. 2.8). Instead of cloning only the coding sequence of pilB, a fragment |

extending 200 bp upstream was amplified from P. aeruginosa chromosomal DNA and
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inserted into.a pSU20 based vector containing a shortened version of H. influenzae pilA
CRE promoter (simplified as pSU-CRE vector below). The unwanted P. aeruginosa pilB
promoter was then removed, so that the final plasmid pPAPB contained the P.

aeruginosa pilB gene and RBS under the H. influenzae pilA promoter.

The sequence of pilB and the upstream CRE promoter in pPAPB #6 was examined by
DNA sequencing using primers SpBEf, SpBr, SpBf and PilBr (See Section 3.6.2.4
below). pPAPB #6 was used for heterologous complementation tests and for

construction of pPAPBT, pPAPBT2, as described below.

3.6.2.3 Construction of pPAPBT and pPAPBT2

To get plasmids that express both P. aeruginosa pilB and pilT, the inserts of pPAPT and
pPAPT2 were released with Nhel/Spel double digestion, and subcloned into Spel-
linearized pPAPB (Fig. 2.9). The resultant plasmids were designated pPAPBT and

pPAPBT?2, respectively.

3.6.2.4 Sequencing of the P. aeruginosa plasmids in E. coli

All five P. aeruginosa plasmids (pPAPT, pPAPT2, pPAPB, pPAPBT and pPAPBT?2)
were examined by DNA sequencing after they were constructed in DH5a.. As in
pSUPILB, the source of the CRE promoter, both pPAPT and pPAPT?2 bears the same A-
to-G substitution that tuned the original putative —10 from CACAAT to CACGAT. For
unknown reason, however, the ~10 area in pPAPB was restored to wild type CACAAT,
although the CRE promoter originated from pSUPILB (Fig. 3.5, Fig. 3.6). 2 bases (CC)

were also lost at the joint of the ligation in pPAPB (Fig. 3.11). However, as mentioned in
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Section 2.2.3.2, the number of bases between the transcription start and RBS was
determined arbitrarily in pPAPB, because the sequence in this area plays no significant
role in the initiation of gene expression. The 2 bases deletion should not significantly

affect the expression of pilB.

The other two plasmids pPAPBT and pPAPBT?2 that are derived from pPAPB and
pPAPT, consequently, both of the pilT promoters bear the substitution, whereas both of
the pilB promoters are wild type (Fig. 3.9). Nevertheless, the rest of the sequences of all

the 5 plasmids have no changes.

Deleted bases
transéription ' start
Pridicted: sequence ") E— 10 —_— s }tm‘ it P -YRBS codon.
‘thePApIlB clone. EACGATGTCGTTGCCRACAAAGECT TCTEEGAT TCCTT. CCCWGACAG
H:inftienzpe promoteér X pilB coding seq;.
-Sequence from H. -infhienzae- <L> :Sequence fromPAOL ’
’ llgatmn _]omt :
Sequence of the -10 start . RBS
resultant. pAp,m :clone TTTTERCHATCTCGTTGCCHACAAAG] TCT-TTCCTTCCCGACAG
: . infiiciizae  promoter: PilB coding seq;

Fig. 3.11 The sequence of pPAPB #6 at the ligation joint, showing the CC 2 base .
deletion and the restored wild type —10 sequence.

75



3.6.3 Construction of H. influenzae strains bearing both the pilB

.knockout and the P. aeruginosa plasmids
The‘non-'/polar H. influenzae pilB knockout in RR1150 prevents transformation, so cells
carrying both the pilB knockout and potentially complementing plasmids were
constructed indirectly by first transforming the plasmids into the wild H. influenzae strain
KW?20 and then introducing the chromosomal pi/B knockout by transformation (Fig.
2.10). vThe resultant strains are RR1156 (RR1150 complemented with pPAPT ), RR1157
(RR1150 complemented with pPAPB), RR1158 (RR1150 complemented with pPAPBT),
RR1159 (RR1150 complemented with pPAPT2) and RR1197 (RR1150 complemented

with pPAPBT2).

