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ABSTRACT

The intracellular pathogen Legionella pneumophila replicates in a membrane-bound
compartment known as the Legionella-containing vacuole (LCV) where it abundantly
releases its chaperonin HtpB, suggesting that HtpB may have virulence-related functions.
To assess these functions, I attempted to construct an L. preumophila AhtpB mutant but
was unable to do so, likely because AtpB is essential. In the absence of genetic deletion,
functional tests were used to study the released HtpB. A small portion of the HtpB in L.
pneumophila-infected cells was found in the cytoplasm of the infected cells, as judged by
the CyaA reporter assay. To identify potential functions of the HtpB present in the
eukaryotic cytoplasm, htpB was ectopically expressed in Saccharomyces cerevisiae.
HtpB induced pseudohyphal growth (PHG) in yeast, suggesting it interacts with
eukaryotic targets. A yeast two-hybrid screen showed that HtpB interacted with SAMDC,
an essential yeast enzyme encoded by SPE?2 that is required for polyamine biosynthesis.
Overexpression of SPE2 induced PHG in S. cerevisiae, suggesting that HtpB induces
PHG by activating polyamine synthesis, and that L. pneumophila may require exogenous
polyamines for growth. A pharmacological inhibitor of SAMDC reduced L. pneumophila
replication in host cells, whereas exogenous polyamines enhanced intracellular growth.
Bioinformatics revealed that most known enzymes required for polyamine biosynthesis in
bacteria are absent in L. pneumophila, suggesting that L. pneumophila depends on
exogenous polyamines transported from host cells. L. pneumophila possesses only one
putative operon, potABCD, which encodes a polyamine transporter. Using GFP as a
reporter of potABCD promoter (P,..4), we found that P, activity was turned on during
exponential phase of growth in vitro. To test the potential function of this transporter in
pathogenesis, potD was deleted. Although deletion of potD did not affect L. pneumophila
growth in vitro, it reduced L. pneumophila attachment to phagocytic cells, intracellular
growth, and the ability of the LCV to recruit vesicles. Collectively, these findings have
contributed to a better understanding of the biology of L. pneumophila by suggesting that
HtpB and PotD might collaborate to ensure a supply of polyamines required for the

optimal intracellular growth of L. pneumophila.
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CHAPTER 1: INTRODUCTION

The following topics will be discussed in this Chapter: (i) the current literature
regarding the ecology and molecular pathogenesis of L. pneumophila, (i1) polyamine
biosynthesis, transport, and cellular functions with particular regard to the roles of
polyamines in bacterial pathogenesis, (ii1) the biology, classification, and the multiple
functions of bacterial chaperonins, and (iv), the objectives and hypothesis of the work

presented in this thesis.

1.1. An Overview of L. pneumophila Biology

1.1.1. Legionellosis

Legionellae are Gram-negative bacteria that inhabit freshwater environments or soil
where they parasitize and replicate intracellularly in various protozoa (114).
Legionnaires’ disease (a severe atypical pneumonia) and Pontiac fever (a flu-like illness)
are the two most typical presentations of legionellosis (120,279). The first documented
outbreak of Legionnaires’ disease (LD) occurred in 1976, in and around the Bellevue
Stratford Hotel in Philadelphia, which was hosting a convention of the Pennsylvania
Division of The American Legion (36,120). Several of the attending members contracted
the disease and 34 people died (120). Several months after the Philadelphia outbreak, L.
pneumophila was identified as the causative agent (120,279). While many hotel workers
were sero-positive for L. prneumophila antibodies, they remained asymptomatic,

indicating that the bacterium was cleared by the immune system after infection. In fact,



the most serious cases of LD occurred only among immunocompromised individuals,
thus L. pneumophila was considered at the time an emerging opportunistic human
pathogen.

It is now known that humans acquire LD by inhalation of Legionella-contaminated
aerosols (fine airborne water droplets) with no person-to-person transmission being
documented (114). The link between aerosols and LD was not established until a second
large outbreak of LD occurred in Tennessee in 1978. This outbreak involved a
contaminated evaporative condenser which resulted in a hospital-wide illness (114). The
current understanding is that transmission of LD occurs primarily via contaminated water
aerosols containing legionellae. Therefore, aerosol-generating devices, such as cooling
towers, air conditioners, showers, and hospital ventilators are often implicated in the
spread of LD (113,114,352).

Although fifty-four Legionella species containing 73 serogroups have been
described (438), 90% of the LD cases in North America and Europe are caused by L.
pneumophila, and the majority of strains isolated from patients belong to serogroup 1.
The rest of the cases (10%) are caused by other L. pneumophila serogroups and other
Legionella species (442) such as L. longbeacheae. Even though considered rare,
Legionella-like amoebal pathogens (LLAPs), which are obligate intracellular bacteria
closely related to Legionella spp., also account for a number of respiratory diseases (276).
The mortality rate of LD varies from 5-30%, with a higher percentage occurring during
nosocomial outbreaks among immunocompromised individuals (114). Studies have
estimated that between 8,000 and 18,000 persons are hospitalized with legionellosis

annually in the United States, a number that may be grossly underestimated since many



infections go unreported or misdiagnosed (114). The prevalence of LD in Canada is low,
with approximately 75 cases reported annually (338). This is equivalent to 1.3-3.5
cases/1,000,000 people. L pneumophila serogroup 1 may be more common in Halifax
than in other Canadian cities (275). Indeeed, L. pneumophila is currently considered as a
chronic problem in the water system of some Halifax Hospitals. Therefore, our research
can expand our knowledge of L. pneumophila ecology and the means by which it spreads,
and aid our efforts in developing efficient methods for control of this bacterium.

For prevention of LD, there is no vaccine currently available against L. pneumophila.
Keeping Legionella out of water systems is the key to preventing LD. Plumbing systems
can be maintained to minimize the growth of legionellae. Water treatment using chemical
biocides (monochloramine or chlorine dioxide), copper-silver ionization, and thermal
control of the water in aerosol-generating systems are common measures used to
minimize transmission of LD (114,405).

Erythromycin was the most effective treatment in the first documented LD outbreak
of 1976. Recently, erythromycin has been replaced by newer macrolides, such as
clarithromycin and azithromycin, or by respiratory quinolones such as levofloxacin,
microfloxacin, and gemifloxacin (114,120). Although L. pneumophila is naturally
resistant to beta-lactam antibiotics, there are no documented resistances against the

clinically used antibiotics, making LD a treatable disease.

1.1.2. Culturing of Legionellae
L. pneumophila is able to grow in vitro, in buffered yeast extract (BYE) broth

medium or on buffered charcoal yeast extract (BCYE) agar containing L-cysteine (311).



L-cysteine is added to the medium in excess because L. pneumophila is a cysteine-
auxotroph and because L-cysteine is rapidly oxidized to L-cystine and thus becomes
unavailable to the bacteria. To avoid oxidation of L-cysteine, iron salts, like ferric
pyrophosphate, are added to BCYE agar to establish an equilibrium between cysteine and
cystine, maintaining a steady-state level of cysteine that promotes growth (96). The other
essential amino acids for L. pneumophila growth are provided in yeast extract (104),
which also provides many nutrients (e.g. polyamines). Addition of activated charcoal to
BCYE medium prevents photochemical oxidation of the medium, decomposes hydrogen
peroxide and superoxide radicals, and prevents light-accelerated auto-oxidation of L-
cysteine (179). L. pneumophila can be isolated dfrom respiratory fluids by growth on
BCYE, and identified by appropriate colonial morphology (white, glistening, circular,

smooth, and raised with entire edge.), and the requirement for L-cysteine (114).

1.1.3. Microbial Ecology of L. pneumophila

L. pneumophila wild-type strains are mainly inhabitants of aqueous environments
where they replicate intracellularly in protozoa, or survive in biofilms (114,117,304).
Since L. pneumophila is a cysteine auxotroph and unable to metabolize the oxidized form
of cysteine (cystine), L. pneumophila growth is limited to an intracellular reducing
environment where cysteine is accessible (96). It is not clear whether legionellae can
multiply extracellularly in aquatic environments without protozoa, but many reports have
suggested that they are able to survive for extended periods of time in aquatic biofilms
(292,322,346,347). Biofilms provide nutrients and shelter and thus provide a suitable

environment for bacterial persistence (114). It is widely known that L. prneumophila



forms long filaments, and filamentation has been linked to the ability of L. pneumophila
to form biofilms and survive in freshwater (322). L. pneumophila microcolonies have
been detected in biofilms without protozoa (348), and it has been experimentally shown
that L. pneumophila was able to feed (by necrotrophy) on heat-killed microbial cells
present in biofilms or water (401).

L. pneumophila multiplies intracellularly in different protozoa such as amoeba,
some ciliates, and slime molds, yet amoebae are considered the primary natural host
(352). Studying the interaction between amoeba and L. preumophila has improved our
understanding of L. pneumophila pathogenesis. It is strongly believed that protozoa
protect L. pneumophila from eradication by treatment of water with biocides, which may
explain why elimination of legionellae from water systems is often difficult. L.
pneumophila can survive for extended periods in water as a viable but non-culturable
(VBNC) form (6,386). It is thought that long-term survival of L. pneumophila in the
VBNC state occurs after treatment of water with monochloramine and chlorine (6,386).
The freshwater amoeba, Acanthamoeba castellanii, can resuscitate L. pneumophila from
its environmental VBNC state (6,386), suggesting that the VBNC form is capable of
initiating infections. Because amoebae are resisted to monochloramine, this might explain
why the presence of amoebae in water is associated with resistance of L. pneumophila to
monochloramine and quick re-colonization of water systems by legionellae (405).

Physiological changes in L. pneumophila that arise after growth within protozoa
are believed to contribute to human infection. For instance, L. pneumophila harvested
from amoeba cultures [thought to be the natural transmissive forms (TFs) of L.

pneumophila] invade mammalian cells more robustly than agar-grown bacteria (67).



Furthermore, the ability of L. pneumophila to replicate in high titres inside protozoa
allows for the delivery of a large infectious dose (352). In amoebae, or in freshwater
ciliates such as Tetrahymena species, L. pneumophila are expelled in vesicles or pellets
that could be easily inhaled to deliver a concentrated dose of legionellae in a single
infectious particle (26,27). This observation was supported by Brieland et al. (37) who
showed that, upon introducing a L. pneumophila co-culture with amoebae into mice, the
bacteria caused a more severe lung pathology and higher mortality as well as higher
bacterial counts in the mouse lung compared to infection with a pure L. pneumophila in
vitro culture. The above findings suggest that the legionellae-protozoa interactions not
only serve as a shelter against environmental stresses, but also induce virulence traits that

prime the bacteria for infection of the human host (150).

1.1.4. Developmental Cycle and Differentiation of L. pneumophila

When exposed to environmental changes, bacteria alter their physiology to tolerate
or to take advantage of the new conditions. For example, when soil bacteria such as like
Bacillus or Streptomyces are exposed to harsh conditions, such as nutrient limitation, high
temperature, or acidity, they differentiate from vegetative forms into resting cell forms
called endospores (286). When the environment becomes favorable for replication, the
endospores are reactivated and differentiate into vegetative forms. Similarly, nutrient
limitation induces the intracellular pathogen Chlamydia trachomatis to differentiate from
replicative reticulate bodies into environmentally resilient and non-replicative infectious

elementary bodies (161).



Morphological differentiation of L. pneumophila in protozoa was reported in early
studies (161,228,229,344). In 1986, Rowbotham (352) provided the first microscopic
evidence for the existence of two morphologically different forms of L. pneumophila: (i)
the non-replicative extracellular forms [recently named transmissive forms (TFs) or
mature infectious forms (MIFs)], which are short, display high motility, and have
numerous cytoplasmic inclusions of poly P-hydroxybutyrate (PHB), and (ii) the
intracellular replicative forms (RFs), which lack these distinct morphologies (352). In
1994, Cirillo et al (67) described similar structural and morphological observations.
These authors reported that amoebae-grown bacteria display a thicker cell wall, and
denser cytoplasm than agar-grown bacteria.

Byrne and Swanson (45) suggested a model to describe the regulation of L.
pneumophila biphasic developmental cycle in vitro (in laboratory cultures). They
observed that in vitro-grown stationary phase (SP) bacteria, but not exponential phase
(EP) bacteria, were salt sensitive (a phenotype of virulent L. pneumophila strains), motile,
resistant to osmotic stress, cytotoxic, and competent in escaping intracellular digestion by
macrophages. The authors suggested that SP bacteria correspond to the in vitro TFs of L.
pneumophila. Consistent with the in vitro-grown model, a direct correlation of
morphological changes to a developmental cycle was uncovered by ultrastructural
analysis using HeLa cells or Tetrahymena tropicalis as hosts (26,102,138). During
intracellular infection of HeLa cells, L. pneumophila alternates between replicative forms
(RFs), which are equivalent to in vitro EP bacteria, and metabolically dormant, highly
infectious cyst-like forms, or MIFs (which are the in vivo TFs) (138) (Fig. 1). For clarity,

and because the term TFs is more widely used in the literature than MIFs, I will refer to



MIFs as the in vivo TFs and to SP bacteria as the in vitro TFs. Compared to the
morphology of intracellular RFs, the in vivo TFs appear, by electron microscopy, as rods
with an electron-dense cytoplasm largely occupied by PHB, a thickened cell-wall
architecture, and a multi-laminated envelope of intracytoplasmic membranes formed via
invagination of the cytoplasmic membrane. These distinct features of the in vivo TFs are
thought to enhance their resistance to various stresses. Additionally, although the in vivo
and the in vitro TFs display several similarities, they do show distinct morphological,
physiological and biochemical characteristics (138). The in vivo TFs are more infectious
(10-fold) and more resistant to rifampin (3- to 5-fold), gentamicin (10- to 1,000-fold),
detergent lysis, and to high pH than the in vitro TFs (138). In addition, the in vivo TFs
display a different protein expression profile compared to that of the in vitro TFs as
determined by 2-dimentional gel electrophoresis as. These observations suggest that the
in vivo TFs represent distinct differentiated forms of L. pneumophila.

The stage-specific transition (from EP to SP or from RF to TF) is emphasized by
the intermediate morphological forms. Giménez staining can be used to distinguish
between the in vivo TFs and RFs. The in vivo TFs retain the carbol-fuchsin red color
(Giménez-positive) while RFs do not and are, therefore, stained green by the counterstain
malachite green (Giménez-negative) (Fig. 1) (138). Although the in vitro TFs also display
some phenotypic characteristics of differentiation (e.g. Giménez-positive staining), in
vitro, they never fully differentiate into the in vivo TFs. It should be noted that L.
pneumophila does not fully differentiate into in vivo TFs in macrophages, which could, to
some extent, explain why LD is not a communicable disease (138). If in vivo TFs are the

most infectious forms of L. preumophila, and these forms are not efficiently produced



during the infection of macrophages (the primary target cells during human infection), it
should be possible to explain the lack of person to person transmission based on this
observation. In contrast, a study by Molofsky and Swanson (286) has shown that the L.
pneumophila progeny arising after macrophage infection express several transmission
traits such as motility, cytotoxicity, and resistance to environmental stresses, indicating
that macrophages still can act as a differentiation niche for L. pneumophila . In summary,
as drawn in Figure 1, it is clear that L. pneumophila has two transmissive forms. One is
produced in vitro, when L. pneumophila reaches SP in broth cultures or agar plates, and

one is produced in vivo after intracellular growth.



A) In vivo biphasic growth cycle

Host cell

Free TFs

’T‘

B) In vitro biphasic
growth cycle (in broth)

i

Figure 1. Simplified model illustrating the L. pneumophila biphasic growth cycles and
the fact that it has two transmissive forms, one produced in vivo and one in vitro.

A. (1) A free-swimming transmissive form (TF) is engulfed by a host cell (amoebae,
alveolar macrophage or HeLa cell) and (2) establishes a replicative vacuole that provides
protection from host killing. (3) When nutrients and other conditions are favourable,
intracellular bacteria repress transmissive traits and activate pathways that promote
differentiation into replicative forms (RFs). (4) As conditions in the replicating
compartment deteriorate, the RFs stop dividing and coordinately express traits that
promote differentiation into in vivo TFs that are required for transmission to a new host

cell after their release. (5§) When TFs produced in vivo encounter a new host, a new cycle
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begins (1). B. Bacteria cultured in broth actively replicate in exponential phase (EP), and
stop replicating when nutrients are scarce during stationary phase (SP). Legionellae in EP
and SP display many attributes (especially morphological ones) of the in vivo replicative

and transmissive forms, respectively. Adapted from Garduno et al. (138).
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1.1.3.1. Regulation of L. pneumophila Differentiation

Similar to the stringent response in E. coli, when nutritional sources are limited,
L. pneumophila enters SP in vitro. In SP, synthesis of new ribosomal RNA (rRNA), and
assembly of new ribosomes are inhibited. Limitation in amino acids leads to inhibition of
protein synthesis and accumulation of uncharged transfer RNAs (tRNAs) that are
detected by the ribosome-associated RelA synthase (also known as ppGpp synthetase).
RelA converts guanosine triphosphate (GTP) or guanosine diphosphate (GDP) to
guanosine 3,5-bipyrophosphate (ppGpp), which is believed to be important for bacterial
differentiation (159). In L. pneumophila, relA is dispensable, as a rel4 mutant grows and
spreads efficiently in macrophages. This finding suggests the presence of another
pathway that triggers synthesis of ppGpp and regulates differentiation. Indeed, it has been
found that, in addition to amino acid starvation, fatty acid starvation also triggers
synthesis of ppGpp through SpoT, which is a bifunctional enzyme that both synthesizes
and hydrolyses ppGpp in response to the intracellular levels of fatty acids (79,80) (Fig.
2). Deletion of spotT can only be attained in the absence of rel4, (i.e. only rel4 mutant, or
rel4 spoT double mutant can be obtained, but not spoT mutant) (79), possibly due to the
toxic effect resulting from accumulation of ppGpp that is synthesised by RelA but not
hydrolyzed by SpoT. SpoT and RelA are important for L. pneumophila proliferation as a
relA/spoT double mutant was unable to replicate in macrophages (79). Complementation
of the reld/spoT double mutant with a plasmid carrying reld, under the control of an
IPTG-inducible promoter, caused a 20-fold increase in CFU in relation to that of the
double mutant 24 h post-macrophage infection. In contrast, complementation with spoT

restored growth to parental strain levels (79). These results indicate that regulation of
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ppGpp homeostasis either by synthesis or degradation is critical for L. pneumophila
differentiation (79,80).

From atop its complex regulatory cascade, ppGpp exerts both direct and indirect
control over downstream activators and repressors (Fig. 2). To respond to elevated ppGpp
levels, L. pneumophila requires the LetA/LetS (Legionella transmission activator and
sensor) two-component system (TCS) (79,80). TCSs contain a sensor histidine kinase
(usually an integral cytoplasmic membrane protein) that senses signals which, upon
activation, catalyzes its auto-phosphorylation. This sensor, in turn, activates (by
phosphorylation) a response regulator which provides the signal output, usually
activating or repressing the transcription of target genes. LetA/S is the most important
and best characterized TCS in L. pneumophila, and is a homolog of the GacA/GacS TCS
that is a global regulator of Pseudomonas gene expression. The mechanism by which
ppGpp activates the LetA/LetS system remains unknown (79,80), but it could be
speculated that the inner membrane sensor kinase LetS senses ppGpp either directly via
its cytoplasmic domain or indirectly through an adaptor molecule. Once LetS is activated,
it phosphorylates LetA, which is the downstream signal effector (Fig. 2).

L. pneumophila may also employ ppGpp to directly and (or) indirectly control the
expression of the alternative SP sigma factor (known as RpoS, 6°, or 6°°) by increasing
its activity (79,80), and its expression is induced in the in vitro TF of L. pneumophila
(158). RpoS is directly responsible for inducing only some transmission traits, e.g.
flagellin expression, but works together with other factors to fully induce virulence in L.
pneumophila TFs (15). As illustrated in Figure 2, LetA/S and RpoS coordinate their

actions with other regulators [such as the flagellar sigma factor FliA (c**), the small RNA
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binding protein, CsrA, the two non-coding RNAs (ncRNA) RsmY and RsmZ, and some
GGDEF/EAL proteins] (356) for induction of multiple virulence traits.

When L. pneumophila TFs reach an environment with an adequate supply of
intracellular nutrients, tRNAs get properly charged and the synthesis of fatty acids is
resumed. This leads to a reduced activity of RelA/SpoT and a sharp decrease in ppGpp
which, in turn, reverses the downstream signalling effects of LetA/S, resulting in down-
regulation of transmissive traits (genes) and differentiation into RFs (286). In RFs, amino
acid and carbohydrate metabolism are induced, synthesis of nucleic acids and cellular
components is activated, and bacterial multiplication occurs. Upon exhaustion of
nutrients, a new cycle begins where L. pneumophila then transitions from RF to TF (38),
as described above. In TFs, the expression of virulence genes facilitating spread and
transmission to a new host are upregulated. These genes include those encoding the
flagellar apparatus, the type IV pilus machinery, and Dot/Icm-dependent and independent

virulence factors.
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Figure 2. A model suggested by Sahr et al. (356), illustrating the regulatory network

governing differentiation of L. pneumophila from non-virulent RF to virulent TF.

In TFs, amino acid and fatty acid starvation trigger, respectively, RelA and SpoT to
produce (p)ppGpp that is sensed by the sensor kinase, LetS, which then phosphorylates
LetA. “Phosphorylated LetA binds upstream of the small ncRNAs RsmY and RsmZ and
activates their transcription”. Recently other ncRNA have been identified, e.g. 6S RNA

(101). “CsrA inhibits translation of lgsR, hfg, and fleQ (regulator of flagellum synthesis)
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transcripts by binding near their ribosomal binding site. The presence of RsmY and
RsmZ titrates CsrA away from its targets, which then enables translation of their
mRNAs, leading to expression of transmissive phenotypes”. Flagellum biosynthesis is
not only controlled by the RsmYZ-CsrA pathway, but is also dependent on secondary
regulatory pathways branching from the LetA/LetS two component regulatory system,
probably via LetE. For instance, “LetA/LetS influences, directly or indirectly, cyclic-di-
GMP levels, which may regulate motility”. Finally, RpoS, known to positively induce
flagella synthesis, also plays a role within the feedback loop between RsmY, RsmZ and
RpoS.“?” indicates hypothetical effects; dotted lines indicate effects that are unknown or
mechanisms not yet confirmed. Adapted from Sahr et al. (356). (Used with permission

from Carmen Buchrieser).
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In addition to LetA/S, other TCSs are also involved in the regulation of L.
pneumophila differentiation, but only few have been characterized. CpxA/CpxR is a TCS
that regulates the expression of the dot/icm genes (128). PmrA/PmrS is implicated in
intracellular growth and is a direct regulator of several Dot/Icm-translocated effector
proteins (450). More recently, an orphan response regulator, LqsR, was characterized.
LgsR is a pleiotropic regulator that promotes L. pneumophila interaction with host cells.
The expression of LgsR is reported to be influenced by RpoS (385,406,407). The known
position and interactions of these TCSs within the regulatory network shown in Fig. 2
have not been elucidated, except perhaps for LgsR, which seems to be placed
downstream of CsrA (see below).

Small (non-coding) RNAs also play important roles in gene regulation and
differentiation of L. pneumophila. As shown in Figure. 2, downstream from LetA/S are
the small regulatory RNAs RsmY and RsmZ, which act by relieving carbon storage
regulator (CsrA) repression of virulence genes by binding to the promoter region of csr4
and inhbiting its transcription (118,285). The conserved small RNA-binding protein CsrA
is a key regulator of the L. pneumophila biphasic life cycle, as CsrA acts as a global
repressor of transmissive traits and is also an essential activator of intracellular
replication (118,285) CsrA inhibits the expression of transmissive traits by binding to the
ribosome binding site of transcripts encoding proteins required to confer transmissive
traits, thus blocking their translation (118,285). The expression of CsrA is upregulated in
RFs, and overexpression of CsrA in L. pneumophila inhibits the appearance of
transmission traits (109,285). The RNA binding protein Hfq (RNA chaperone) has been

shown to stabilize mRNAs by protecting them from RNase degradation. During the
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replicative phase of L. pneumophila, Hfq increases the expression of CsrA by increasing
the stability of the csv4A mRNA (281). Although CsrA is required for induction of
replicative genes and intracellular growth, deletion of Afg only slightly affects the
intracellular growth of L. pneumophila (281). In the in vitro TF, RpoS positively
regulates Hfq, whereas LetA represses the expression of Hfq. Therefore, in the in vitro
TF, it seems that RpoS and LetA coordinately regulate the expression of Hfq (281).

In the last few years, it has become evident that small, non-coding regulatory
RNAs (ncRNA) also play a general and important role in gene regulation (411). In L.
pneumophila, the two ncRNA that are involved in the regulation of L. preumophila
differentiation are RsmY and RsmZ, which indirectly control several genes required for
intracellular replication. Deletion of rsmY or rsmZ, individually, has little to no impact on
induction of transmissive traits (virulence). However deletion of both rsmY and rsmZ
(ArsmYZ) has drastic effects on L. pneumophila intracellular growth in amoebae and
macrophages (356). LetA directly activates the expression of RsmY and RsmZ which
then bind to and sequester CsrA, thereby abolishing its post-transcriptional repressive
activity (356) (Fig. 2). Moreover, Faucher et al. (101) recently identified six additional
ncRNAs in L. pneumophila. One of these, named ssrS, shows high structural similarity to
the E. coli 6S. In E. coli, the 6S RNA inhibits transcription of genes controlled by 6’°, by
binding and inactivating this RNA polymerase sigma factor (51). The L. pneumophila
ssrS 1s highly expressed in the in vitro TF, and positively regulates genes encoding
dot/icm system proteins, stress response genes, as well as genes involved in acquisition of

nutrients. Deletion of ss»S significantly reduces L. pneumophila intracellular growth in
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both protist and mammalian host cells, but the exact mechanism of action of ss#S in L.
pneumophila is still to be determined (101).

The flagellar sigma factor, FliA, of L. pneumophila may activate promoters of
virulence genes in addition to the promoters of the flagellar regulon because FliA was
demonstrated to be required not only for the synthesis of the flagellum and for motility
(109,170), but also for virulence (160,284). Another protein previously implicated in
influencing flagellar expression is LetE (Legionella transmission enhancer protein)
(16,160). The expression of letE was induced nearly 3-fold in a let4 mutant strain
suggesting that LetA directly or indirectly represses letE expression, and that the
repression of flagellum synthesis in a /ez4 mutant strain may be a result of /etE repression
(356). The mechanism by which LetE exerts its effect on fallageller expression is not
fully unterstood. However, because the /etE region does not appear to encode a protein
(by analogy to homologous regulatory systems), Hammer et al. (160) suggested a model
in which /etE encodes a regulatory RNA.

Finally, a family of regulator proteins possessing a GGDEF or an EAL motif is
up-regulated exclusively in the in vivo TF (38,213,349). Members of this GGDEF/EAL
domain protein family are known to regulate the transition between motile and sessile
bacteria found in biofilms when nutrients are scarce (349). This process is mediated by
changes in the intracellular concentrations of bis-(3'-5")-cyclic dimeric guanosine
monophosphate (c-di-GMP) which is in turn regulated by the diguanylate cyclase and
phosphodiesterase activities of the GGDEF/EAL proteins (349). In Salmonella enterica
sv. Typhimurium, mutation in an EAL-domain protein has been linked to the ability of

Salmonella to kill macrophages and to resist peroxide stress (176). In E. coli, CsrA has
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recently been shown to indirectly control the levels of c-di-GMP by directly binding to
the leader sequence of the mRNA of different GGDEF/EAL protein-encoding genes
(213). The role of GGDEF/EAL proteins in regulation of the L. pneumophila
transomissive traits expression (such as motility) is still hypothetical and needs further
investigation (Fig 2)(356). In summary, as shown in Figure 2, the L. pneumophila
differentiation cycle, which is linked to the induction of transmissive traits and virulence,

is regulated by a complex network mainly controlled by LetA/S and RpoS.

1.1.5. L. pneumophila Intracellular Trafficking and Replication

The intracellular events that lead to L. pneumophila internalization, replication
and exit from amoebae are similar to those in human alveolar macrophages, monocytes,
and alveolar epithelial cells (Fig. 3), suggesting that the infection mechanisms used by L.
pneumophila are conserved between hosts. After internalization of in vivo TFs by host
cells, TFs reside within a membrane bound organelle known as the Legionella-containing
vacuole (LCV), which does not traffic along the endosomal-lysosomal pathway and thus
avoids acidification and fusion with lysosomes. Instead, the LCV recruits mitochondria,
ribosomes and small vesicles derived from the endoplasmic reticulum (ER) and (or)
Golgi apparatus (217,343), which remodel the LCV and make it similar to an ER-like
vacuole. Bacterial replication begins in this ER-like compartment (196,296). The
intracellular trafficking of the LCV is largely accomplished by the action of the
Legionella type 4B secretion system (T4BSS), also known as the Dot/Icm system.
Current views of the L. pneumophila growth cycle, from uptake to egress from the host

cell, will be discussed below in a sequential manner after introducing the Dot/Icm
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system, because it is the most studied virulence determinant and it is involved in almost

every step of the intracellular growth cycle of L. pneumophila.
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Figure 3. The intracellular events that lead to growth of L. pneumophila in host cell.

(1) The MIF (in vivo TF) enters a host cell and is contained within the LCV. (2) The
LCV avoids fusion with lysosomes and associates with mitochondria and ER-derived
vesicles. MIF differentiates into RF. (3) The LCV becomes associated with the ER, and
the LCV membrane is lined with ribosomes. Bacterial replication begins. (4) Once
replication stops, bacteria differentiate into mature MIFs. (5) Egress from the host cell to
the extracellular milieu. (6) The released bacteria begin another round of infection.

Adapted from Faulkner and Garduno (102).
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1.1.5.1. Dot/Icm System

The L. pneumophila genome encodes for several type 4 secretion systems (T4SSs)
(366), which are complex molecular machineries employed to deliver protein (or DNA)
into other bacteria or into eukaryotic hosts. The number of T4SSs present in a particular
strain of L. pneumophila might be different in relation to those found in other strains and
isolates, and it is not clear why L. pneumophila requires multiple T4SSs. However, all
virulent strains possess one common T4SS, the T4BSS (Dot/Icm system), which is
essential for virulence.

The Dot/Icm system of L. pneumophila was discovered simultaneously by two
independent laboratories (370,420), which explains why some genes are named dot (for
defect in organelle trafficking), others icm (for intra-cellular multiplication), and others
have two names (e.g. icmE = dotG). It is now known that the Dot/Icm system is encoded
by 26 genes found on two loci in the L. pneumophila genome (372). The dot/icm genes
show similarities to the tra/trb genes of conjugal plasmid transfer apparatuses of E. coli,
and are able to transfer plasmid DNA from one bacterium to another (370,420). The gene
products of these two genetic loci are thought to assemble into a molecular apparatus that
spans the L. pneumophila cell envelope. The comprehensive structural design of the
Dot/Icm system has not yet been established, but it is known that Dot/Icm functions as a
molecular syringe to inject proteins (effectors) into host cells. The role of these effectors
is to modulate a number of host cell functions, mainly related to organellar and vesicular
trafficking (73,353,429). Indeed, phagosomes that contain dot/icm mutants fail to evade

the endocytic pathway and quickly acquire endosomal markers such as the lysosomal-
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associated membrane protein (LAMP-1), the small GTPase Rab5, and the vacuolar H'-
ATPase (V-ATPase) (70,73,261).

A total of 275 Dot/Icm translocated effectors have now been identified through
multiple approaches involving bioinformatics and biochemical assays (42,448). Although
the role of many of these effectors in the intracellular establishment of L. pneumophila is
still unknown, recent investigations have provided insights into the functions of some of
these effectors. It is believed that a number of effectors are served different functions in
the intracellular events that lead to the growth of L. pneumophila in host cells. For
example, some effectors are important for bacterial internalization, others are important
for inhibition of lysosome fusion with the LCV, or remodelling of the LCV into ER-

derived replicative organelle.

1.1.5.2. L. pneumophila Internalization

L. pneumophila has the ability to adhere, to invade, and to replicate in many cell
types including phagocytic cells such as amoebae and macrophages as well as non-
phagocytic cell lines such as HeLa and L.929 mouse fibroblasts (107,139,392). Uptake of
L. pneumophila into macrophages has been shown to occur through coiling phagocytosis
(189), conventional phagocytosis (192,313,387) and macropinocytosis (423). The
phagocytosis of L. pneumophila into macrophages is mediated by (i) host-derived factors:
anti-L. pneumophila antibody acting in conjunction with complement promoted
phagocytosis of the bacteria by alveolar macrophages (192,313), and (ii) bacterium-
derived factors (presented below). The fact that L. pneumophila can infect a whole range

of host cells, particularly non-phagocytic cells, provides strong evidence that, in addition
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to host-derived factors, L. pneumophila uses several bacterial components (factors) to
attach and to enter host cells. These include the type IV pilus, OmpS, Hsp60 (HtpB),
Mip, RtxA, EnhC, LadC, and the Dot/Icm system. In this study (Chapter 5), we also
identified the polyamine binding protein, PotD, as a L. pneumophila adhesion factor.

The initial interaction of L. pneumophila with host cells may involve type IV pili,
also known as competence and adherence-associated pili (CAP) (388). Mutant strains
defective in pilE, encoding the pilin of the type IV pilus, have reduced attachment to
human macrophages, Acanthamoeba polyphaga, and HelLa cells (388). Additionally,
mutations in pi/D (which encodes the prepilin peptidase), impaired L. pneumophila
growth in amoeba, human macrophages, and epithelial cells, suggesting that PilD has a
role not only in attachment to host cell, but also in intracellular growth (257,259). This is
expected because the L. pneumophila type 2 secretion system (T2SS), which is important
for optimal intracellular growth of L. pneumophila, depends on the pilBDC locus, and
PilD processes many proteins destined for the L. pneumophila T2SS (257,259,350,351).

The trimeric major outer membrane protein of L. pneumophila OmpS is
composed of two 28 and one 31 kDa subunits cross-linked by interchain disulfide bonds.
The trimeric oligomer is covalently anchored to the underlying peptidoglycan via the 31-
kDa subunit (180,181). Treatment of L. pneumophila with anti-OmpS antibodies reduces
the adherence of both virulent and isogenic avirulent strains of L. pneumophila to HelLa
cell monolayers in a dose dependent manner (139), indicating that OmpS promotes
binding of L. pneumophila to host cells.

The L. pneumophila chaperonin HtpB (Hsp60) is a surface localized protein that

mediates attachment to and invasion of the non-phagocytic HeLa cells (139). HtpB-
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coated beads compete with wild-type L. pneumophila for association with HeLa cells,
suggesting that there are HtpB-specific receptors on Hela cells. Pre-treatment of L.
pneumophila with anti-HtpB antibodies or pre-treatment of HeLa cells with purified
HtpB reduces the ability L. pneumophila to invade HeLa cells (139). HtpB-coated beads
were also shown to activate macrophages to secrete IL-1, a process that involves protein
kinase C signalling. HtpB activates IL-1[3 secretion by macrophages even in the presence
cytochalasin D (a compound that prevents bacterial uptake) (340), suggesting that HtpB
is recognized at the macrophage cell surface, further supporting the existence of HtpB-
specific host cell receptors that mediate L. pneumophila uptake and (or) activate
signalling cascades.

The macrophage infectivity potentiator (Mip) is a member of the family of protein
chaperones displaying peptidyl-prolyl-cis/trans isomerase (PPlase) activity. Some
members of the family are known to play an important role in virulence (186). In L.
pneumophila, Mip was shown to be a surface-expressed protein involved in entry into
macrophages and protozoa, but not necessary for intracellular growth (66,435).
Furthermore, inhibition of Mip PPlase activity abolishes early establishment of L.
pneumophila in A. castellanii and human macrophages (164).

A locus designated rtxA (repeats in structural toxin) was found to enhance entry
of L. pneumophila into monocyte and epithelial cells when overexpressed in trans (69).
Deletion of rtx4 led to a 50 % reduction in adherence of L. pneumophila to human
monocytes and epithelial cells (68). The rtxA4 deletion mutant was also less cytotoxic than
its parental strain and displayed a reduced ability to form pores in human monocytes

(68,234). These findings suggest that the rtx4 gene encodes a pore-forming cytotoxin
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(234) that plays a role in adherence, entry and survival of L. pneumophila in both
macrophages and protozoa. The mechanisms by which RtxA affects adherence and entry
are not understood.

Cirillo et al. (69) identified additional factors required for efficient adherence and
entry of L. pneumophila into human epithelial cells and macrophages. The products of
the enh "enhanced entry" genes encode members of a superfamily of proteins with
tetratricopeptide repeats [Sel-1 repeats, also known as small leucine-rich repeats (SLR)],
which promote protein-protein interactions. Sel-1 repeats were shown to be required for
efficient entry of L. pneumophila into macrophages and epithelial cells (21,297). L.
pneumophila possesses five proteins with Sell repeats, three of which (LpnE, EnhC, and
LidL) have been implicated in the ability of L. pneumophila to efficiently establish
infection and/or manipulate host cell trafficking events. LpnE is important, not only for L.
pneumophila entry into macrophages and epithelial cells, but also for efficient infection
of A. castellanii and for replication of L. pneumophila in the lungs of A/J mice (297,299).

Another protein that is involved in the attachment of L. pneumophila to host cells
is LadC, a putative adenylate cyclase localized to the bacterial inner membrane. ladC is
one of a cohort of genes that are not active during in vitro growth but are induced during
infection of macrophages. LadC is present only in L. pneumophila serogroup 1 and not in
other, less pathogenic, species of Legionella such as L. micdadei (297). A ladC mutant
exhibits a 10-fold reduction in adherence to THP-1 macrophages but no difference in
uptake by THP-1 cells, compared to its parental strain. Furthermore, LadC contributes to
the ability of L. pneumophila to replicate in macrophages, epithelial cells, 4. castellanii,

and the lungs of A/J mice (298).
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Finally, the Dot/Icm system might participate in entry into host cells, as a mutant
lacking icmT (encoding one of the inner membrane components of the Dot/Icm
apparatus), shows decreased uptake compared to its parental strain (174). Efficient uptake
of the AicmT mutant was restored by co-infection with wild-type L. pneumophila
(73,174). In addition, overexpression of dotA (encoding one of inner membrane
components of the Dot/Icm apparatus) in L. pneumophila was shown to enhance invasion
of L. pneumophila and early establishment of LCVs. Immediately following uptake, a
Dot/Icm-dependent event prevents the fusion of LCVs with the endosomal pathway
(353). These findings suggest that upon host contact, the Dot/Icm system translocates
effectors that participate in the entry process either by alteriring host cellular signals

triggered during uptake, or directly by interacting with cell receptors (174,286,370,423).