Because of the severe interference caused by the HindIII restriction system in H.
influenzae, great difficulties were experienced in the earlier attempts to transform the
plasmids pPAPB, pPAPBT and pPAPBT?2 into H. inﬂuenzae (data not'shown), as these
three plasmids contain a number of HindIlI sites. To pfcvent the digestion of the
plasmids by HindIll, they were treated with methylase HindIII before transformation into

KW20.

3.6.4 Sequences of the P. aeruginosa plasmids in H. influenzae pilB have

no mutations

All the 5 P. aeruginosa plasmids in the H. influenzae pilB background were re-

sequenced. No changes were found compared to the plasmids from E. coli (Section

3.6.1.4).
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3.6.5 The P. aeruginosa genes were strongly expressed in H. influenzae

pilB

To examine the expression of the P. aeruginosa pilB, pilT genes in H. influenzae, real

~ time PCR was performed for the complemented H. influenzae pilB knockouts. To induce
CRE-regulated genes, exponentially growing cells were transferred into MIV and
incubated as usually done for competence induction. The expression of P. aeruginosa
pilB and pilT Was measured by real time PCR of cDNA reverse transcribed from RNA
samples of the above MIV cells. The result showed that both pilB and pilT were strongly

expressed in H. influenzae pilB (Fig. 3.12 and Fig. 3.13).
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Fig. 3.12 Expression level of P. aeruginosa pilB in the H. influenzae pilB background
relative to the expression of H. influenzae pilC, assuming the expression of pilC is 1. The
expression level of P. aeruginosa pilB was compared to that of H. influenzae pilC in the |
same strain (e.g. the expression of P. aeruginosa pilB in RR1158 was compared to the
pilC expression in RR1158 according to the difference in the cyclé numbers). In order to
know the expression of P. aeruginosa pilB relative to a wild type H. influenzae
competence gene, the expression of pilC was normalized to the wild type level by
subtracting 1.87 from its cycle number, because the expression of pilC in the pilB
knockout is ~3.7 fold lower than that of KW20 (Section 3.4). Assuming ~ 2 fold/cycle
difference of PCR amplification, the cycle number difference between RR1150 pilC and
a wild type pilC expression was obtained by the formula 2 = d exp (dCt = cycle number
difference, d .,, = difference in expression).

78



1.00E+03

f pilT

1.00E+02

ive expression o

1.00E+01

1.00E+00 -

Relat

1.00E-01 4

wt pilC  50/pT 50/pT2 50/pBT 50/pBT2

Fig. 3.13 Expression level of P. aeruginosa pilT in the H. influenzae pilB background
relative to the expression of H. influenzae pilC, assuming the expression of pilCis 1. The
expression level of P. aeruginosa pilB was compared to that of H. influenzae pilC in the
same strain (e.g. the expression of P. aeruginosa pilT in RR1156 was compared to the
pilC expression in RR1156 according to the difference in the cycle numbers). The

expression of pilC has been normalized to the level of pilC in a wild type. See Fig. 3.11
for explanation. ) ’
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3.7 The transformation defect of H. influenzae pilB could not be

restored by P. aeruginosa pilB and pill

If P. aeruginosa pilB and pilT afe together functionally equivale.nt to H. influenzae pilB,
and. can interact with other H. influenzae Tfp genes, the defect of pilB should be restored
effectively by introduction of P. aeruginosa pilB, pilT into pilB. Transformation assays
were employed using the strains RR1156 (RR1150 complemented with pPAPT), RR1157
(RR1150 complemented with pPAPB), RR1158 (RR1 150 complemented with pPAPBT),
RR1159 (RR1150 complemented with pPAPT2) and RR1197 (RR1150 complemented
with pPAPBT2). KW20, RR1150 (ApilB::Kan*/CRE/pilC) and RR1151 (RRI 150
complemented with pSUPILB) were used as controls. No complementation was
observed in any of the constructs (Fig. 3.14). In the severél transformation tests
performed, the non-polar pilB knockout complemented by the plasmid copy of wild type
H. influenzae pilB, RR1151, had a transformation frequency approximately 6.8 fold
lower than that of KW20, confirmed the previous result in polarity examination of -
RR1150 (Section 3. 2.4). The transformation frequencies of the H. influenzae pilB
knockout complemented with P. aeruginosa pilB and pilT, however, were all below 8.5 x
107, which are not significantly different from that of the uncomplemented strain

RR1150 (= 8.1 x 10”).
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Fig. 3.14 Transformation assays of the P. aeruginosa pilB, pilT complemented H.
influenzae pilB. The numbers below the figure are the average transformation
frequencies.