1.1.5.3. Inhibition of Lysosome Fusion with the LCV

Shortly after the uptake of L. pneumophila by human macrophages, the newly
formed LCV does not fuse with lysosomes, and remains non-acidic. The LCV does not
acquire endocytic markers such as LAMP-1 (lysosome-associated membrane protein 1),
Rab5 and Rab7 (small GTPases that regulate endocytic membrane-trafficking
interactions), suggesting that the LCV stays isolated from the endocytic network
(362,430). However, Sturgill-Koszyki and Swanson (390) showed that after 18 h of
infection, the LCVs in A/J mouse bone marrow-derived macrophages did mature into
acidic phagosomes. These findings suggest that the LCV behaves differently in different

host cells.
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Studies on L. pneumophila dot/icm mutants have provided insight into the
mechanism by which L. pneumophila inhibits LCV fusion with lysosomes and avoids the
host endocytic pathway. It was found that phagosomes containing dot/icm mutants
(AdotA) acquire Rab5 and Rab7 in a temporal pattern, typical of phagosomes that
progress into mature phagolysosomes (70,353). Furthermore, a L. pneumophila mutant
that lacks the putative chaperone complex necessary for Dot/Icm-mediated translocation
of a subset of effectors (AicmS or AicmW), recruits early endocytic vesicles and
eventually fuses with lysosomes, but still can support limited replication (72). These
findings indicate that some translocated effectors guided by IcmS/W are essential for
blocking lysosomal fusion. Other Dot/Icm translocated effectors that seem to participate
in blocking phagolysosome fusion are VipA, VipD, and VipF. These proteins were
identified in a yeast screen looking for L. pneumophila proteins that cause vacuolar
protein missorting in yeast (379). Although expression of VipD in yeast caused vacuolar
missorting, a vipD mutant replicates normally inside amoeba (417). Therefore, it is
uncertain whether these proteins prevent lysosomal fusion in infected cells, or their
function is masked by other functionally redundant effectors.

A number of factors other than Dot/Icm and its effectors also play a role in
inhibition of the LCV fusion with lysosomes. For example, this process can be mediated
by pre-formed surface components because avoidance of fusion with lysosomes is not
overcome by inhibition of bacterial protein synthesis with erythromycin (188) or
treatment of L. pneumophila with formalin (214). Recently, latex beads coated with LPS-
rich membrane vesicles shed by in vitro TFs of wild type L. pneumophila or a dotA

mutant (but not by exponential phase bacteria) were found to inhibit phagosome-
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lysosome fusion (108). Mutants lacking /pnE, enhC, or lidL (factors that promote L.
pneumophila attachment) displayed impaired avoidance of LAMP-1 association (299). In
addition, latex beads coated with surface-associated HtpB (but not beads coated with
control proteins) also delayed fusion with lysosomes (65). These findings suggest that
avoidance of LCV fusion with lysosomes is a regulated process where both Dot/Icm-

dependent and independent factors are involved.

1.1.5.4. Mitochondria Recruitment to the LCV

As early as 15 to 30 minutes post-infection, the LCV membrane associates with
mitochondria and many small secretory vesicles (188,217). Vacuoles containing a
spontaneous avirulent mutant, later determined to be a dot/icm mutant, do not recruit
mitochondria or smooth vesicles (190,274). In HeLa cells, the mitochondria remain
attached to LCVs as late as 45 hours post-infection, suggesting that LCV-mitochondrial
interaction continues throughout the intracellular cycle of L. pneumophila (137). In
addition, the mitochondria remain attached to LCVs even after isolation by cell
fractionation, suggesting that a tight fusion occurs between the mitochondria and the
LCV membrane (65,409). The only L. pneumophila factor known to recruit mitochondria
is HtpB. Beads coated with HtpB (but not uncoated beads or beads coated with control
proteins) attract mitochondria in human macrophages and Chinese hamster ovary (CHO)
cells (65). The significance of mitochondria recruitment and association with the LCV in

the pathogenesis of L. pneumophila has not yet been determined (65).
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1.1.5.5. Remodelling of the LCYV into an ER-derived Replicative Organelle

Cellular eukaryotic proteins destined to locate in compartments other than the
cytoplasm are synthesized by ribosomes and then translocated into the ER lumen where
they are sorted and trafficked to their corresponding cellular compartments. Cargo
proteins are transported from the ER through vesicles that bud off at ER exit sites, traffic
through the ER-Golgi intermediate compartment (ERGIC), and reach the Golgi
apparatus. At the Golgi, the cargo proteins either undergo additional post-translational
modification or get prepared for further sorting to other cellular compartments,
particularly the cell membrane. This is a multifaceted process controlled by many
different molecular components including vesicle coat proteins (COP), small regulatory
GTPases (GAPs and GEFs), and SNAREs [Soluble NSF (N-ethylmaleimide sensitive
fusion) attachment receptor] (22,445). Some lipids and carbohydrates are also transported
along the ER-Golgi route. Secretory vesicles targeted to the cell membrane are the
ultimate supplier of lipids for intracellular pathogens that remodel their phagosome
membrane, and their cargo provides nutrients to support bacterial growth (22,445).

The LCV intercepts early secretory vesicles (15 to 30 min after infection) prior to
their transport through ERGIC and Golgi (187,217,409). The membranes of these
vesicles make contact with and fuse along the surface of the LCV, where the exchange of
membrane contents between the two compartments occurs (409). Analysis of host factors
recruited to the LCV revealed that the ER is the source of these secretory vesicles
(1,203,343,393,409). After four hours of infection, the LCV becomes studded with
ribosomes and surrounded by the ER. The LCV is now ready for L. pneumophila

replication (187,261,393).
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Host regulators, such as Rabl and Arf-1 (ADP ribosylation factor) that are
important in vesicular trafficking from ER and Golgi to the phagosome, are found on
wild-type but not on dot/icm mutant LCV. This indicates that Dot/Icm-injected effectors
are responsible for recruitment of endocytic vesicles to the LCV (217,218). The role(s) of
some of the Dot/Icm effecters such as RalF, DrrA, LepB, SidJ, SidA, SidC, and LidA that
have functions related to remodelling of the LCV into an ER-derived replicative
organelle will be discussed next.

The first characterized effector of the Dot/Icm system was RalF, which is required
for localization of the host GTPase protein Arf-1(ADP ribosylation factor) to the LCV.
RalF acts as a guanine-nucleotide exchange factor (GEF), exchanging GDP for GTP,
thereby converting Arfl from its inactive GDP bound form (Arfl-GDP) (46) into the
active GTP bound form (Arf1-GTP) (294). Arfl is an important regulator of endosomal
vesicular trafficking and is thought to mediate the recruitment of ER and Golgi-derived
vesicles to the LCV (87,88). Overexpression of RalF in yeast causes dramatic growth
defects, and these defects are dependent on the ability of RalF to function as an Arf-GEF
in vivo (46). Surprisingly, ralF" mutants are still capable of evading the endocytic
pathway to generate the LCV in protozoa and macrophages, despite absence of RalF-
mediated recruitment of Arfl, suggesting functional redundancy of RalF (294).

Similar to the function of Arf-1, Rab-GTPases on membranes recruit cellular
effectors that facilitate the transport, tethering and fusion of the vesicles. Biochemical
analysis using Rabl affinity columns, and a visual fluorescence microscopy screen to
identify L. pneumophila mutants that no longer recruit Rab1 independently identified the

Dot/Icm effector DrrA (also called SidM) as a protein partner of Rab1l (267,291). DrrA is
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a highly specific Rab-GEF that catalyzes the GTP/GDP exchange on Rabl. (267,291).
DrrA is a bifunctional enzyme, wherein one region is required for recruiting Rab1 to the
LCV, while the second region stimulates Rab1 activation by guanine exchange (202,268).
Although Rabl is recognized to be important for LCV biogenesis, a drr4 mutant did not
show intracellular growth defects in macrophages (267), again suggesting the functional
redundancy of Dot/Icm effectors. An additional Dot/Icm effector that also binds to Rabl
is LepB, which inactivates Rabl by stimulating GTP hydrolysis, indicating that LepB is a
GAP (GTPase —activating protein) that regulates removal of Rabl from membranes
(202). Overall, these studies show how L. pneumophila exploits at least three Dot/Icm
effectors (RalF, DrrA and LepB) to regulate Rabl functions.

In contrast to the ralF and the drrA mutants, which replicate normally in
mammalian hosts despite their inability to recruit Arfl or Rabl to the LCV, a dot/icm
mutant lacking the translocated effector SidJ is temporally delayed in the recruitment of
ER proteins to the LCV and showed a significant intracellular growth defect. The
mechanistic basis of these SidJ effects is unknown (260). This indicates that L.
pneumophila simultaneously targets multiple functionally redundant pathways,
explaining why in the absence of any single pathway, no obvious phenotype is observed.

Some Dot/Icm translocated effector proteins, such as SidC and SidA (329) and
LidA (267), participate in remodelling of LCV without having GEF or GAP activity.
These effectors localize to the LCV through interaction with phosphatidylinositol-4-
phosphate [PI(4)-P]. The surface of the LCV is rich in PI(4)P, which is preferentially
found on the trans-Golgi network and acts as a second messenger to mediate the export

of early secretory vesicles from ER exit sites (329). The C-terminal end of SidC is
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anchored into the membrane of the LCV by binding specifically to PI(4)P, while the N-
terminal of SidC mediates interactions of SidC with the ER. A sidC sidA double mutant is
still able to replicate normally in macrophages; however, the LCV acquires ER markers
less efficiently than its parental strain (329). These examples suggest that some L.
pneumophila effectors manipulate host cell PI(4)P to assist in the biogenesis of the LCV,
possibly by acting as the anchoring sites for other Dot/Icm effectors (329).

In conclusion, L. pneumophila to possess many (275) Dot/Icm translocated
effectors (448), which some of them play redundant roles related to organelle and
vesicular trafficking (265,426). The functions of many of these effectors are still
unknown and it is not easy to explain why L. pneumophila needs these many effectors.
Perhaps, the accumulation of these effectors may be a result of the challenges faced by L.

pneumophila in its replication in multiple and diverse host cells (448).

1.1.5.6. Nutrients Required for Intracellular Replication

L. pneumophila intracellular replication starts after association of the LCV with
the ER. The differentiation of the transmissive form (TF) into the replicative form (RF)
(Fig. 3) and the replication of L. pneumophila is belived to be governed by the nutrient
availability in the LCV. Very little is known about the nutritional environment within the
LCV. However, the nutrient requirements of L. pneumophila in vitro (in laboratory
media) promoted examination of the requirements of intracellular LCV. In vitro studies
indicated that L. pneumophila mainly depends on amino acids as a primary source of
carbon, nitrogen, and energy. However, recent studies indicate that L. pneumophila is

capable of utilizing sugars as carbon or energy sources during intracellular growth
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(38,98,169). Although little is known about the nutrient requirements of L. pneumophila
in the LCV, several recent observations suggest that amino acids and iron are integral to
L. pneumophila’s fitness and survival. Furthermore, data from my research suggest that
polyamines and polyamine transport are important for L. pneumophila intracellular
growth (Discussed in Chapters 4 and 5). An overview about polyamine biosynthesis and
transport, and the importance of these compounds in bacterial pathogenesis will be
presented in Section 1.2.

Early work indicated that L. pneumophila relys on amino acids as the primary
source of energy and some of them are essential for growth and differentialtion. For
example, cysteine, methionine, serine, arginine, threonine, and valine are essential amino
acids for L. pneumophila replication in vitro, and serine, glutamine, and glutamic acid are
the preferred energy sources (141,402,403). During intracellular growth within LCVs, L.
pneumophila has to acquire these essential amino acids from the host (402). Recently, it
was established that the putative L. pneumophila valine transporter, PhtJ, is required for
differentiation and optimal multiplication of L. pneumophila in macrophages (133,162).
In addition, it was shown that the human macrophage amino acid transporter, SLC1AS,
which is localized to the surface of LCV, is upregulated during macrophage infection
with L. pneumophila, suggesting that SLC1AS is important for intracellular establishment
(431). Indeed, inhibiting the activity of SLC1AS blocks L. prneumophila intracellular
growth (431). Furthermore, it was established that the L. pneumophila threonine
transporter, PhtA, is required for L. pneumophila intracellular growth and differentiation
in macrophages. The growth defect displayed by a pht4 mutant was rescued by the

addition of exogenous threonine (361). Similarly, deletion of the gene encoding the
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putative L. pneumophila valine transporter milA (later named phtJ), reduces L.
pneumophila intracellular growth in macrophages by 100-fold (133,162). Ewan and
Hoffman (96) suggested that the uptake mechanism of cysteine by L. pneumophila may
represent a differentiation signal that would provide optimal growth of L. pneumophila
within the LCV. Finally, bioinformatic analysis of PhtA and PhtJ indicates that these
proteins are members of a moderately-sized family of transporters within the major
facilitator superfamily (MFS) (58). These transporters may generally be utilized to
scavenge sparse nutrients from the host cells, thus exploiting these cells as replicative
niches (58). It can be concluded that the intracellular differentiation and replication of L.
pneumophila in LCV strictly depend on the availability of amino acids in the LCV
environment, and the uptake of these amino acids by the intracellular bacteria relies upon
a number of efficient transport mechanisms.

In addition to the amino acids, many lines of evidence suggest that L.
pneumophila growth within host cells is also dependent on iron. Human monocytes,
treated with iron chelators, do not support L. pneumophila growth, a condition reversed
by the addition of ferric iron. Treatment of infected cells with interferon restricts L.
pneumophila growth within human macrophages (43,44). The mechanism involved in
this restriction involves a reduction in the amount of intracellular iron, through an
interferon-mediated down-regulation of transferrin receptor in macrophages (43,44). The
iron requirement for optimal L. pneumophila growth in bacteriological minimal media is
unusually high (>20 pM) compared to that needed by many other intracellular bacteria
(~3 to 5 uM) (325). The fact that other phagosomal environments, such as those of

Salmonella-containing phagosomes, contain as little as 0.1 uM iron (135), supports the
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notion that the LCV can be an iron-limited environment. Thus, L. pneumophila may
require an effective iron transport mechanism to exploit iron from host cells (325).

The body of literature that investigates how L. pneumophila acquires and
assimilates iron is growing. L. pneumophila possesses Fur, a transcriptional regulator that
is activated under iron-limited conditions. Several-Fur-regulated L. pneumophila genes
were detected, and subsets of these genes were implicated in macrophage infection (171).
For instance, a mutation in the Fur-regulated gene, frgA, encoding a homolog of the
siderophore-producing synthetase of E. coli, significantly inhibits L. pneumophila growth
in human macrophages (172). Putative iron transporters were also identified in L.
pneumophila and mutations in the transporters feoB or iraAB, significantly inhibit L.
pneumophila growth in macrophages and in an animal model (44,342). Recently, it was
determined that when L. pneumophila is grown in a low-iron chemically defined medium,
it secretes a low-molecular-weight compound, called legiobactin, that is similar to other
bacterial siderophores (high affinity iron-chelating compounds) (258). Fe-siderophore
complexes are actively transported across the outer membrane through specific receptors.
In gram-negative bacteria, siderophores are transported into the periplasm via TonB-
dependent receptors, and are transferred into the cytoplasm by ABC transporters.
Deletion of genes required for synthesis of legiobactin, such as /bt4 and [btB, reduces L.
pneumophila ability to infect A/J mice, indicating that legiobactin is required for optimal
intrapulmonary infection by L. pneumophila (5). Overall, these findings idicates that
amino acid and iron are essential elements required for of L. pneumophila growth in vitro

and in vivo.
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1.1.5.7. Egress from Host Cell

After exhausting the cellular nutrients, L. pneumophila must exit the infected host
cell. It exits infected mammalian cells in two stages: first, by induction of apoptosis,
which is independent of growth phase (132,157), and then by induction of necrosis,
which is mediated by growth phase-dependent expression of proteins that have pore-
forming activity (7,45). Following the completion of intracellular replication, L.
pneumophila becomes highly cytotoxic and forms pores in the host cell membranes,
ultimately leading to osmotic lysis and egress of the bacteria. Mutants defective in egress
are also defective in pore formation which suggests that L. pneumophila produces a pore-
forming cytolysin required for lysis of the wasted host cell (7,283). L. pneumophila
mutants termed rib (release of intracellular bacteria) are able to evade the endocytic
pathway and replicate intracellularly, but remain trapped in host protozoa and
macrophages due to their lack of pore-forming ability (7,134,449) Furthermore two
Dot/lcm effectors, LepA and LepB, were implicated in the active egress of L.
pneumophila from protozoa, but not from mammalian cells (59). The mechanism by
which LepA and LepB promote bacterial exit from protozoa is still unknown (59). A
current model that summarizes the above findings suggests that after intracellular
replication, L. pneumophila initiates a wave of pore formation that disrupts the LCV and
promotes egress to the cytoplasm, followed by a second wave of pore formation that
disrupts organelles and plasma membrane, resulting in host cell lysis and bacterial egress

to the extracellular milieu (29,283), to begin another round of infection.
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1.2. Overview of Polvamines

One of the novel findings of this study is that polyamines are required for optimal
intracellular growth of L. pneumophila. Therefore, in the next few pages, I will introduce
the polyamine biosynthetic pathways and transport mechanisms in eukaryotic and
prokaryotic cells. Then I will present some of the multiple functions of polyamines,
including their roles in: (i) stabilizing nucleic acid structures, (ii) cell cycle progression,
(ii1) regulation of gene expression and signalling, and (iv) membrane stabilization. A
separate Section (1.2.5.4) will be designated for discussion of polyamines in bacterial
pathogenesis. In Chapters 4 and 5, respectively, I will introduce the limited ability of L.
pneumophila to synthesize polyamines (inferred by an in silico analysis of potential genes
encoding polyamine biosynthetic enzymes), and the uptake of polyamines by the only
putative polyamine transporter identified in L. pneumophila. Comprehensive reviews of
additional aspects of polyamines can be found in references (74,316,394,395).

Polyamines are small aliphatic polycationic molecules with a hydrocarbon
backbone and multiple amino groups. ‘Biogenic polyamines’ is a term specifically used
to describe those polyamines found in living cells, which are essential for life. Putrescine,
spermidine, and spermine are the most widely distributed cellular polyamines, while
cadaverine is the least prevalent. Due to their positive charges at physiological pH,
polyamines bind to various cellular macromolecules, including DNA, RNA, and proteins,
which allows them to have effects in diverse cellular processes (74,246,316,394,395). A
function of polyamines in which I became particularly interested, due to my results
presented in Chapter 5, is the modulation of the activities of certain ion channels,

including Na" channels, serving as gate keepers (82,206). Therefore, I will intoduce the
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roles of polyamines as modulators of ion channels below. Due to the multifunctional
nature of polyamines, homeostasis of polyamines is crucial and possibly maintained

through the regulation of biosynthesis and transport of these compounds.

1.2.1. Polyamine Biosynthetic Pathways in Prokaryotes and Eukaryotes

In eukaryotes, the polyamine biosynthetic pathway is conserved and only shows
minor variations (74,394). Two amino acids, arginine and ornithine, are the common
precursors of eukaryotic polyamine biosynthesis (Fig. 4A). The diamine putrescine is
synthesized via ornithine by the action of arginase and ornithine decarboxylase (ODC).
Putrescine is converted to spermidine by the action of spermidine synthase, which uses
aminopropylic groups derived from S-adenosylmethionine (SAM) by the action of S-
adenosyl methionine decarboxylase (SAMDC). SAM, in turn, is synthesized from
methionine in a reaction catalyzed by methionine adenosyltransferase. Spermine is
synthesized by the addition of a second SAM-derived aminopropyl group to spermidine,
catalyzed by the enzyme spermine synthase (Fig. 4A).

Bacteria utilize a polyamine biosynthetic pathway similar to that of eukaryotes,
yet they exploit additional enzymes and precursors (Fig. 4B). For instance, in E. coli,
putrescine can be synthesized either from ornithine, or directly from agmantine by the
enzyme agmantinase (encoded by speB) (Fig. 4B). Spermine is not synthesized in E. coll,
but uptake of exogenous spermine from the surrounding environment can fulfill E. coli’s
cellular requirement for polyamines (89). Cadaverine is synthesized independently from
putrescine, using lysine as the precursor for a one-step reaction catalyzed by lysine

decarboxylase (Fig. 4B). E. coli synthesizes cadaverine during anaerobic growth at low

40



pH or, in general, in the absence of putrescine biosynthesis (425). In any other
circumstance, cadaverine is not present in E. coli (425). Recent studies on Vibrio
cholerae, revealed a new metabolic pathway for polyamine synthesis in this organism
(252) (Fig. 4B). Bioinformatics revealed that this pathway could be also present in many
other bacterial species, such as Agrobacterium tumefaciens, Bartonella henselae,
Brucella ovis, Bordetella bronchiseptica, Pasteurella multocida, and Pseudomonas

fluorescens (252).
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Figure 4. Polyamine biosynthetic pathways.
Polyamine synthetic pathway in eukaryotes (A) and in E. coli and V. cholerae (B). In (A)
enzymatic nomenclature is given as full names in boxes. In (B) The V. cholerae pathway

is marked by the broken-line arrows, and the enzymatic nomenclature is given by the
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encoding gene names. For V. cholerae, genes encoding biosynthetic enzymes are
indicated by a number beginning with VC. In alphabetical order: cadA (inducible lysine
decarboxylase), [ldcC (constitutive lysine decarboxylase), metK (methionine
adenosyltransferase), sped (arginine decarboxylase), speB (agmatine ureohydrolase),
speC (constitutive ornithine decarboxylase), speD (SAMDC), speE (spermidine
synthase), speF (inducible ornithine decarboxylase), VC1623 (carboxynorspermidine
decarboxylase), VC1624 (carboxynorspermidine dehydrogenase), and VC1625 (encoding
a large fusion protein comprising the two enzymes di-aminobutyrate aminotransferase
and di-aminobutyrate decarboxylase). The genes that have homologs in the L.
pneumophila  genome are indicated by Dboxes. (A) was adapted from

www.pediatrie.be/POLINMIL.htm, and (B) adapted from reference (295) and used with

permission from the Journal of Bacteriology.
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1.2.2. Regulation of Polyamine Biosynthesis

Our understanding of regulation of polyamine biosynthesis and homeostasis is
largely based on findings in E. coli, and model eukaryotic systems (e.g. yeast, and certain
plant or animal cell lines). In E. coli, the polyamine biosynthetic pathway is regulated by
the activity of two key enzymes: SAMDC (encoded by speD) and ODC (encoded by
speF). SAMDC is the most important of the two in regulating intracellular levels of
polyamines and homeostasis. In eukaryotes, polyamine biosynthesis is also regulated by
ODC and SAMDC. Their activities are rapidly increased or decreased, through their fast
turnover rate, in response to various stimuli. For example, the half-life enzymatic activity
of ODC is 10 to 20 min (204,368) while that of SAMDC is 30 min (315,377). The
activity of SAMDC can be regulated at the level of transcription, translation, or post-
translational processing, including protein degradation. At the transcriptional level,
increased levels of mammalian SAMDC mRNA have been seen in response to growth
promoting factors, such as insulin, or in response to different polyamine inhibitors that
result in a decline in intracellular spermidine levels (208,378,391). However, the increase
in SAMDC mRNA levels in these reported cases was inadequate to explain the
significant increase in cellular SAMDC contents (307,321,391), suggesting that SAMDC
expression is regulated at the translational and (or) post-translational levels. Indeed, it has
been shown that the processing rate of the pro-SAMDC into the mature o and  subunits
is affected by different stimuli; for instance, the processing and activity of SAMDC are
increased in response to the intracellular of levels of putrescine (226,319,320). The
degradation of SAMDC is also regulated. However, the mechanisms involved in the

degradation of SAMDC in response to polyamine levels, presence of polyamines
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inhibitors, and other stimuli, are unknown (377,391). Similar to SAMDC, the activity of
ODC is also regulated by multiple mechanisms. In nonproliferating eukaryotic cells,
ODC activity is low and rapidly increases in response to growth factors, hormones, and
nutrients. In addition, ODC is irreversibly inhibited by either putrescine or spermidine
(74,316,394,395). The activity of ODC is also regulated by a group of proteins known as
antienzymes (317). In response to increasing polyamine levels, particularly putrescine,
the antienzymes bind ODC and target it for proteasomal degradation (317). Finally, it
should be emphasized here that SAMDC and ODC activity can be specifically inhibited
using different pharmacological inhibitors that are commercially available. I exploited

pharmacological inhibition of these enzymes in my studies presented in Chapter 4.

1.2.3. Polyamine Transport

Polyamine transport systems in plants and mammals have been suggested, but are
poorly characterized and understood. The proteins involved in polyamine transport
systems in mammalian cells are unknown. Despite that, several polyamine-binding
proteins have been detected in the plasma membranes of mammalian cells, using
photoaffinity labelling methods. Their identification and participation in polyamine
transport are still unconfirmed (105,106). On the other hand, polyamine transport systems
in bacteria are well characterized (197,198).

Before presenting the mechanism of polyamine transport in bacteria it should be
mentioned here that not all bacteria can synthesize polyamines to the same capacity
(252,425). Depending on their biosynthetic capacity, bacteria rely, to various extents, on

transport of exogenous polyamines to fulfill their cellular polyamine requirements. This
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notion is supported by the fact that E. coli mutants unable to transport exogenous
polyamines (224), or mutants unable to endogenously synthesize polyamines (396) grow
at a lower rate in relation to their parental strains. Additionally, the genomes of several
bacteria such as Mycoplasma genitalium, which does not encode any of the known
bacterial enzymes required for polyamine synthesis, must rely solely on polyamine
transport from the surrounding environment to maintain sufficient intracellular levels of
polyamines (198). These observations demonstrate the importance of polyamine transport
in bacterial growth and survival.

Bacteria have several transport systems that allow them to take up polyamines
from the surrounding environment (197,198). These transport systems were first
identified and studied in E. coli (197,198,225). E. coli have at least five polyamine
transport systems. These systems can be classified into three groups: (i) ABC
transporters, (ii) antiporters and (iii) uniporters. (i) ABC transporters have a cytoplasmic
membrane channel that is energized by ATP that is, in turn, hydrolyzed by an integral
membrane protein with an ABC domain. The putrescine specific transport system
PotFGHI, which selectively transports putrescine, and the spermidine-preferential uptake
system PotABCD, which transports spermidine with high capacity and putrescine with
low capacity, are two examples of ABC polyamine transporters. (i1) Antiporters operate
by exchanging compatible molecules, importing some polyamines and exporting amino
acids or other polyamines. Examples of polyamine antiporters are: PotE that exchanges
putrescine for ornithine, and CadB that exchanges lysine for cadaverine (197,198,375).
(111) Uniporters, which are a carrier proteins, work by binding to one molecule of solute at

a time and transporting it with the solute gradient. The only known polyamine uniporter
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is the newly described putrescine uniporter, PuuP (244,245). It is very important to
mention here that not all the E. coli polyamine transport systems are present in other
bacteria, and some bacteria have particular polyamine systems that are not present in E.
coli. However, among the known polyamine transporters, the PotABCD transporter is the
most widespread among bacteria (375). This transporter is the one that is present in
Legionella pneumophila and the one that I characterized in Chapter 5. The wide
distribution of the PotABCD transporter in bacteria suggests that this system provides a

significant survival advantage over the other modes of polyamine transport.

1.2.4. Some of the Multiple Functions of Polyamines in Eukaryotes

1.2.4.1. Roles of Polyamines in Stabilization of DNA structure, DNA Replication,
and Protein Synthesis

One of the main characteristics of polyamines is the ability to bind DNA and
RNA. Polyamines can bind to the phosphate groups of DNA and neutralize their charges.
They also have the ability to interact with nucleic acid bases and dock into the major or
minor grooves of the DNA double helix (85,110,111). Polyamines can increase the
melting temperature Tp,, of DNA in a dose dependent fashion (404), suggesting that they
may have a significant role in stabilizing the DNA structure in vivo. Moreover,
immunocytochemical studies have demonstrated that polyamines are coupled with highly
compacted mitotic chromosomes (193,363), suggesting that polyamines have a
stabilizing and regulating effect on the chromatin structure during cell cycle progression
(248). Chromatin from cells exposed to prolonged depletion of polyamines is more
sensitive to digestion by nucleases than chromatin from undepleted cells (23,248).

Polyamines can promote the interactions of DNA with DNA-binding proteins by
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inducing changes in the DNA structure and mediating DNA bending (20,76,163). In fact,
the level of intracellular polyamines has been demonstrated to affect the binding of
several transcription factors, such as the estrogen receptor, to DNA. In this case,
polyamines directly affect the conformation of the estrogen responsive element in DNA
(255). In addition to their roles in stabilizing and inducing conformational changes in the
DNA structure, polyamines are also important in enhancing DNA replication and protein
synthesis. For example, culturing of mammalian cells deficient in polyamine
biosynthesis, without the addition of exogenous polyamines (248), or treatment of cells
with polyamine synthesis inhibitors (121,122), readily slows down the rate of DNA
replication and protein synthesis. Polyamine deprivation can also result in impairment of
polysome (polyribosome) formation (398). Since polysomes read one strand of mRNA
to simultaneously translate the same mRNA multiple times, impairment of polysome
formation can leads to a decrease in the rate of protein synthesis (183). In addition,
polyamines are thought to affect the rate of protein synthesis by their ability to bind to the
secondary structures of mRNA, tRNA, and rRNA (439). However, this will be presented
in detail in Section 1.2.5.1, in the context of the roles of polyamines in prokaryote
biology, mainly because the role of polyamines in protein synthesis is better described in

bacteria.

1.2.4.2. Roles of Polyamines in Cell Growth and Cell Cycle Progression

It is widely accepted that polyamines can act as intracellular growth-promoting
factors. In eukaryotic cells, polyamines are considered essential for life since inhibition of

polyamine synthesis blocks cell growth and division (74,316,394,395). Several molecular
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mechanisms have been suggested to explain why polyamines can act as growth factors.
The simplest explanation is based on their utilization as nutrients. However, the use of
polyamines as carbon or nitrogen sources is poorly understood and documented. It has
been demonstrated that, in eukaryotes, spermidine is a metabolic precursor of the unusual
essential amino acid hypusine, which is involved in post-translational modification of the
epsilon amino group of a particular lysine residue of the translational initiation factor
elF5A that is essential for cell survival (310). Other proposed mechanisms to explain the
role of polyamines as growth factors are more complicated. For instance, investigators
have suggested that depletion of polyamines leads to cell cycle arrest possibly through
alteration in expression of many growth-related genes (332,335-337). Despite the unclear
mechanisms by which these gene expression patterns are regulated by polyamines, some
hypotheses have been made. It is known that the cell cycle is regulated by a
phylogenetically conserved family of protein kinases called cyclin-dependent kinases
(Cdks), which include a catalytic subunit and a positive regulatory subunit that mediates
progression of cell cycle. It has been found that polyamine depletion has an effect on the
expression of several genes encoding Cdks. For example, changes in cyclin A, B1 and D1
expression have been reported after polyamine depletion (278). Indeed, polyamine
depletion has been shown to enhance the activity of the cyclin inhibitors, p21 and p27,
which in turn inhibit the expression of cyclin gene expression via a p53-dependent
mechanism (335-337). Furthermore, rodent fibroblasts that overexpress SAMDC or ODC
turn into highly replicating cells (for the reasons explained above) and are transformed
into tumorigenic cells. The expression of cyclin inhibitor p27 in these transformed cells is

greatly decreased, suggesting that p27 is a target of the polyamine-responsive cell cycle
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control (332). Finally, it is thought that polyamines can also control cell cycle
progression through regulation of cellular apoptotic mechanisms, yet the role of
polyamines in apoptosis is controversial (365). As mentioned above, depletion of
polyamines can lead to cell cycle arrest or apoptosis by affecting the p21/p27/p53/ cell
cycle regulatory pathway. Additionally, polyamines can protect cells from apoptosis by
stabilizing various cellular components, such as cell membranes and chromatin, or by
regulating ion transport (presented below in Section 1.2.4.3) (365). Conversely, many
reports have shown that accumulation of spermine and spermidine in the cell can lead to
apoptosis and cell death. In this case, oxidation of these polyamines results in
accumulation of hydrogen peroxide, which in turn triggers apoptosis (328,410,412,436).
Thus, it can be concluded that polyamines can act as promoting, modulating or protective
agents of apoptosis. Overall, these observations suggest that polyamines can regulate cell

cycle progression in various ways.

Because polyamines are largely involved in regulating the cell cycle, one can
easily predict that polyamines would be involved in carcinogenesis. Indeed, a search of
publications in the PubMed database (publicly available online through the US National
Center for Biotechnology Information website: http://www.ncbi.nlm.nih.gov/pubmed/)
using the descriptors “cancer” and “polyamine”, yields ~10,560 hits, including 681
review articles, confirming the strong association between polyamines and
carcinogenesis. Although a discussion of the role of polyamines in carcinogenesis would
not be relevant in the context of my thesis, I think that the following findings should be
mentioned because they provide evidence of how important polyamines are in cell

biology. Many reports demonstrated that polyamine levels and polyamine biosynthesis
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are highly elevated in many different cancer cells (317-319). Furthermore, many types of
human cancerous cells show a significant increase in the levels of ODC and SAMDC
activity. ODC, and to a lesser extent SAMDC, becomes activated after induction of
cellular transformation via expression of various oncogenes (e.g. neu, v-src, and ras), or
after  treatment  with chemicals known  to induce  carcinogenesis
(13,184,185,319,381,382). Alternatively, overexpression of ODC or SAMDC activates
various cellular signalling cascades, including some of the Ras-controlled pathways
(12,14,306). Overalla, although it is clear that polyamaines have great effect on cell cycle

progression, their exact functions in regulation of this process are yet to be elucidated.

1.2.4.3. Roles of Polyamines in Regulatortion of Ion Channels

In mammalian cells, intracellular polyamines are implicated in the regulation of
Na’, K', and Ca™ ion channels (211,256,432,433). For instance, polyamines regulate the
intrinsic gating and rectification of inward K" channels (112,302,303). Moreover,
intracellular polyamines are responsible for inward rectification of AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) and kainite receptors (which both respond
to the neurotransmitter glutamate that mediates fast synaptic transmission in the central
nervous system), through blocking the pore of the receptor channel, consequently
preventing Na“ or Ca™ influx. Polyamines also interact with voltage-activated Ca"
channels and cyclic nucleotide-gated channels (256). In addition to their direct effect on
ion channels, polyamines, in particular spermine, promote the activity of V-ATPases,
which acidify intracellular compartments by pumping protons across their membranes
(140). These findings suggest that changes in intracellular levels of polyamines could

largely alter the flow of several cations across membranes.
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1.2.5. Some of the Multiple Functions of Polyamines in Prokaryotes

The roles of polyamines in the growth of bacteria are largely uncharacterized.
However, studies using E. coli as a model have provided insights into the importance of
polyamines in bacterial growth. An E. coli mutant lacking all the polyamine biosynthetic
enzymes does not grow in the absence of air in a polyamine-free medium, and displays
50 % reduction in its growth rate when grown under aerobic conditions in the absence of
exogenous polyamines. Thus, in E. coli, polyamines are essential for anaerobic growth,
and crucial (yet not essential) for growth under aerobic conditions (56,252,375,395). That
is, although the exact molecular mechanism by which polyamines enhance bacterial
growth is unknown, many mechanisms have been suggested. These mechanisms are

presented below.

1.2.5.1. Role of Polyamines in Proteins Synthesis

Similar to what I described for eukaryotes, in bacterial cells, polyamines mainly
exist as complexes with nucleic acids, particularly RNA. Polyamines work in conjunction
with Mg2+ to stabilize high-order RNA structures (200). Through binding to RNA,
polyamines can induce unique changes in mRNA structure that can accelerate in vitro
translation (200). Polyamines can also increase the rate of protein synthesis by other
mechanisms, including binding to ribosomes or by increasing the accuracy of codon
usage during protein synthesis (205), as well as by facilitating translational read-through
of mRNAs with an UAA stop codon (173), or by enhancing synthesis of modified

nucleosides important for tRNA synthesis (395). For instance, addition of exogenous
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putrescine can restore the biosynthetic defect in a Shigella flexneri mutant unable to
produce a modified nucleoside necessary for tRNA synthesis (90).

Igarashi and Kashiwagi suggested the “polyamine modulon” theory to explain
how polyamines can act as cellular growth factors (199). They suggested that polyamines
stimulate the synthesis of several key bacterial growth factors (such the oligopeptide
uptake protein OppA) by causing conformational changes in the structure of mRNAs and
tRNAs (199). Indeed, they showed that spermidine accelerates translation of OppA, by
binding of spermidine to its GC-rich region near the Shine-Dalgarno (SD) sequence of
oppA mRNA. This binding of spermidine causes structural changes in the SD sequence
that leads to an efficient interaction of the AUG start codon with the 30S ribosomal
subunit, thereby favoring the formation of an initiation complex (199,439). The
translation of other bacterial growth factors is enhanced by a similar mechanism; these
include: adenylate cyclase (CyaA), RNA polymerase o~ subunit (RpoS), transcription
factor of iron transport operon (Fecl), and the transcription factor (Fis) that regulates a
number of growth-related genes including rRNAs and some tRNAs (199). By DNA
microarray, Igarashi and Kashiwagi found that 309 of 2,742 mRNA species in E. coli
were up-regulated by polyamines (199). Among the 309 up-regulated genes,
transcriptional enhancement of at least 58 genes might be attributable to increased levels
of the transcription factors CyaA, RpoS, Fecl, and Fis (199). In conclusion, it seems that
polyamines enhance mRNA translation of a variety of bacterial genes in particular those
that have direct effects on bacterial growth by either stabilizing its structure, or by

inducing changes in secondary structure.
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1.2.5.2. Roles of Polyamines in Bacterial Resistance to Stress

During infection, bacterial pathogens face oxidative stress from the host. This
stress induces an adaptive response involving production of enzymes, such as superoxide
dismutase (SOD) and catalase that protect these pathogens from the negative effects of
reactive oxygen species (ROS). In addition to these antioxidant enzymes, the positively
charged polyamines can function as direct scavengers of negatively charged ROS and can
reduce ROS-mediated DNA damage (156). In an environment containing 95 % oxygen
the growth of an E. coli mutant unable to synthesize polyamines is completely inhibited
in spermidine free medium, but not in media supplemented with spermidine
(56,252,375,395). Some reports indicate that exposure of bacteria to various stresses,
including reactive oxygen and nitrogen species, induces expression of genes that are
involved in polyamine biosynthesis and transport, supporting the idea of a protective role
of polyamines against these stresses (32,374). Others indicate that addition of exogenous
polyamines increase expression of genes that are key regulators of the response to
oxidative stresses, such as soxS (216). Furthermore, polyamines also seem to play an
important role in tolerance to acid stresses, particularly in intestinal pathogens. In E. coli,
polyamines reduce the level of intracellular cAMP, which in turn induces the expression
of glutamate decarboxylase (encoded by gadA or gadB) that contributes to acid resistance
(215). Overall, induction of expression of genes that participate in bacterial resistance to
stresses such as soxS and gadA by polyamines might facilitate survival of bacterial

pathogen in vivo.