3.8 The defect of DNA binding and uptake of H. influenzae pilB could

not be complemented by P. aeruginosa pilB and pilT
If introduction éf P. aeruginosa genes only restores the Tfp biogenesis function of H.
influenzae pilB, but not the retraction of the Tfp-like mabhinery, then the cells containing
the above constructs might only bind DNA but not take it up. To examine this, DNA |
binding experiments were performed using *P-dATP end-labeled Hinfl fragments of
KW20 DNA. None of the five complemented H. influenzae pilB strains had detectable
DNA binding (Fig. 3.15). The radioactivities associated with the cells of the five strains

and RR1150 were at similar levels, which all were more than 10*fold lower than that

~ associated with KW20 cells.
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Fig. 3.15 DNA binding assays of the P. aeruginosa pilB, pilT complemented H.
influenzae pilB.

3.9 Discussion

The pil operon is required for natural‘.transformation in H. influenzae Rd (23). To
investigate the specific mechanism of Tfp mediated natural competence, the second gene
of this operon, pilB, was chosen as the focus of this study. Seciuence anal‘ysisf predicts
PilB to be a GspE family ATPase responsible for Tfp biogenesis (49). However, the
absence of a PilT homologue in H. influenzae led to séveral speculations about PilB’s

function (Section 3.1).

Inactivation of H. influenzae pilB with a noh—polar Kan® insertion, eliminated natural
competence. The defect was because the mutant was unable to bind and take up DNA.

When the pilB knockout was cdmplemented with the homologous genes pilB and pilT
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from P. aeruginosa, neither transformation nor DNA binding and uptake were restored,

—

although the P. aeruginosa genes were strongly expressed.

P. aeruginosa and N. gonorrhoeae are the only species where the roles of PilB & PilT are
well established. P. aeruginosa PilB and PilT are closer homologues of H. influenzae
PilB than N. gonorrhoeae PilF and PilT (Table 3.1, Table 3.5). Therefore they were

chosen for complementation of H. influenzae pilB.

Complementation with a heterologous protein has been commonly used for investigation
of a protein’s function. The probability of producing a functional hybrid machinery
depends on the phylogenetic distance between the orgaﬁisrﬁs and the extent of the .
similarity between the ~proteins involved. In Type II secretion systems (T2§s), most
components have exchangeable examples except GspC (a component unique to T2ss) and
| GspD (a PilQ homologue) (30). In Tfp systems, there are sevéral reported cases of
complementation by heterologous proteins, including pilin, peptidase and GspE family
ATPases (21, 42, 68, 80). A cosmid clone bearing Pseudomonas syringde pv. Tomato
DC3000 DNA was able to complement a mutation of the pilB gene in P. aeruginosa (75):
In Aeromonas hydrqphila, the gene tapB was identified to be a homologue of P.
aeruginosa pilB by its ability to complement a bilB mutation in P. aeruginosa (68),
although A. hydrophila is not more closely related to P. aeruginosa than H. influenzae
(Table 3.5). Another Tfp protein that can substitute the homologue in other species is
peptidase (PilD homologues), probably because its function is solely enzymatic aI}d PilD

does not need to interact with other proteins (21, 30, 68, 75). The most permissive T2ss
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and Tfp components are pilins and pseudopilins, which: can often be exchanged, more or

less efficiently (30, 42, 80).

Table 3.5 Taxonomic relationships between Haemophilus influenzae, Pseudomonas

aeruginosa, Nesseria gonorrhoeae and Aeromonas hydrophila (adapted from NCBI).