54



1.2.5.3. Interaction of Polyamines with Bacterial Surface Structures

Extracellular polyamines can be imported by bacteria or bind to negatively
charged bacterial surface structures, where they can perform beneficial functions. These
include stabilizing the bacterial cell envelope (395,397), controlling ion trafficking
(82,83,206), and impairing binding of cationic antimicrobial peptides (147). With regards
to the stabilization of the bacterial cell envelope, polyamines have been shown to
stabilize halophilic bacteria, and other fragile microorganisms, by increasing the stability
of the cell membrane or cell wall (395,397). Putrescine is a constituent of the outer
membrane of E. coli, Proteus mirabilis, and Salmonella enterica (239,418). Cadaverine
can be found covalently linked to the peptidoglycan of Vellionella alcalescens and
Selenomonas ruminantium as an essential component during normal cell growth
(219,235). In E. coli, polyamines play important roles in ion trafficking, primarily by
modulating the functions of the trimeric outer membrane porins that are important in flow
of hydrophilic molecules across the outer membrane. Spermidine and putrescine can alter
the permeability of the outer membrane porins, OmpC and OmpF, by changing the
charge and the size of the pores, leading to channel closure and a consequent decrease in
outer membrane permeability (82,83,206). Overall, it seems that polyamines enhance
bacterial cell survival not only by exerting their effect from within the cells but also

through their association with the bacterial cell envelope.

1.2.5.4. Roles of Polyamines in Bacterial Pathogenesis
Polyamines enhance bacterial resistance to antibiotics though unknown

mechanisms. It has been proposed that extracellular polyamines, which can be found in
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abundance in human body fluids, modify the response of bacteria to antibiotics, possibly
by altering the bacterial surface structure. In addition to their roles in controlling ion flow
through the OmpF and OmpC porins (see Section 1.2.5.3), polyamines also have the
ability to block the flow of certain fB-lactam antibiotics through the same porins,
increasing the resistance of E. coli to those antibiotics (83). Additionally, surface
polyamines can increase resistance of Neisseria gonorrhoeae to cationic antimicrobial
peptides and other mediators of the innate human host defence (147), possibly by
masking the binding sites of these molecules on the bacterial surface. Finally, exogenous
polyamines increase the resistance of Pseudomonas aeruginosa to cationic antibiotics,
such as aminoglycosides and quinolones, perhaps by inducing the expression of the genes
that are involved in modification of the LPS structure (247).

Polyamines have been implicated in biofilm formation, a process important for
virulence of several bacterial pathogens, by enhancing bacterial adhesion, colonization
and resistance to antibiotics. It has been suggested that polyamines serve as signaling
molecules that mediate the bacterial attachment to biotic surfaces (221). Indeed, addition
of exogenous norospermidine (a polyamine that contains one carbon less than
spermidine) enhances V. cholerae biofilm formation. This effect is mediated by the
periplasmic protein NspS (a homolog to the periplasmic spermidine/putrescine-binding
protein PotD of E. coli) that is believed to act as a sensor for norspermidine (221). In this
case, deletion of nspS decreases biofilm development and transcription of
exopolysaccharide synthesis genes that are required for bacterial attachment to biotic
surfaces (221). NspS is hypothesized to form a complex with the integral membrane

protein MbaA, which has a periplasmic domain as well as cytoplasmic GGDEF and EAL
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domains. MbaA has been previously identified as a repressor of V. cholerae biofilm
formation. Proteins in the GGDEF and EAL protein families, have been shown to affect
intracellular levels of the secondary messenger c-di-GMP (see Section 1.1.3.1 above)
(210). Secondary messengers often have global effects on gene transcription. It is thus
proposed that NspS interacts with the periplasmic domain of MbaA to regulate its
enzymatic activity and that this interaction is modulated by binding of norspermidine to
NspS (221). In other cases, intracellular polyamines also can regulate biofilm formation.
For instance, reducing the levels of intracellular putrescine in Yersinia pestis, or
norospermidine in V. cholerae (by deletion of genes involved in the synthesis of these
two polyamines) inhibits biofilm formation (252,312). Addition of exogenous putrescine
restores the biofilm formation ability of Y. pestis (252,312). Thus, polyamines can act as
external signals, or as intracellular factors that trigger responses related to biofilm
formation in a number of pathogenic bacteria.

Polyamines are also implicated in inducing the swarming phenotype that is
important for motility of the pathogen Proteus mirabilis and colonization of the urinary
tract (389). For example, inactivation of spe4dB (encodes for arginine decarboxylase and
speB agmatine ureohydrolase, respectively) leads to a loss of the swarming phenotype,
which can be restored by addition of exogenous putrescine that is transported into the
bacterial cell through polyamine transporters such as PotFGHI, PotABCD, or PotE
(389). It is thought that P. mirabilis uses polyamines as a cell-to-cell signaling molecule
that induces differentiation from sessile into swarm cells (389). The mechanism by which
putrescine enhances swarming of P. mirabilis is unknown, but it is possible that high

levels of putrescine enhance expression of regulatory proteins controlling swarming
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phenotypes (389). Alternatively, putrescine may have a direct effect on the bacterial cell
surface of P. mirabilis resulting in cell-to-cell interactions that in turn trigger
differentiation (389).

Some human pathogens can enhance their survival within the host by modulating
polyamine biosynthesis in the host cell. It has been shown that in tissues inflamed as a
result of microbial infection, polyamines are present in high concentrations (273),
suggesting that the infectious agent activates host polyamine biosynthesis. In turn,
increased levels of spermidine, spermine, and putrescine have been shown to induce
polymorphonuclear leukocyte (PMN) apoptosis in a dose-dependent manner (273),
suggesting that during inflammation (that results form infiltration of PMN to the site of
infection), apoptosis of the inflamed tissue might occur. H. pylori also induces
macrophage apoptosis by increasing the level of host polyamines at the site of infection
(60,249). ODC activity is upregulated in H. pylori-infected macrophages and eradication
of the infection leads to decreased activity of ODC (3). H. pylori also induces expression
of the transcription factor c-Myc, which binds to the promoter region of ODC enhancing
its expression (249). Interestingly, inhibition of either c-Myc or ODC activity reduces
apoptosis of the H. pylori-infected macrophages. In host cells H. pylori also induces the
expression of polyamine oxidase PAOhI (a polyamine catabolic enzyme that catalyzes
spermine oxidation to spermidine) (57). Oxidation of spermine by PAOhI results in
production of H;0,, which in turn induces depolarization of the mitochondrial
membrane, and caspase activation, leading to macrophage apoptosis (57). Manipulating
host polyamine metabolism during infection is thus be a common theme in bacterial

pathogens. Further to these findings, I report in Chapter 4 of this thesis, that the L.
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pneumophila chaperonin (HtpB) can interact with the host SAMDC, a key enzyme of the
polyamine biosynthesis pathway in eukaryotes, and that reducing the activity of the host
SAMDC significantly reduces L. pneumophila intracellular growth.

It is widely known that iron is crucial for the growth of bacterial pathogens, and
that iron is not available in infected tissues because it is trapped by iron-binding proteins,
like transferrin, which bind iron with high affinity. To strip iron from these host proteins
and make it available for use some bacterial pathogens release siderophores, which are
small compounds that have very high affinity for iron. Pathogens then obtain iron by
efficiently binding and internalizing iron-loaded siderophores; therefore, siderophores are
regarded as virulence factors. In V. cholerae (232), E. coli (308), and Bacillus anthracis
(305), polyamines are important for siderophore production. Spermidine is used as a
metabolic precursor in the synthesis of the siderophore petrobactine by B. anthracis
(305). The siderophore of the intestinal pathogen V. cholerae contains norospermidine.
Collectively, these reports suggest an important role for polyamines in iron-limited host
environments (232).

Colicins are protein bacterial toxins encoded on plasmids of certain E. coli strains.
They provide a competitive edge in tissues or host sites colonized with bacterial
communities, mainly because colicins kill competing bacterial cells by forming pores in
their cytoplasmic membrane. As mediators of colonization, colicins could be considered
virulence factors. Polyamines appear to be important for both colicin production and
resistance to colicins. The protective role of polyamines against colicins is clearly
demonstrated by the fact that E. coli mutants deficient in putrescine and spermidine

biosynthesis are more susceptible to colicins than are wild-type strains. The mechanism
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of this protective role seems to be regulatory in nature, because in colicin-susceptible E.
coli strains, exposure to polyamines reduces expression of TolA, BtuB, OmpF, and
OmpC, which are outer membrane proteins involved in colicin uptake (308).
Furthermore, exposure of E. coli to colicins results in overexpression of the
spermidine/putrescine-binding periplasmic protein PotD (308), which is involved in the
import of exogenous polyamines. Therefore, these finding suggests that an endogenous
increase in polyamine biosynthesis, or an increase in the transport of exogenous
polyamines, results in reduced uptake of, and increased resistance to, colicins. From the
perspective of colicin-producing strains, spermidine and putrescine seem to be important
for production of colicin (308). For instance, an E. coli mutant deficient in spermidine
and putrescine synthesis shows a low level of colicin production, which is restored to
wild-type levels by the addition of exogenous spermidine and putrescine (308). In
conclusion, polyamines play a dual role as enhancers of colicin production, and as
colicin-resistance factors, providing a survival benefit to both colicin-producing, and
colicin-susceptible bacteria.

Although the transport of exogenous polyamines has been reported for several
bacterial pathogens [reviewed in (375)], and the polyamine transport systems of E. coli
have been well studied, the impact of bacterial import of exogenous polyamines in
pathogenesis has only been studied in few bacterial pathogens. The genome of S.
pneumoniae carries the polyamine transporter operon potABCD that shows a high degree
of homology to the E. coli operon of the same name (421). Transcription of the the
pneumococcal potD transporter increases in response to oxidative radicals or high

temperature, and during host infection. The importance of a functional polyamine
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transport in virulence is demonstrated by the fact that a S. pneumoniae ApotD mutant
displays a significant attenuation in the mouse model of systemic and pulmonary
infection (421). Additionally, in Chapter 5 of this thesis, I provided several lines of
evidence indicating that polyamine transport through the putative periplasmic
spermidine/putrescine-binding protein PotD of L. pneumophila is important for
pathogenesis.

In summary, research indicates that polyamines can act as bacterial growth factors
through various mechanisms, including by acting as precursors of essential compounds
such as siderophores, providing protection against various stresses, or by binding to RNA

to enhance expression of key growth factors or protective enzymes

1.3. An Overview of Bacterial Chaperonin Biology

Chaperonins are a family of structurally and functionally conserved and essential
proteins that are present in almost all prokaryotic and eukaryotic forms of life. The
remarkable amino acid sequence and structural conservation across chaperonins
highlights their functional importance. The fundamental functions of chaperonins are to
assist other proteins to fold properly after translation, protect proteins from denaturation,
and help denatured proteins to refold after stress, all in an ATP-dependent manner.
Chaperonins have other cellular roles independent of protein folding. Some of these
functions are presented in Section 1.3.4. Chaperonins have been classified into three
groups based on their structure and evolutionary origin. Group I chaperonins (Cpn60,
GroEL, Hsp60, or HtpB) are proteins found in bacteria and in eukaryotic organelles such

as chloroplasts and mitochondria (154). Group II chaperonins are typically found in the
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cytosol of archaea and eukaryotic cells (154). These chaperonins are also known as T-
complex polypeptide 1 (TCP-1), TCP-1 ring complex (TriC), or chaperonin-containing
TCP-1 (CCT). Recently, Techtmann & Robb (400) reported a third group of chaperonins
found in several species of bacteria. These chaperonins are also known as TCP1-like
chaperonins, because they are distantly related to both group I and II chaperonins. The
best characterized group III chaperonin is the one present in the bacterium
Carboxydothermus hydrogenoformans (400).

To facilitate the distinction between the group I chaperonins that are present in
eukaryotic organelles versus those present in bacteria, the latter will be termed group I
bacterial chaperonins. The following Sections will be devoted to a discussion of the
group I bacterial chaperonins in terms of their function in protein folding, gene
organization and regulation of their gene expression. Because this thesis is focused on
studying the protein-independent functions of HtpB, a special Section will be designated

to discuss the accessory function of group I bacterial chaperonins, including HtpB.

1.3.1. Structure and Protein folding Function of Bacterial Chaperonins

Group [ bacterial chaperonins are termed GroEL, Hsp60, Cpn60 or HtpB. In the
following Sections, the term GroEL will be used to refer to group I bacterial chaperonins
in general, and the term HtpB (high temperature protein B) will be used to refer to the L.
pneumophila chaperonin in particular.

Most of the characteristics of the group I bacterial chaperonins have been
determined based on experiments done with the E. coli GroEL. These structural and

functional studies of E. coli GroEL have established the role of group I bacterial
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chaperonins as intracellular mediators of protein-folding (31,444), which currently
constitutes their primary recognized function. GroEL is an essential protein in E. coli
(103), whose intracellular level increases substantially in response to different
environmental stresses (263,416). GroEL has been found to interact with approximately
300 polypeptides in vivo (194); however, only 85 of these are absolutely dependent on
GroEL for folding (233). Thirteen of these 85 proteins are essential, which explains why
the protein folding function of GroEL is also essential and why GroEL is required under

all growth conditions (103,233).
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Figure 5. The simplified structure of GroEL and GroES, including some elements of the
protein folding cycle.

To perform protein folding, GroEL forms homo-oligomeric 7-mer rings (33). Two of
these 7-mer rings come together to form the 14-mer barrel complex. The cylindrical
space formed inside the 14-mer GroEL barrel constitutes the protein folding cavity,
which mediates protein folding in association with a third homo-oligomeric 7-mer ring of
the co-chaperonin GroES (a protein of ~10-kDa also termed Cpnl0, Hsp10, or HtpA).
The GroES 7-mer ring serves as a lid that closes the end of the folding cavity that
interacts with an unfolded substrate (upper 7-mer of the barrel) in an ATP-dependent
manner. At any given point during the protein folding cycle, only one end of the barrel is
capped. Once the protein substrate is folded, the co-chaperonin lid is disengaged and the
folded protein is released (bottom 7-mer of the barrel). Adapted from http://www-

ermm.cbcu.cam.ac.uk.
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The protein folding mechanism of GroELis illustrated in Fig. 5. The double 7-mer
-ring of GroEL forms a barrel structure with a large internal cavity where the unfolded
protein substrate binds via hydrophobic interactions. Each GroEL monomer has three
domains: (i) an apical domain, where the unfolded protein substrate and GroES bind; (ii)
an equatorial domain, which it contains a binding site for ATP; and (iii) a hinge domain,
which connects the two previous domains (34,93,233,263). The hinge domain undergoes
conformational changes when ATP is bound to and hydrolyzed by the equatorial domain,
allowing the substrate-binding surface to change from a hydrophobic to a hydrophilic
state (34,93,233,263). The protein folding cycle starts when the internal surface of the
cavity is in the hydrophobic state. The unfolded protein substrate binds to the
hydrophobic surface of the cavity, and it is stretched to prevent its misfolding and
aggregation. Once the unfolded protein is captured inside the hydrophobic cavity, the 7-
mer GroES “lid” binds to the apical domains of the GroEL ring structure to enclose the
unfolded protein. Subsequently, the binding and hydrolysis of ATP at the equatorial
domains result in opening and rotation of the apical domains, enlargement of the cavity,
and a change of the cavity’s surface from a hydrophobic to a hydrophilic state. These
conformational changes mark the end of one cycle and release of the protein substrate,
which at this point might be either properly folded, or required to go through another
cycle. ATP hydrolysis and release of ADP restores the hydrophobic conformation inside
the cavity, leaving it ready to start another protein folding cycle. Detailed information
about the folding mechanism of GroEL can be found in the following review articles

(34,93,233,263).
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1.3.2. Organization of the Chaperonin Genes in Bacteria

In E. coli, the groES and groEL genes are transcribed as a bicistronic mRNA from
one operon called the groE operon (166). Studies of numerous bacterial genomes have
pointed out that the groE operon organization is very well conserved in bacteria. They are
all arranged in the same order, promoter-groES-groEL (369). An exception to this
organization is found in Mycobacterium bovis, where groES and groEL are not present in
an operon, but found in separate loci (369). Multiple copies of groEL have been detected
among the genomes of several different Gram-negative a-proteobacteria. For example,
Bradyrhizobium japonicum contains seven copies of the groEL gene (264). Duplication
of chaperonin genes has also been reported in pathogenic bacteria such as Chlamydia
(154,222,223), and Mycobacterium tuberculosis (238). In some bacteria with multiple
copies of groEL, the groEL genes are present in separate loci (i.e. not coupled with groES
in one operon), in addition to the groE operon (369). For instance, Sinorhizobium meliloti
has four groE operons and one independent groEL gene expressed from its own promoter
(48). The organization of the groEL gene in an operon (groE) is a common theme in most
bacterial species with few exceptions such as those that have more than one copy of this

gene.

1.3.3. Transcriptional Regulation of the groE Operon

One of the designations of GroEL chaperonins is “60-kDa heat-shock proteins
(Hsp60)”, mainly because chaperonins are induced during heat-shockwhen an E. coli
culture is shifted from 30°C to 42°C, a 20-fold increase in the levels of GroEL can be

observed (10). The molecular basis for this sharp induction resides in the presence of an
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inducible promoter, found upstream of the constitutive 6’° promoter. The 6'° promoter
ensures a low and constitutive level expression of the groE operon at all temperatures
(444). The additional, inducible, promoter is recognized by the alternative sigma factor
62 (or RpoH) (443). RpoH is a stress-responsive global transcriptional activator that
recognizes the inducible promoters of several heat shock genes such as dnak, lon, clpP,
htpG, and grpE, whose gene products are all involved in relieving stress (443). The
levels of RpoH, in turn, are regulated by two mechanisms. The first is a post-
transcriptional mechanism in which the translation of rvoH mRNA is activated simply by
a temperature-induced change in RNA secondary structure that facilitates translation
initiation (289,443), The second is mediated by DnaK, a normally abundant chaperone
that captures RpoH facilitating its degradation (443). Upon heat-shock, which results in
extensive protein denaturation, unfolded proteins sequester DnaK, thereby releasing
RpoH, which is then free to induce the heat shock genes (443). The groE operons of
gamma proteobacteria (which includes Legionella spp.) are mainly regulated by similar

RpoH-dependent mechanisms (369).

1.3.4. Accessory Function of Bacterial Chaperonins

Chaperonins were initially characterized as strictly cytoplasmic proteins because
of their large molecular size, complex structural organization, and lack of known
secretion signals. However, the protein-folding paradigm of bacterial chaperonins has
changed with accumulating evidence that some bacterial chaperonins are found in
extracytoplasmic locations. The extracytoplasmic chaperonins perform diverse cellular

functions that are unrelated to their role in protein folding. Because part of my thesis is
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focused on the protein folding-independent functions of the L. pneumophila chaperonin, I
will provide here a short introduction on this subject and give example of some unique
chaperonins functions found in several bacteria. In particular, I will focus on
pathogenesis and will provide examples of chaperonins that play a role in attachment to
host cells, stimulation of the host immune system, and maintenance of bacterial
endosymbioses.

Several pathogenic bacteria display the chaperonin (GroEL) on the bacterial cell
surface. The surface-associated chaperonins can perform several functions, including the
enhancement of bacterial attachment to and invasion of host cells. For instance, the
surface-exposed GroEL of Mycobacterium avium (331), Helicobacter pylori (47,437),
Chlamydia sp (154,222,223), and Clostridium difficile (167), are involved in attachment
to cells. The GroEL of Salmonella enterica serovar Typhimurium facilitates bacterial
aggregation and binding to the intestinal mucosa (94). GroEL from Haemophilus ducreyi
(309) and that of Borrelia burgdoferi (220) enhance attachment to host cells via binding
to glycosphingolipids. The surface associated GroEL of Brucella abortus binds to cellular
prion protein (PrP®) and mediates entry of bacterium into host cells (424). Finally, GroEL
found on the surface of the probiotic bacterium Lactobacillus johnsonii is involved in
attachment to the intestinal mucus and epithelial cells.(25). These findings indicate that
enhancing bacterial attachment to its host is one of the main functions of surface-
associated chaperonins.

During the past few years, it has become clear that GroEL can be secreted from
bacterial cells. As free soluble proteins secreted chaperonins can interact with a variety of

cell types including epithelial endothelial, vascular and white blood cells, and activate
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key cellular activities such as the synthesis of cytokines and adhesion proteins (236).
These effects are mainly achieved through the interaction of free soluble chaperonins
with eukaryotic cell surface receptors.

An important element of the surveillance and protection function of innate
immune cells is the pattern recognition receptors (PRRs) that are present on the surface or
in the cytoplasm of innate immune cells. Toll-like receptors (TLRs), present on the
macrophage cell surface, recognize microbe-associated membrane patterns (MAMPs)
such as LPS, peptidoglycan, microbial nucleic acids, lipoproteins and flagellin (2,243).
Several studies demonstrate the ability of chaperonins to modulate host cell responses by
acting as cellular signalling molecules via binding to TLRs (40,41,360,415). It has been
shown that TLR2 and TLR4 can recognize the Chlamydia and human chaperonins (415).
However, Bulut et al. (40) and Sasu et al. (360) demonstrated that chlamydial GroEL can
interact only with TLR4, and not with TLR2. Mycobacterial and chlamydial chaperonins
have been shown to activate signalling pathways via TLR4 to induce NF-kB activation
(40,41). Additionally, Kol et al. (237) found that human Cpn60 and chlamydial GroEL
activate human monocytes through CD14 signalling, a pathway shared by LPS. Purified
bacterial chaperonins from E. coli, Mycobacterium leprae, and Mycobacterium bovis, can
also act as signalling molecules. These chaperonins increase the levels of pro-
inflammatory cytokine mRNA in macrophages (339,340), while purified GroEL from M.
tuberculosis (123), and C. trachomatis (236) enhance the production of pro-inflammatory
cytokines, such as IL-6, IL-8 and TNF-a, by monocytes. In addition to their function as
immunostimulatory molecules of cytokines, chaperonins are also involved in activating

cellular pathways that enhance cell adhesion and proliferation. For instance, GroEL from
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E. coli (129) and C. trachomatis (236) can stimulate human vascular endothelial cells
(HUVECs) to produce multiple adhesion molecules. Additionally, the GroEL of
Bartonella bacilliformis induces the proliferation of HUVECs (282), and the GroEL from
C. pneumoniae stimulates proliferation of human vascular smooth muscle cells via TLR4
and p44/42 mitogen-actvated protein kinase (MAPK) activation (360).

Several unique functions have been described for the chaperonins of
endosymbiotic bacteria. These functions have been attributed to the effect of a few amino
acid changes of the GroEL of these bacteria compared to the E. coli GroEL. Yoshida et
al. (326) have shown that the GroEL from endosymbiotic Enterobacter aerogenes acts as
an insect toxin. This toxic GroEL differs from the non-toxic GroEL from E. coli by
eleven amino acids, four of which are critical for insect toxicity. In fact, the E. coli
GroEL also becomes an insect toxin when these four residues are engineered to exactly
match the amino acid sequence of the E. aerogenes GroEL (326). In Buchnera aphidicola
(an aphid endosymbiont), GroEL is constitutively overexpressed and accounts for 10% of
all protein produced, with only a small increase upon exposure of bacteria to high
temperature (99). Amino acid sequence analysis of the Buchnera GroEL revealed specific
amino acid substitutions in key positions within the peptide- and GroES-binding apical
domains (99). It is thought that Buchnera GroEL has suffered an accelerated rate of
amino acid substitutions after the symbiotic integration of Buchnera into the aphids.
These amino acid changes are thought to enhance GroEL interaction with GroES, and
with the Buchnera proteome , which is unstable due to increased mutation rates in its
geneome (100). It is also thought that through these amino acid changes, the GroEL of

Buchnera has acquired phosphotransferase activity as a novel histidine kinase (288).
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Therefore, the constitutive overexpression of GroEL and the action of positive selection
on the evolution of GroEL suggest that GroEL is responsible for the maintenance of the
endosymbiotic lifestyle by buffering against the accumulation of slightly harmful
mutations in the Buchnera genome (100). Finally, GroEL is speculated to perform
functions related to root-nodulation and nitrogen-fixation in many endosymbiotic
rhizobiae and nodulating bacteria such as Sinorhizobium meliloti and Rhizobium
leguminosarum that have five and three copies of the groEL gene, respectively. (264). It
is unclear why these endosymbionts require several chaperonins, but genetic studies have
indicated that only one copy (thought to maintain the protein folding function) is essential
(345), suggesting that rhizobiae could use the additional chaperonins to achieve different
functions (142,146). Overall, the examples presented above strongly support the notion
that few changes in amino acid in the bacterial chaperonins sequence can alter or add

additional functions.

1.3.5. Historical Perspective of HtpB as an Unusual Chaperonin

A comprehensive review about HtpB can be found in reference (136). HtpB was
first investigated because of its immunodominant properties (126), since HtpB was one of
the most prominent antigens recognized by sera from patients with LD. Gabay and
Horwitz (126) characterized HtpB as the major cytoplasmic membrane protein of L.
pneumophila. A number of publications reported the existence of a 60 kDa antigen in
many bacterial species that was referred to as the “common antigen” (383,384).
Similarly, HtpB was also named a common antigen because the antibodies used to

identify HtpB as a 58 kDa protein in immunoblots cross reacted with 60-kDa antigens

71



from several Legionella species and other bacteria (324). Because of its immunodominant
properties, the role of HtpB was investigated in Guinea pigs. Immunization of Guinea
pigs with HtpB induced a strong humoral immune response (30), however this response
was not good enough to provide protection against a subsequent lethal challenge with L.
pneumophila (427). Subsequently, htpB was cloned and its DNA sequence was
determined by Hoffman et al. (177,178). They demonstrated by Southern blot that the
genome of L. pneumophila bears only one copy of htpB (177). The htpB gene is part of
an operon, where it is located downstream of the co-chaperonin gene htpA (177,178).
Amino acid sequence analysis indicated that HtpB is a 548 amino acid chaperonin with a
molecular weight of approximately 62 kDa. HtpB displays high degrees of identity and
similarity (73.3%, 85%, respectively) to the E. coli GroEL (178). In agreement with the
findings of Gabay and Horwitz (126), Hoffman et al. (178) also demonstrated that HtpB
is one of the most abundant proteins detected in L. pneumophila under normal conditions
with only a 2-fold increase upon heat shock. Conversely, the E. coli, GroEL is present in
low levels under non-heat shock conditions and exhibits a more dramatic increase (~10-
fold) after heat shock (178). Hoffman et al. (126) showed, by immunofluorescent
microscopy, that HtpB is strongly detected on the surface of the virulent L. pneumophila
strain SVir. In contrast, HtpB was weakly detected on the surface of the salt-tolerant
avirulent derivative Avir strain. In a detailed ultrastructural study based on immunogold
electron microscopy, using both polyclonal and monoclonal antibodies against HtpB,
Garduno et al. (137) reported that ~58 % of the total L. pneumophila HtpB epitopes were

extracytoplasmic (associated with the outer membrane and/or in the periplasm), ~26 % in
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the cytoplasm, and an additional ~16 % localized to the cytoplasmic membrane In
contrast, the E. coli GroEL was exclusively found in the cytoplasm.

The above unique characteristics of HtpB encouraged investigators from the
Hoffman Laboratory to broadly investigate the role of HtpB in L. pneumophila virulence.
Indeed, those investigators provided several lines of evidence that HtpB might have
virulence-related roles. These include (i) the surface-associated HtpB-mediated
attachment to and invasion of HeLa cells (139), (ii) the upregulated expression of HtpB
upon contact with L929 murine cells or human monocytes (107). and the high levels of
HtpB expression are maintained during the course of intracellular infection (107), leading
to its accumulation in the lumen of the LCV (137), (iii) the increased production of HtpB
by L. pneumophila within L929 cells and monocytes correlates with virulence because
spontaneous salt-tolerant, avirulent mutants of L. pneumophila are unable to upregulate
the expression of HtpB upon contact with these cells (107), and (iv) the mature infectious
forms (MIFs), thought to be the natural transmissible forms of L. pneumophila, display
increased amounts of envelope and surface-associated HtpB, compared to agar-grown
bacteria (138). Together, these observations indicate suggest that HtpB is an unusual
chaperonin, present in unusual cellular locations, that may play an important role in

intracellular establishment of L. pneumophila.

1.4. Rationale, Hypothesis and Objectives

The fundamental functions of chaperonins are to assist other proteins to fold
properly after translation, protect proteins from denaturation, and help denatured proteins

to refold after stress. Many reports have suggested that bacterial chaperonins, including
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HtpB, may have virulence-related functions. The best approach to establish a definitive
role of HtpB in virulence would be genetic studies performed with L. pneumophila
deletion mutants lacking htpB. However, because chaperonins are widely accepted to be
essential for bacterial survival (103,444), no one has previously attempted to generate an
htpB deletion mutant. Instead, our lab developed different functional models to
characterize the possible role of HtpB in L. pneumophila pathogenesis.

A former graduate student in our lab (Dr. Angella Riveroll) expressed HtpB in the
cytoplasm of Saccharomyces cerevisiae. She showed that HtpB induces pseudohyphal
growth (PHG) in S. cerevisiae via a Ras2-activated signalling pathway, a phenotype that
cannot be induced by HtpB homologs from E. coli (GroEL), or S. cerevisiae (Hsp60p)
(63,341). Dr. Riveroll suggested that this induction of PHG by HtpB occurs via
interaction with a S. cerevisiae protein(s). Another former graduate student in our lab (Dr.
Audrey Chong) showed that HtpB, but not GroEL, is involved in reorganization of actin
filaments when expressed in the non-phagocytic cell line CHO. She also showed that
HtpB-coated beads mimic the ability of virulent L. pneumophila to attract mitochondria
when added to CHO cells and U937 human-derived macrophages (63,65). Furthermore,
Dr. Chong showed, using immunogold electron microscopy, that abundantly released
HtpB in the LCV of infected macrophages can reach the cytoplasmic face of the LCV.
She also showed that HtpB can reach the cytoplasm of infected CHO cells and proposed
that in this compartment, HtpB might interact with mammalian host protein(s). The
interaction of HtpB with host cell proteins might lead to mitochondrial attraction to the
LCV and reorganization of actin filaments. The multiple functions observed for HtpB and

the fact that some of these functions are related to virulence, proved an involvement of
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HtpB in L. pneumophila pathogenesis in vivo, and opened an experimental need to
identify host protein targets for HtpB. Therefore, my thesis work was focused on these
aspects of HtpB research.

I proposed that the intracellularly released-HtpB recruits or interacts with an
eukaryotic partner protein(s) that would be identifiable by the yeast two hybrid method.
Furthermore, I hypothesized that the interaction of HtpB with this partner protein would
trigger a specific intracellular eukaryotic signaling cascade (as opposed to an
extracellular cascade mediated by surface receptors) responsible for the aforementioned
intracellular changes directed by HtpB.

According to the aforementioned findings and rationale, the specific objectives of
my research project are as follows:

I- To specifically assess the role of HtpB in L. preumophila pathogenesis in vivo
by constructing an A4tpAB deletion mutant in the presence of the groE operon
(Chapter 3).

II- To determine whether HtpB can reach the cytoplasm of infected macrophages
using the CyaA reporter assay (Chapter 4).

III- To identify the putative eukaryotic targets for HtpB using the yeast two-
hybrid system (Chapter 4).

IV-  To characterize the identified HtpB eukaryotic target protein and its functional

effects on L. pneumophila intracellular growth (Chapters 4 and 5).
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CHAPTER 2: MATERIALS AND METHODS

Materials and methods used in more than one Chapter will be described under the
common Materials and Methods section (Section 2.1). Specific sections are designated to
describe the materials and methods used only in Chapter 3 (Section 2.2), Chapter 4

(Section 2.3), and Chapter 5 (Section 2.4).

2.1. Common Materials and Methods

2.1.1. Strains and Growth Conditions

Bacterial and yeast strains used in this study are described in Table 1. L.
pneumophila strains were grown at 37°C on buffered charcoal yeast extract agar (BCYE)
(311), or at 37°C with agitation (200 rpm in a New Brunswick C25KC shaker incubator)
in buffered yeast extract broth (BYE). BCYE and BYE were supplemented with
streptomycin (100 pg/mL) and, for growth of Lp02, with thymidine (100 pg/mL). The
defined medium (DM) of Pine et al. (323) was also used, but without choline. Media
ingredients and antibiotics were obtained from Sigma-Aldrich (St Louis, MO), MP
Biomedicals (Santa Ana, CA—previously ICN Biomedicals), Fisher Scientific (Fair Lawn,
NJ), or BDH (Toronto, ON). Escherichia coli strains were grown at 37°C on Luria-
Bertani (LB) agar (357), or at 37°C with agitation (as above) in LB broth. Bacterial
transformants harbouring the plasmids listed in Tables 2 and 3 were grown in culture
media containing the appropriate antibiotics. For selection of L. pneumophila

transformants, the following antibiotic concentrations were used: 100 upg/mL
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streptomycin, 10 pg/mL gentamicin (Gm), 40 pg/ml kanamycin (Km), 20 pg/mL
metronidazole (Mtz), and 4 pg/mL chloramphenicol (Cm). For DH5a, 100 pg/mL
ampicillin, 40 pg/mL Km, 10 pg/mL Gm, or 20 ng/mL Cm were used. Long term storage

of bacteria was done at —70°C in nutrient broth containing 10% dimethylsulfoxide (357).

2.1.2. Molecular Techniques

2.1.2.1. Isolation of L. pneumophila Genomic DNA

Genomic DNA was isolated from 3 mL of L. pneumophila grown overnight in
BYE. Bacterial cells were collected by centrifugation (15,000 x g, 2 min) and
resuspended in 440 pl of Tris-EDTA buffer (TE) (10 mM Tris-HCI pH 8.0 and 1 mM
EDTA pH 8.0). Fifty microliters of proteinease K (10 mg/mL in 50 mM Tris-HCI pH 8.0
and 1 mM CacCl,) and 10 pl of 10% sodium dodecyl sulfate (SDS) were added. After 1-2
h incubation at 37°C with gentle rocking, the mixture was sequentially extracted with
equal volumes (500 pl) of: 1) buffer-saturated phenol; ii) phenol/chloroform 1:1 (v/v);
and 1iii) chloroform/isoamyl alcohol 24:1 (v/v). Between each extraction step, samples
were subjected to centrifugation (15,000 x g, 10 min, 4°C) and supernatants were
transferred to clean microcentrifuge tubes. The genomic DNA was then precipitated
overnight at -20°C with 0.1 volumes of 0.3 M sodium acetate pH 5.0 and 2 volumes of
absolute ethanol. Precipitated DNA was washed with ice-cold 70% ethanol, and air dried
(for ~10 min). Genomic DNA was resuspended in 100 pL TE buffer, quantitated by

spectrophotometry at 280 nm, and stored at 4°C until use.
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2.1.2.2. Plasmid and DNA Purification

Bacterial plasmids and yeast shuttle vectors used in this study are described in
Tables 2 and 3, respectively. Plasmid purification from E. coli DH50 was performed with
the Spin Miniprep or Midiprep kit (QIAGEN, Mississauga, Ontario, Canada). Isolation
of DNA fragments from agarose gels was carried out with a QIAquick gel purification kit
(QIAGEN). Constructed plasmids were verified by DNA sequence analysis carried out
by DalGen (Dalhousie University, NS, Canada), or Genome Quebec (McGill University,

Quebec, Canada).

2.1.2.3. Polymerase Chain Reaction (PCR)

PCR amplifications were performed on a T-personal thermal cycler (Biometra,
Germany) using 7ag DNA polymerase (MBI Fermentas) or Platinum Pfx DNA
polymerase (Invitrogen) using the buffers and conditions provided by the supplier. The
following standard PCR conditions were used unless indicated otherwise: 94°C (5 min),
followed by 30 cycles of 94°C (30 s), 55°C (30 s), and 72°C (1 min per kb of PCR
amplification product), and a final extension at 72°C for 7 min. PCR primers (Table 4)

were synthesized by Integrated DNA Technologies, Inc. (Coralville, 1A).

2.1.2.4. T/A Cloning and DNA Ligation

T/A cloning was used to clone PCR amplicons (amplified by thePfx DNA
polymerase) into a bacterial plasmid (pBluescript) (357). The PCR amplification products
were incubated with 7Tag polymerase (2.5 U enzyme/100 pL volume) (MBI Fermentas) in
1X buffer (MBI Fermentas) containing 2 mM dATP (Invitrogen) for 2 h at 72°C,
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followed by gel extraction purification. pBluescript was digested with EcoRV (New
England Biolabs), and then dTTPs (Invitrogen) were added to the plasmid as described
above.

DNA ligations were performed using T4 DNA ligase (NEB) at 14°C overnight.
An insert/vector ratio of 5:1 was used. Ligation reactions consisted of the appropriate
volume of insert and vector DNA, 1 uL of T4 DNA ligase, 2 uL of 10X T4 DNA ligase
buffer (New England Biolabs) with the final volume adjusted to 10 pL with sterile

ddH,O0.

2.1.2.5. Preparation of Electrocompetent E. coli DH5a. Cells

Ten mL of E. coli DH5a cultures were grown overnight at 37°C with agitation
(200 rpm). These bacteria were diluted 1:20 into pre-warmed LB broth and grown to an
ODgyo of ~0.6. Bacterial cells were harvested by centrifugation (3,000 x g, 15 min, 4°C).
The cells were washed twice with ice cold ddH»O, and resuspended in 50 mL of cold 10
% glycerol, washed in 50 mL 10 % glycerol, and finally resuspended in 2 mL cold 10 %

glycerol. The cells were stored at -70°C in 40 pL aliquots.

2.1.2.6. Preparation of Electrocompetent L. pneumophila Cells
Overnight lawns of L. pneumophila inoculated from a 3 day old BCYE plate
culture with appropriate selection were harvested into 20 mL sterile ddH,O and

centrifuged at 3000 x g for 10 min at 4°C. The cells were resuspended in 20 mL of cold
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10% glycerol, washed twice in 10 mL 10 % glycerol, and finally resuspended in 200 uL

cold 10 % glycerol. The cells were stored at -70°C in 40 pL aliquots.

2.1.2.7. Bacterial Transformation by Electroporation

Glycerol-treated electrocompetent E. coli DH5a cells (stored at -70°C) were
thawed on ice. One pL of plasmid DNA (~1 pg/uL) was added to the thawed cells and
incubated on ice for 20 min. The DNA/cell mixture was transferred to a pre-chilled 2 mm
gap electroporation cuvette, and transformed by electroporation at 2.5 kilovolt (kV) using
a MicroPulser® (BIO-RAD laboratories Inc.). The cells were then transferred to 300 pL.
of pre-warmed LB broth and incubated at 37°C for 1 h with gentle agitation, then plated
on LB agar with appropriate antibiotic selection (357).