Class

Bacteria Order

Neisseria gonorrhoeae Betaproteobacteria N eisseriales
Aeromonas hydrophila Gammaproteobacteria Aeromonadales
Haemophilus influenzae Gammaproteobacteria Pasteurellales
Pseudomonas aeruginosa Gammaproteobacteria Pseudomonadales
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However, complementation does not often occur,' despite the conservation of the Tfp
systems and Type II secretion systems (30, 78), suggesting that there is specificity within
the machinery itself. The situation of GspE like ATPases appears to be especially
complicated. In addition to the nucleotide binding motifs in the C-termini that are
thought to perform the enzymatic function, the N-termini may interact with other
proteins, thus determining species specificity (30). Sandkvist showed that T2ss V.
cholerae EpsE (GspE homologue) is associated with and stabilized by the cytoplasmic
membrane via interaction with EpsL (79). In P. aeruginosa, localization of PilB to both
poles of the cells requires .PilC, suggesting that PilB and PilC interact (15). Therefore, in
addition to the phylogenetic distance of the two organism involved, the functional
interactions between the introduced protein and other members of the Tfp machinery in

the organism are also important constraints on heterologous complementation.

In P. aeruginosa, although ’the pilB mutation was complemented by Aeromonas
hydrophila tapB, the two proteins PilB and TapB are substantially more similar than the
H. inﬂuenzaé & P. aeruginosa PilBs. The failure of P. aeruginosa PilB and PilT to
complement the H. influenzae pilB knockout, therefore, is likely to be at least partly
because the P. aeruginosa homologues could not interact with H. influenzae PilC to form

a functional hybrid Tfp machinery.

However, the result of a recent work and our sequence analyses suggest that the reason of
the non-complementation of PilB in this study may also be because the difference in the

Tfp energetics of H. influenzae and P. aeruginosa. Another H. influenzae strain has been
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recently shown to express functional Tfp and twitching motility (7), the first report of
type IV pili in H. influenzae. It was also shown that the Type IV pili in this strain are
required for twitching motility, which in other Tfp systems requires pilus retraction.
Howe\;er, a PilT protein was not found in this H. influenzae. This raised the question of
which protein would drive the retraétion required for twitching motility. Since a PilT is
absent in H. influenzae Rd as well, I was interested to see whether there is a PilT in A.
pleuropneumoniae and P. multocida, the‘ other two Pasteurellaceae sbecies that possess

type IV pili (76, 102). Similarly, a PilT was not found.

PilT proteins are required for Tfp retraction and Tfp mediated functions (e.g. adhesion,
cell motility) in Gram negative baéteria including P. aeruginosa, P. stutzeri, N.
gonorrhoeae, Myxococcds xanthus, Aquifex aeolicus, Synechocystis ;p. PCC 6803 and
Ralstonia solanacearum (9, 37, 50, 94, 98, 101). The absence of a PilT homologue in
Pasteurellaceae implies the presence of an as-yet-uncharacterized protein to provide the
force for Tfp retraction, and a difference between energetics of Tfp in Pasteurellaceae

species and other Gram negative bacteria.

On the other hand, however, the Pasteurellaceae species may not need a protein to drive
Tfp retraction. In P. stutzeri, an insertion in the pilT gene resulted in a hyperpiliated
mutant, which was able to bind DNA but could not take it up (37). This transformation
defect was suppressed by replacement of the six C-terminal amino acids in the pilin
subunit PilAI with six histidine residues. It was hypothesiz.ed in the study that the pilT-
independent transformation can promoted by mutant PilA protein either as single

molecules or as minimal pilin assembly structures in the periplasm which may resemble
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depolymérized pili, and that these cause the outer membrane pores to open for DNA
entry. Both of these two explanations have problems. Studies have shown that DNA
binding is a function of intact pili (91). Therefore the DNA uptake machinery has to be a
Tfp-like assembly that is at least long enough to penetrate to the outside of the outer
membrane to reach DNA, although fimbriae may not be seen on the cell surféce. The
current model postulates that the assembled Tfp fimbriae are translocated across the outer
membrane through the secretin pore of PilQ (16). -Since the predicted structure of Type
IV pilus does not have space for a DNA channel in the center of the pilus (47),
transforming DNA is thought to be transformed through the PilQ secretin pore (6, 26).
DNA would not be allowed to come in until the secretin pore become unoccupied by
pilus disassembly. Therefore; disassembly of the Tfp-like machinery into the periplasm
would be required for transport of DNA. Consequently, a more plausible explanation of
the observation in the above study would be that the mutation in PilAI altered the .
association between the piiin subunits such that the pilus assembly was shorter and less
stable at the base than a regular pilus and it spontaneously depolymerized when PilB was

not active, thus a PilT protein was not needed.