L. pneumophila strains Lp02 and JR32 were transformed by electroporation as
detailed by Viswanathan and Cianciotto (419). Five uL of plasmid DNA (~1 pg/uL) was
added to the thawed glycerol-treated electrocompetent L. pneumophila cells (strains Lp02
and JR32) and incubated on ice for 20 min. The DNA/cell mixture was transferred to a
pre-chilled 1 mm gap electroporation cuvette, and electroporated at 2.1 kV using a
MicroPulser® (BIO-RAD laboratories Inc.). The cells were then transferred to 2 mL of
pre-warmed BYE and incubated at 37°C for 3 h with gentle agitation. The cells were
pelleted by centrifugation at 4500 x g for 5 min. The supernatant was removed, the cells
gently resuspended with 125 pL of fresh pre-warmed BYE and plated onto BCYE agar at
5 puL, 10 uL, and 100 pL per plate with the appropriate selection. The plates were
incubated at 37°C for 5-7 days. Colonies were replica plated and screened either by PCR

or immunoblot analysis.
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2.1.2.8. Protein Electrophoresis, Inmunoblotting, and Densitometry

Bacterial cell pellets from 1-mL suspensions with an ODgo of 1.0 unit, were
solubilized in 100 uL of Laemmli sample buffer, and 10 pL per lane were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a 12 % (w/v)
acrylamide vertical slab mini-gel. For yeast samples, 10® pelleted cells (800 x g for 5
min) were resuspended in 200 pL of sample buffer containing the a-yeast protease
inhibitor cocktail (Sigma), and mechanically broken by adding ~100 uL of acid-washed
and baked glass beads (BT-5 high impact beads, 40-50 um diameter, Supply America
Company Inc., Norfolk, Virginia) and vortex mixing at 4°C for 15 min. Samples were
then boiled for 5 min, unbroken cells and cell wall debris pelleted at 15,000 x g, and 10
uL of the supernatant per lane subjected to SDS-PAGE.

For immunoblotting (414), proteins resolved by SDS-PAGE were transferred onto
nitrocellulose membranes using a BIO-RAD electrotransfer apparatus (Model Mini-
Protean™II), and then immunostained with the appropriate primary monoclonal antibody
(MAb) [GW2X4B8B2H6 (165) for HtpB, mtHsp60 MAb (Stressgen, Victoria, BC) for
yeast mitochondrial Hsp60p, or GroEL MADb (Stressgen) for the E. coli chaperonin], or
polyclonal in-house HtpB-specific rabbit serum (PAb) (65). All MAbs were diluted
1:1,000, and PADb 1:5,000, in Tris buffer solution (TBS) containing 0.1% (w/v) bovine
serum albumin (BSA). Secondary antibodies were alkaline phosphatase conjugates of
either anti-mouse or anti-rabbit IgG (Cedarlane Laboratories Ltd.) diluted 1:5,000 in TBS
containing 0.1% (w/v) BSA. Densitometry of immunostained proteins was done as

follows: To first visualize transferred proteins, nitrocellulose membranes were stained
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with a 0.2% (w/v) solution of Ponceau-S (Allied Chemical Co., New York, NY) prepared
in 3% (w/v) trichloroacetic acid, 3% (w/v) sulfosalicylic acid, and a reference digital
image was acquired. Membranes were then immunostained and analyzed using the
“single-band analysis” function of GelPro 2.0 software (Media Cybernetics Inc.). Values
of optical density were corrected for differences in loading and electro-transfer
efficiency, using the optical density data of three well-defined protein bands from the

Ponceau-S-stained reference image.

2.1.3. Culture of Mammalian Cell Lines

Human U937 cells (a gift from Dr. Andrew Issekutz, Dalhousie University) or
THP-1 derived macrophages (a gift from Dr. Robert Anderson, Dalhousie
University)were routinely cultured as undifferentiated cells in suspension in RPMI-1640
(Gibco-Invitrogen Grand Island, NY) supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT), 2 mM L-glutamine (Gibco), 100 U/mL penicillin, and 100 pg/mL
streptomycin and incubated at 37°C in 5% CO,. Before infection, U937 or THP-1 cells
were induced to differentiate into adherent, macrophage-like cells with fresh medium
containing 60 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma). PMA-activated
U937 cells or THP-1 were washed three times with RPMI-1640 and transferred to 24 or
48-well plates (Falcon-BD Biosciences Canada, Mississauga, Ontario, Canada) at
approximately 5 x 10° and 8 x 10*cells/well, respectively. Mouse L929 cells (a gift from
Dr. Spencer Lee, Dalhousie University) were routinely grown at 37°C, 5% CO, in

minimal essential medium (MEM) (Gibco), supplemented with 5 % FBS, 100 U/mL
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penicillin, 100 pg/mL streptomycin, and 250 ng/mL amphotericin B (Gibco). Before

infection, 1929 cells were allowed to attach on 24-well plates at ~5 x 10° cells/well.

2.1.4. Intracellular Growth and Attachment Assay

Monolayers of L1929 cells, THP- and U937-derived macrophages, or A.
Castellanii (prepared as in Section 2.4.1) were seeded in 24 or 48-well plates as described
above (in Section 2.1.3). L. pneumophila inocula were suspended in medium specific for
each cell type (inocula preparation is described in detail in sections involving cell
infection) and added to the wells of 24-well plates in duplicate or triplicate. The 24-well
plates were centrifuged at 500 x g for 10 min to promote cell contact with bacteria, and
then incubated for 90 min at 37°C in 5% CO, to allow internalization of legionellae by
the cells. After infection, the inocula were removed and the monolayers were washed 2 to
4 times with warm PBS to remove free bacteria. Cells were then either lysed in 0.05%
triton (vol/vol) to determine CFU/well (set as time 0 value, or to determine the number of
attached bacteria), or replenished with MEM (for L929 cells), RPMI-1640 (for
macrophages), or modified Neff’s (for amoeba monolayers). Five pg/mL
chloramphenicol and 1 mM IPTG were added to the above media if needed. To
determine CFU/well at 24 and (or) 48 h post infection, the supernatant of the infected
monolayers was removed, the cells were lysed with 0.05% Triton X-100 (vol/vol), and
the supernatants and the lysates were combined. Bacterial cell counts were performed
using ddH,O as diluent, and plating onto BCYE agar with incubation for at least 3 days at

37°C. The number of colony forming units (CFU) per well was then calculated.
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2.1.5. Bioinformatic Analysis

DNA sequences of genes encoding known polyamine biosynthetic enzymes in E.
coli and Vibrio cholerae (56,252,375,395) were obtained from GenBank®, at the
National Center for Biotechnology Information (NCBI) website

(http://www.ncbi.nlm.nih.gov). To identify L. pneumophila gene sequences similar to the

obtained sequences of the E. coli and Vibrio cholerae genes encoding known polyamine
biosynthetic enzymes, the nucleotide BLAST tool (NCBI website) was used to (ii)
compare the obtained sequences from E. coli and V. cholerae against the four L.
pneumophila genome sequences available from NCBI (Philadelphia-1, Lens, Paris and
Corby), (ii)) compare sequence similarity of the potABCD operon genes of the L.
pneumophila Philadelphia-1 and E. coli K-12 strain. The BLAST search was optimized
for the “somewhat similar sequences (blastn)” option. Additionally, the BLAST tool was
used to identify yeast proteins encoded by the positive yeast two-hybrid (Y2H) library
plasmids. The Genius Pro™ 5.3 (Biomatters Ltd, New Zealand) bioinformatics software

was used for PotD amino acid sequence alignment.

2.1.6. Statistical Analysis

Statistical significance of differences between experimental values was assessed
using the Student #-test, or the one or two-way ANOVA test, using Minitab software
version 15.1.30.0 (Minitab Inc., State College, PA). P values less than 0.05 were

considered to represent significant differences between groups.
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2.2. Materials and Methods Used in Chapter 3

2.2.1. Construction of L. pneumophila LpgroE+ Strain

A schematic representation of the approach followed to create LpgroE+ strain is
shown in Chapter 3 in Figure 7A. The non-functional thyA gene (encoding thymidine
synthase) of Lp02 was targeted to be replaced with the E. coli groE operon. Allelic
replacement of thyA with groE was performed using the counter selectable plasmid
pBRDX (65,251,287) which consists of the pBOC20 backbone (carrying cat and sacB)
with an added rdxA gene of Helicobacter pylori, encoding a nitroreductase capable of
activating metronidazole to its bactericidal form (35). The regions flanking the thy4 gene
of L. pneumophila strain Lp02 were amplified by PCR. For the upstream region, primer
pair thyAP1/thyAP2 was used to produce an amplicon of 611 bp (F1). For the
downstream region, primer pair thyAP3/thyAP4 was used to produce an amplicon of 561
bp (F2). The F1 amplicon, cleaved at terminal Notl and Spel restriction sites, and the F2
amplicon, cleaved at terminal Spel and X#hol restriction sites, were ligated, sequentially,
into appropriately cleaved pBlueScript KS to generate pBSF1/F2thyA. A DNA fragment
of 5.2 kb containing the lacI” repressor and P, promoter (P, IPTG inducible promoter)
upstream of the groE operon and the kanamycin resistance (Km") cassette (km3) [lacl’-
Pic:groE-km3] was amplified by PCR from plasmid pTrcKm (4) using primer pairs
(Ptrc99F and Ptrc99R). In pTrcKm, the groE operon expression is driven by the Py,
promoter, while the Km® cassette expression is driven by its own promoter. The lacl’-
Puc:groE-km3 (named groE-km) amplicon was cleaved at flanking Spel sites was ligated
into the Spel site of pBSF1/F2thyA to create pBSAthyA:groE-km3. Subsequently, the 6.3

kb AthyA:.groE-km3 fragment, which is flanked upstream by the NotI restriction site of F1
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and downstream by the X#ol restriction site of F2,was subcloned into the Nofl and Xhol
sites of pPBRDX (Fig. 7A). The resulting plasmid, pBRDXAthyA:groE-km3 (Fig. 7A),
was introduced into Lp02 by electroporation as detailed in Section 2.1.2.7. The allelic
recombinants (potential Athy4 mutants) were selected from a population of Km" resistant
colonies by replica plating onto a medium containing 5% (wt/vol) sucrose (Suc) or 20
pg/mL metronidazole (Mtz). Plasmid loss was confirmed by testing for the loss of
chloramphenicol resistance (Cm®). The Km®, Suc®, Mtz®, and Cm® Lp02 colonies were
screened by PCR for the absence of the thy4 gene using thyAF and thyAR internal
primers. The expression of GroEL from the potential Athy4 mutants was confirmed by
immunoblot using monoclonal antibody MAb specific to GroEL as described in Section
2.1.2.8. The newly constructed Lp02 strain (AthyA, groE") used for further work was

named LpgroE+.

2.2.2. Attempt to Delete hipAB from L. pneumophila Strain LpgroE+

A schematic representation of the approach followed to attempt the construction
of a AhtpAB mutant in LpgroE+ is shown in Chapter 3, in Figure 8A. Allelic replacement
of htpAB with a Gm" cassette was attempted using the counter-selectable plasmid
pBRDX as described in Section 2.2.1. Briefly, 700 bp of upstream and 620 bp
downstream flanking DNA sequences of the htpAB of L. pneumophila Lp02 were
amplified by PCR using the primer pairs P1/ P2 (for the upstream or F1 region) and
P3/P4 (for the downstream or F2 region). The F1 amplicon cleaved at the terminal Norl
and BamHI restriction sites and the F2 amplicon cleaved at the terminal BamHI and Xhol

restriction sites were ligated sequentially into the appropriately cleaved pBluescriptKS to
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generate pBS:F1F2htpB. A 650 bp DNA fragment containing a gentamicin resistant
(Gm®) cassette was cleaved at flanking BamHI sites from plasmid pPH1J1 (175) and
ligated into the BamHI site between the F1 and F2 of pBS:F1F2htpB to generate pBS:F1-
gm-F2htpB. Subsequently, the F1-gm-F2htpB fragment (1920 bp), flanked upstream by
the Notl restriction site of F1 and downstream by the Xhol restriction site of
F2,wassubcloned into the Nofl and Xhol sites of pBRDX to generate pPBRDXAhtpAB:gm
(Fig. 8A), which was then electroporated into L. pneumophila strain LpgroE+ as
described in Section 2.1.2.7.. The allelic recombinants (potential LpgroE+AhtpAB

mutants) were selected as described in Section 2.2.1.

2.2.3. Attempt to Delete hipAB from L. pneumophila Strains JR32 and Lp02

A schematic representation of the approach followed to attempt theconstruction of
a AhtpAB mutant in L. pneumophila strain Lp02 or JR32 using a Km® cassette is shown
in Figure 9A (Chapter 3). An attempt to delete htpAB from the parent strains JR32 or
Lp02 was made using the same primers, cloning method, and selection strategies
described above (Section 2.2.3) to construct pBRDXAhtpAB:gm, except the Km® cassette
from plasmid p34S-km3 (86) (restricted by BamHI) was used instead of the Gm"® cassette
(shown in Fig. 9A).The new plasmid pBRDXAhtpAB:km3 was electroporated into strains
Lp02 and JR32 as described in Section 2.1.2.7. The allelic recombinant colonies
(potential JR32AhtpAB or Lp02AhtpAB mutants) were selected and screened as described

in Section 2.2.1
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2.2.4. Southern Blot

Chromosomal DNA from L. pneumophila strain Lp02 or LpgroE+ was isolated
by phenol/chloroform extraction as described in Section 2.1.2.1. The isolated DNA was
digested with various restriction enzymes and subjected to electrophoresis on a 0.8%
agarose gel. The DNA was transferred onto a nylon membrane (Hybond ™-N+
membrane, Amersham Pharmacia Biotech) by placing the nylon membrane on the top of
a stack of paper towels, then placing the gel on top of the nylon membrane. Pressure was
evenly applied to the gel by placing 3 sheets of filter paper and a 0.5 kg weight on top of
the gel. Suction solution (0.4 M NaOH) drawn through a filter paper wick was passed
through the gel into the stack of paper towels to enhance DNA transfer from the gel onto
the nylon membrane. After DNA transfer for a minimum of 2 h, the nylon membrane was
separated from the gel and soaked in 2 x SSC buffer for 5 min. The nylon membrane was
then placed between 2 pieces of filter paper and the DNA was immobilized by
microwaving for 30 s. Three different DNA fragments were amplified by PCR from
template genomic DNA of strain Lp02 to be used as probes: (i) F1htpAB (700 bp), using
primers P1 and P2, (ii) the Gm® cassette (250 bp), using primers gmF and gmR, and (iii)
htpB (750 bp), using primers htpBF and htpBR. The amplified probes were subjected to
0.8 % agarose gel electrophoresis, purified from the gel using the QIAquick gel
purification kit (QIAGEN), and labelled using the DIG-High Prime DNA Labelling and
Detection Starter Kit—I (Roche Applied Science). DNA hybridization with the probes and

probe detection were done as described in the kit manual.

2.3. Materials and Methods Used in Chapter 4
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2.3.1. Strains and Growth Conditions

Bacterial and yeast strains used in Chapter 4 are described in Table 1, while
bacterial plasmids and yeast shuttle vectors are described in Tables 2 and 3, respectively.

S. cerevisiae strains were cultured at 30°C on YEP-Dextrose (YEPD) agar [per
litre: 10 g yeast extract, 20 g peptone, 20 g agar, and 100 mL of 20 % (wt/vol) dextrose],
YEP-Galactose agar, which has the same formula as YEPD, but galactose is substituted
for dextrose, or Synthetic Complete (SC) medium [per litre: 1.7 g YNB without amino
acid, 10 g succinic acid, 6 g NaOH, 2 g (NH4),SO4, 100 mL of 20 % (wt/vol) dextrose,
20 g agar, and 10 ml of 0.2 (wt/vol) of the following supplements: arginine, histidine,
leucine, isoleucine, lysine, methionine, phenylalanine, tryptophan, tyrosine, threonine,
valine, adenine, and uracil,] or synthetic defined (SD) medium (which has the same
formula as SC, but lacks amino acids or purine and pyrimidine bases) was used to select
and grow plasmid-carrying prototrophs (155,341). To induce expression of genes cloned
into pEMBLyex4 or pPP389 (under the control of a galactose-inducible promoter,
dextrose was substituted by galactose in SD medium. Yeast strains were stored at —70 °C

in SD liquid medium with 10% glycerol.

2.3.2. Construction of Plasmids

Translocation assay constructs: N- and C-terminal A#pB fusions to cyaAd (encoding
the calmodulin-dependent Bordetella pertussis adenylate cyclase subunit) were
constructed in pJC158 (59) by Audrey Chong (62). I used plasmids pAC17, pAC2,

pJC158, and pJC203 (all derivatives of pMMB207C) described in Table 2.
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Constructs for protein expression in yeast: The plasmids used for expression of
chaperonins in yeast under the control of a galactose-inducible promoter were
constructed by Angela Riveroll (341). These constructs, pEMBLyex4::hpB,
pEMBLyex4::groEL, pEMBLyex4::HSP60, pEMBLyex4::hsp60A1-72, pPP389::htpB,
pPP389::HSP60 and pPP389::hsp60A1-72 (all derivatives of pEMBLyex4), are listed in
Table 3 only as a reference. The open reading frame of SPE2 (1191 bp), encoding yeast
SAMDC, was amplified by PCR using primers SPE2-F and SPE2-R on template genomic
DNA of S. cerevisiae strain 21R, and ligated into the PstI and BamHI sites of pPP389 to
create pPP389::SPE2.

Yeast two-hybrid bait: Plasmid pGBD-Cl::htpB encoding the GAL4 DNA
binding domain fused at the N-terminus of HtpB (GAL4DBD-HtpB) was constructed by

Angela Riveroll (341).

2.3.3. Yeast Transformation

Lithium acetate transformation was used to introduce yeast shuttle vectors into
yeast cells according to a standard protocol (144). A culture of S. cerevisiae cells was
grown overnight to a density of 2 x 10’ cells/mL (enumerated in a Coulter particle
counter, ZM, Coulter Electronics, Mississauga, Ontario) in YEP-Dextrose.
Approximately 2 x 10° cells were harvested by centrifugation and resuspended to 2 x 10°
cells/mL in 100 mL pre-warmed YEP-Dextrose medium and grown to a final density of 2
x 10" cells/mL. The freshly grown cells (~10°) were washed with 10 mL ddH,O,
resuspended in 1 mL ddH,O and transferred to 1.5 mL microcentrifuge tube. The cells

were then washed with 1 mL of freshly diluted 1X TE/lithium acetate solution [100 mM
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lithium acetate in 1 X TE (0.01 M Tris-HCI, 0.01 M EDTA), pH 7.5] and resuspended to
a cell density of ~2 x 10° cells/mL in 1X TE/lithium acetate. Fifty pL of the yeast cell
suspension was mixed with 1 pg transforming DNA, 50 pg single stranded salmon sperm
DNA and 300 pL polyethylene glycol (PEG 3350) solution (50 % PEG (w/v) in 10X
TE/lithium acetate solution). The cells were then washed and incubated at 30°C with
agitation for 30 min. The cells were heat shocked at 42 °C for 15 min and were then
pelleted by centrifugation at 4000 x g for 5 min. The cells were then resuspended in 1X

TE and plated onto appropriate selective media.

2.3.4. Rapid Plasmid Isolation from Yeast

Two mL of overnight broth-grown yeast cells were pelleted and resuspended in
200 pL of solution I (100 mM NaCl, 10 mM Tris-HCIpH 8.0, | mM EDTA, 0.1% SDS,
w/v). Acid-washed glass beads (0.4 mm diameter, sterilized at 160°C overnight) were
added until just below the level of the liquid and vortexed at maximum speed for 2 min.
200 pLice cold solution II (0.2 M NaOH, 1% Triton X-100, w/v) was then added.
Following a 5 min incubation on ice the sample was then treated with an equal volume of
phenol-chloroform-isoamyl alcohol (25:24:1, v/v). This mixture was briefly vortexed and
centrifuged for 2 min. The aqueous upper phase was transferred to a clean tube and used

to electroporate electrocompetent DHS5a.