Similarly, the absence of a PilT-like ATPase in Pasteurellaceae species, therefore, may
also be because a PilT protéin is not needed. Sequence analysié showed some
considerable differences between the prepilin protein PilA of nbntypeable H. influenzae
and other Type IV pilins (7). T};e leader peptides of nontypeable H. influenzae prepilins

are longer than that of P. aeruginosa and N. gonorrhoeae prepilins, whereas the length of

the mature pilins in nontypeable H. influenzae are shorter than that in P. aeruginosa and




N. gonorrhoeae. The sequence features of H. influenzae pilins are also fo{und in the pilins
of A. pleuropneumoniae and P. mb'tltocida (data not shown). The Tfp fibers of the
Pasteurellaceae speéies may be able to disassemble from the base spontaneously from the
base when PilB is not active, therefore a PilT protein would not be required and the pilT

gene might have been lost during evolution.

In summary, the absence of a PilT protein in Pasteurellaceae may be either because an-
as-yet uncharacterized protein drives Tfp retraction, or a PilT is not required for pilus
disassembly in ‘Pasteurellaceae. To test which of the above hypotheses is right,
experiments can first vbe done in either of the two H. influenzae strains, to look for the
putative protein that the first hypothesis predicts to drive the Tfp retraction in |
Pasteurellaceae species. According to the first hypothesis, this protein should be unique
to Pasteurellaceae species. Moreover, if Pasteurellaceae Tfp are disassembled at the
base, the protein that drives retraction may not be in the outer membrane and would be
either in the periplasm, or intrinsic or peripheral to the inner membrane. This as-yet-
uncharacterized protein could be an ATPase that does not belong to the GspE family, or
could use another energy source, such as proton motive force. Brerﬁer,_ et al. showed that
proton motive force is needed for DNA uptake by H. influenzae (11). Comparison
analysis of the genomes of H. influenzae and P. aeruginosa can be performed to look fqr
genes present in Pasteurellaceae but not in P. aeruginosa. Sequence analysis including
BLAST search and reserved domain analysis could be used to predict location and
function of the proteins. Subsequently, High-throughput gene mutagenesis can be used.

A gene whose knockout strain can bind DNA but cannot take it up in H. influenzae Rd, or



a gene whose knockout can express Tfp but is deficient in twitching motility in the other
H. influenzae strain that possess visible Tfp, would be the bne responsible for Tfp
retraction. As a result, if such a protein cannot be found, it would suggest that a protein
may be unnecessary in Pasteurellaceae. However, more convincing evidence would be

required to confirm it.

The lack of another GspE family protein and of visible Tfp in H. influenzae Rd, makes it
- difficult to test whether H. influenzae PilB function both in the assembly and retraction of
the Tfp-like machinery or only function in assembly. Due to the failure of
complementation by P. aeruginosa homologues, H. influenzae PilB's specific function in
DNA uptake remains unidentified. However, sequence anailysis indi_cates that H.
influenzae PilB is more related to PilB proteins than to PilT proteins (67, 69). These
suggest that H. influenzae PilB only functions in the assembly of the Tfp-like DNA
uptake machinery, although more convincing evidence is not available yet. Furthermore,
the existence of functional type IV pili in some Pasteurellaceae in the absence of a PilT
homologue suggests that a GspE family ATPase may not be required for retraction of the

type IV pili in this family (7, 76, 102).

In future experiments, a H. influenzae strain that can ekpress visible pili would be useful
to identify i’ilB’s .specific function in Tfp assembly/retraction. It has been shown that the
majority of cells of H. inﬂuenzaé 86—'028NP express Tfp only when growing under
defined nutrient conditions at an alkaline pH (pH8.5 t0 9.0) (7). H. influenzae Rd might

also do so under similar conditions. On the other hand, the hypertransformable Sxy
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mutant strain might be able to express visible Tfp as well, because pilin genes are
hyperinduced in this strain (73, 74). If either of the above can express visiblé Type IV
pili, electron microscopy and/or motility assays using agar slabs can be ﬁsed to examine
Tfp expression in the above strains and in the pilB knockout RR1150 (7). The presence
of visible Tfp in the wild type H. influenzae or in the Sxy mutant, and the absence of Tfp

in RR1150 would indicate that PilB is responsible for Tfp assembly.
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