2.3.5. Pseudohyphae Formation and Invasive Growth
Yeast cells grown at 30°C with agitation (150 rpm) in YEP-Dextrose or SD

medium with 2% dextrose, including appropriate selection, were harvested in exponential
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phase. Cells (~107) were washed in water, diluted to 10~, 10, 10™ and 107 in inducing
medium, spotted in duplicate 100 pL drops on solid inducing medium plates, and
incubated at 30°C in a humid chamber. Cell elongation and unipolar budding were
scored 15 to 20 h after inoculation (while the inoculum drops were still wet) by light
microscopy using the 40X objective of a Nikon DIAPHOT-TMD inverted microscope.
To test for invasive growth, plates were incubated for five days, surface-washed with a
stream of ddH,O, and observed as above. Photographs were captured with a Nikon 2000
camera using 35-mm Fuji film, or digitally with a Pro-series monochrome camera and

Image-Pro 4.0 software (Media Cybernetics Inc., Silver Springs MD).

2.3.6. Yeast Two-Hybrid Screen of Yeast Genomic Library

Plasmid pGBD-C1::htpB was transformed into strain Y153 and expression of the
GAL4DBD::htpB gene fusion was confirmed by immunoblot (Fig. 14, Chapter 4) using
monoclonal antibody GW2X4B8B2H6 (165), directed against HtpB. Y153 harboring
pGBDC-1::htpB was grown overnight in SD medium lacking tryptophan at 30°C with
shaking and harvested by centrifugation. Cells (~5 x 10”) were resuspended in 1 L of
prewarmed YPE-Dextrose and incubated at 30°C for 4 h with shaking until the cell
concentration was 2 x 10’ per mL. Cells were harvested by centrifugation, and the pellet
was washed twice with cold dH,0, and 100 mM lithium acetate. Then, 100 pl (~1 pg/uL
w/v) of the yeast genomic DNA plasmid library (a combination of pGAD-C1:DNAX,
pGAD-C2:DNAX, and pGAD-C3::DNAXx constructs) was transformed into strain Y153
harboring pGBDC-1::htpB. Transformants were plated on triple-dropout SD medium

(TDO) lacking leucine and tryptophan (to select for transformants), and histidine (to
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screen for potential interactions via activation of the HIS3 reporter gene). 3-
aminotriazole (30 mM) (Sigma) was added to the TDO medium to suppress potential
false expression of HIS3 reporter gene (207). Plates were incubated for 4-5 days at 30°C
before a [-galactosidase filter assay (71) was performed to screen for potential
interactions leading to the activation of lacZ. For the filter assay, transformants
(producing colonies of at least 2 mm) were streaked into new TDO plates containing 3-
aminotriazole and incubated for 3 days at 30°C. Nitrocellulose filters were then used to
lift the cells from plates and were plunged into liquid nitrogen for 15 seconds, followed
by 5-min thawing at room temperature. This freeze-thaw cycle was repeated 3 times. The
filters were placed on a circle of filter paper soaked with Z-buffer containing 1 mg/ml X-
gal (Sigma) and incubated at 30°C for 1 hour. Streaks with blue color were considered
positives for interaction. The corresponding library plasmids from these positive clones
were isolated and transformed into E. coli strain DHS5a for plasmid amplification. The
amplified plasmids were isolated and sent for DNA sequence determination (Dal-Gen) of
the yeast library DNA fragment. The BLAST-P algorithm (8) was used to identify

proteins encoded by the positive Y2H library fragments.

2.3.7. Yeast Two-Hybrid Screen of a HeLa cDNA Library

The haploid yeast strain Y187 was the host strain for the MATCHMAKER GAL4
HeLa cDNA library (BD Bioscience, Palto Alto, CA). The HeLa cDNA library was
cloned into plasmid pGADT7-Rec to create plasmids that encode Gal4-AD-HeLa cell
fusion proteins. (For simplicity, the HeLa library plasmid was named pGADT7::cDNAX).

For the Y2H assay, the yeast strains Y187, bearing the cDNA library and strain AH109,
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bearing plasmid pGBD-Cl1::4#pB and were mated and diploids selected by plating on SD
medium with appropriate supplements as described in the MATCHMAKER two-hybrid
system user manual (71). Blue colonies that grew on media lacking leucine and
tryptophan (to select for the mated AH109-Y 187 diploid strains), and lacking histidine
and adenine (to select for positive interaction via activation of HIS3 and ADE?2 reporter
genes), and supplemented with X-a-gal (to select for positive interaction via activation of
MEL] reporter gene) were considered to express HeLa cell proteins that interacted with
HtpB. The pGADT7::cDNAXx library plasmids were isolated from the positive clones,
and the putative proteins encoded by the HeLa cDNA(s) carried on the positive Y2H

plasmids were identified as described in 2.3.6.

2.3.8. Translocation Assays

L. pneumophila strains Lp02 and JR32 carrying plasmid pAC17, pAC2, pJC203,
pJC158, or pMMB207C, were grown to mid-exponential phase (EP) (ODgy ~1.5 to 2.0)
at 37°C in BYE containing 5 ug/mL chloramphenicol, and treated with 1 mM IPTG, for
at least 2 h, to induce expression of the plasmid-encoded proteins. Bacteria were then
pelleted and resuspended in aMEM with 5% FBS, 5 pg/mL chloramphenicol, and 1 mM
IPTG before infecting CHO-AtpB cells at a bacteria:cell ratio of ~600:1. Doxycycline (10
ng/mL) was maintained throughout the assays with CHO-AtpB cells to repress expression
of HtpB (65). For infection of U937-derived macrophages, bacteria were resuspended in
RPMI-1640 with 10% FBS, 1% glutamine, 5 pg/mL chloramphenicol and 1 mM IPTG,
and inoculated at a bacteria:cell ratio of ~100:1. Centrifugation at 500 x g for 15 min was

used to promote contact between host cells and bacteria. Cells were then incubated for 90
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min (CHO-A#pB cells) or 30 min (U937 macrophages) at 37°C in 5% CO, to allow
internalization and intracellular establishment of legionellac. cAMP was extracted and
measured using the enzyme immunoassay Biotrak kit, following the protocol suggested
by the manufacturer (Amersham, Pharmacia). Femtomoles of cAMP/internalized
bacterium were then calculated, for which a gentamicin protection assay was performed
in triplicate to quantify the number of internalized bacteria. Briefly, after the 30 or 90 min
infection period, and 3 washes with warm PBS, monolayers of infected CHO-AtpB cells
or U937 cells were treated for 1 h with tMEM or RPMI-1640 containing 5% FBS and
100 pg/mL gentamicin. The monolayers were then washed 3 times with warm PBS and
lysed in ddH,O to determine, by dilution plating, the number of intracellular bacteria
(reported as colony forming units [CFU] per well) that survived the gentamicin treatment.
Dilution plating was performed as described in Section 2.1.4.

The functionality and expression of the CyaA-HtpB fusion, as well as the lack of
effect of any ectopic HtpB on cAMP levels, were confirmed in CHO-A#pB cell lysates by
quantifying cAMP levels after mixing with whole cell lysates of strain JR32 carrying
pAC2 or pAC17. Lysates were produced by sonication as follows: After IPTG induction
for 2 h, JR32 legionellae in late exponential phase were harvested and suspended to
~10°/mL in aMEM with 5 % FBS, 1 mM IPTG, and 86 pg/mL protease inhibitor cocktail
(Sigma). CHO-htpB cells grown to confluency were trypsinized from one 25 cm? flask
(~4 x 10’ cells) and suspended in 7 mL of aMEM with 5% FBS, 1 mM IPTG and 74
ug/mL protease inhibitor cocktail. Bacteria were sonicated (Vibra Cell, Sonic &
Materials Inc, USA) in 10 cycles of 1-min pulse followed by 3-min incubation on ice,

whereas CHO cells were sonicated for 3 cycles. Bacterial lysates (1 mL) were incubated
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with 0.8 mL of CHO cell lysate for 20 min at 37°C, in a 24-well plate. Proteins were
precipitated from the mixture with 1 M HCI added to a final concentration of 50 mM,
followed by neutralization with 0.5 M NaOH. cAMP was extracted and quantified as

above. All experiments with CHO-A#pB cells were done by Dr. Audrey Chong.

2.3.9. Effect of Pharmacological Inhibitors of Polyamine Synthesis on the
Intracellular Growth of L. pneumophila

Methylglyoxal-bis(guanyl hydrazone) (MGBG) and o-difluoro methyl ornithine
(DFMO) (MP Biomedicals) at concentrations up to 100 uM in MEM (for L.929 cells), or
RPMI-1640 (for U937 macrophages), were prepared immediately before use. L.
pneumophila strains grown for 2-3 days on BCYE was harvested and suspended in MEM
or RPMI-1640 (containing the different concentrations of MGBG or DFMO) to ~10’
bacteria/mL, and added in triplicate to L929 or U937 cells in 24-well plates to a
bacteria:cell ratio of 100:1. Plates were centrifuged at 500 x g for 10 min to promote
bacterial-eukaryotic cell contact, and incubated at 37°C in 5% CO, for 90 min.
Monolayers were then washed 3X with PBS to remove free bacteria. Cells were then
either lysed in ddH,O to determine CFU/well (set as time 0 value), or replenished with
FBS-free MEM or RPMI-1640 containing the corresponding concentrations of MGBG or
DFMO, and then lysed in ddH,O to determine CFU/well at 24 and (or) 48 h post

infection, as described above in Section 2.1.4.
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2.3.10. Effect of MGBG or DFMO on Cell Viability

The vital stain Trypan blue was used to determine the effect of MGBG and
DFMO on host cell viability.L.929 or U937 cells were plated in a 24-well plate (Becton
Dickinson, Franklin Lake) in 1 mL MEM or RPMI, respectively, at 10° cells/well. After
cells attached and spread, the medium was removed and 1 mL of fresh medium
containing 100 uM MGBG or DFMO was added to 12 wells (test), whereas 1 mL of
fresh medium without drugs was added to the remaining 12 wells (control). Cells were
then incubated at 37°C, 5% CO, for up to 48 h. At 0, 24 and 48 h, the supernatants (1
mL) from 3 control and test wells (containing floating cells) were collected in separate
1.5 mL microcentrifuge tubes. Adherent cells were then detached using 500 pL of 0.25%
trypsin-EDTA in PBS (Invitrogen) per well for 10 min, and added to the previously
collected supernatant. Equal volumes of sample and 0.4% Trypan blue (Invitrogen), were
mixed and cells were counted using a hemocytometer (Improved Neubauer chamber,
Hausser Scientific, Horsham, PA). The percentage of non-viable (blue) cells were

calculated over a total count of 1,000 cells per sample.

2.3.11. Effect of Exogenous Polyamines on L. pneumophila Growth

To test the effect of exogenous polyamines in L pneumophila growth in static
culture, BYE broth or DM containing different concentrations of individual polyamine
(MP Biomedicals) was inoculated to an initial ODgy of 0.2 units with L. preumophila
strain JR32 grown in BYE to an ODgyy of 2-3 units. Fresh DM with or without
polyamines was inoculated to an initial ODgy¢ of 0.09 units with strain JR32 grown in

polyamine-free DM to an ODgjo of 0.18 units. The inoculated media were dispensed into
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a flat-bottom 96-well plate (Falcon Plastics-BD), at 16 wells/condition and 250 pl/well.
Cultures were incubated at 37°C in a humid box. Static growth was monitored by
measuring ODgy in a Benchmark Plus multi-well plate reader (BIO-RAD Canada,
Mississauga ON).

To test the effect of exogenous polyamines in L prneumophila growth in rolling
culture, starting inocula were prepared from a culture of L. pneumophila strain JR32
grown in BYE to an ODg of 2.5, and used to start new cultures with an initial ODg,¢ of
0.05. For growth in SD medium, bacterial cells harvested by centrifugation from BYE
cultures grown to an ODgj of 2.5 were washed once with PBS and used to inoculate new
cultures to an initial ODgpo of 0.15. Cultures were grown with or without putrescine and
spermidine (both from MP Biomedicals) to a final concentration of 0.2 mM. All cultures
were then incubated at 37°C with agitation (200 rpm). Growth was monitored for up to 48
h by measuring ODgpo using an UNICO® UV-2100 spectrophotometer (EDVOTEK,
MD).

To test the effect of exogenous polyamines on the intracellular growth of L.
pneumophila, 1.929 cells were prepared for infection and processed to obtain CFU/well
counts as described above in Section 2.3.8 with the following changes: The FBS-free
MEM used to add the bacterial inoculum, and maintain the polyamine-treated cells
during the infection period, was supplemented with spermine and spermidine (at a final
concentration of 100 uM). For wells infected with L. pneumophila pre-treated with
polyamines, the bacterial inoculum was prepared from strain JR32 grown to stationary

phase in BYE broth supplemented with spermine and spermidine (both at a final
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concentration of 100 uM). Harvested bacteria were washed to ensure that no additional

spermidine or spermine was present in the inocula.

2.4. Materials and Methods Used in Chapter 5

Bacterial strains and plasmids used in Chapter 5 are described in Tables 1 and 2,

respectively.

2.4.1. Culture of Acanthamoeba castellanii

The A. castellanii Neff’s isolate (a gift from David Spencer, Dalhousie
University) was maintained at 25°C in Neff’s vitamin enriched medium (77) and grown
at 37°C for the purpose of infection with L. pneumophila. Amoebae were cultured in
Neff’s media in 75-cm? tissue culture flask at 37°C, as adherent cells until confluence was
reached. The medium containing non-adherent amoebae was removed and replaced by
fresh Neff’s medium. The adherent amoebae were taken off the flask by vigorous
tapping. The resulting suspension was transferred to 24-well plates at ~2.5 x 10
amoeba/well. Plates were incubated at room temperature for 2 h to let the amoeba adhere.
At the time of infection, the Neff’s medium was removed from the wells and replaced
with modified Neff’s medium (consisting of Neffs medium lacking glucose, yeast extract,

and multi-vitamin mix).

2.4.2. Construction of Plasmids
Plasmids for construction of ApotD mutant: allelic replacement of potD with a

Km® cassette was done using the counter selectable plasmid pBRDX (65,251). Briefly,
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700 bp of upstream, and downstream, flanking DNA sequences of the potD gene of L.
pneumophila JR32 were amplified by PCR using the primer pairs potDP1/potDP2 (for
the upstream or F1 region) and potDP3/potDP4 (for the downstream or F2 region). The
F1 amplicon cleaved at Nofl and BamHI restriction sites, and the F2 amplicon cleaved at
BamHI and Xhol restriction sites were ligated sequentially into pBluescript KS to create
pBS: F1F2ApotD. The Km® cassette from plasmid p34S-Km3 (86) was isolated by
restriction with BamHI, and ligated into the corresponding BamHI site of pBS:
F1F2ApotD (between F1 and F2) to generatepBS:F1-Km-F2ApotD.Subsequently, the F1-
Km-F2ApotD fragment was cleaved by Nofl and Xhol and subcloned into the NofI and
Xhol sites of pPBRDX to generate pPBRDXApotD:km (Fig. 6A).

Complementation plasmids: pMMB:potD or pMMB-P,,.4.potD were constructed
inthe pMMB207C backbone. To construct pMMB-potD, the putative coding region of
potD was amplified by PCR from chromosomal DNA of JR32 using primers FpotDcomp
and RpotDcomp. FpotDcomp 5-end contains a Sacl restriction site, while RpotD-comp
5'-end contains anXbal restriction site. After digestion with Sacl and Xbal, the
promoterless potD amplicon was ligated into the same (Sacl-Xbal) restriction sites
downstream of the Py, promoter of pMMB207C to generate pMMB:potD. To construct
PMMB-P,,.4.potD, the putative coding region of the pot4 promoter, 200 bp upstream of
the potA start codon, was amplified by PCR from chromosomal DNA of JR32 using
primers FpotA and RpotA. The FpotDcomp 5-end encodes an EcoRI, while the RpotD-
comp 5'-end encodes a Sacl restriction site After digestion with EcoRI and Sacl, the P,
amplicon was ligated into the same restriction sites of pMMB:potD to generate pMMB-

Ppo14:potD.
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Plasmids carrying reporter constructs: A 1028 bp DNA fragment encoding potD
was cleaved from pMMB-P,...potD with Sacl and Sphl, to generate pMMB-P,,.4.
Subsequently, the promoterless gfp DNA fragment from plasmid pBH6119 (159) was
cleaved with Sacl and Sphl and ligated into the corresponding restriction sites of pMMB-
P04 to generate pMMB-P,,,..:gfp. To ensure that GFP expression was exclusively driven
byP o4, the DNA region of pMMB-P,,.4:gfp encoding the Py, promoter was removed by
restriction with Apal and EcoRlI, followed by end filling with Klenow polymerase (NEB)
and blunt ligation. Plasmid pMMB-P,..4.gfp was cut with 4pal and Sacl to remove the
Ppota and Py, promoter regions, and blunt ligated to create the promoterless GFP plasmid

pMMB:gfp (negative control for expression of GFP).

2.4.3. Construction of L. pneumophila JR32 ApotD Mutant Strain

The counter selectable delivery plasmid pBRDXApotD:km (Fig. 6A) was
transformed into L. pneumophila JR32. Km" transformants were selected on BCYE agar
supplemented with 40 pg/ml Km. The allelic recombinants (potential potD deletion
mutants) were then selected from a population of Km® colonies by replica plating onto a
medium containing 5% (w/v) sucrose (Suc) or 20 pug/ml of Mtz. Plasmid loss was

confirmed by testing for the loss of Cm".

2.4.4. ApotD Mutant Confirmation
To confirm deletion of potD in JR32, potential potD mutants showing the
phenotypes Cm®, Km®, Suc®, and Mtz" were further screened by PCR for the absence of

the potD gene using the potD internal primers, potDprobeF and potDprobeR (Fig. 6B).
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Then, to confirm that PotD was replaced by Km" cassette and that the cassette was
inserted in the correct locus, the potential ApotD mutant colonies screened by PCR for
the absence of potD were further tested using primers potDP5 and potDP6 (Fig. 6A), in
combination with primers designed for amplification of the kanamycin cassette (kmF and
kmR). When the primer pairs potDP5/kmR or potDP6/kmF were used, a DNA fragment
of approximately 1.7 Kb was amplified suggesting that the Km" cassette was inserted in
the correct location (Fig. 6C). To verify that only potD was replaced by the Km® cassette,
and that Ipgl137 (downstream gene of potD) and potC (upstream gene of potD) remained
unaffected, another PCR test was performed. PCR reactions using primer pairs potDP5
and potDP2, or potDP3 and potDP6 were used to check the integrity of [pgl137 or potC,
respectively. Two DNA fragments of ~0.8 Kb representing Ipg//37 and potC, were

amplified (Fig. 6D), suggesting that these two genes were intact.

2.4.5. Bacterial Morphology
Bacterial smears were prepared from 4-day old colonies of L. pneumophila strains
grown on BCYE agar plates. Smears were air dried, heat fixed, stained with 0.2%

(wt/vol) crystal violet solution, and examined on an Olympus microscope (model BX61).

2.4.6. NaCl and KCIl Sensitivity Assay
To measure NaCl or KCI sensitivity of broth-grown L. pneumophila strain JR32
(45), BYE cultures grown to exponential phase (EP) (ODgyo between 1.0 to 1.5) and SP

(ODgz0 ~3.0) were diluted in ddH,O and then plated on BCYE with or without 100 mM
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NaCl or KCI. The percentage of bacteria that were sodium resistant was calculated with

the following formula: (CFU on BCYE with 100 mM NaCl / CFU on BCYE) X 100.

2.4.7. ApotD Mutant Growth Curves in vitro

To monitor the growth of L. pneumophila in BYE, starting inocula were prepared
from a culture of L. pneumophila grown in BYE to an ODgj of 2.5, and used to start new
cultures with an initial ODgo of 0.05. For growth in SD medium, bacterial cells
harvested by centrifugation from BYE cultures grown to an ODgj of 2.5 were washed
once with PBS and used to inoculate new cultures to an initial ODgyg of 0.15. Cultures
were grown with or without putrescine and spermidine (both from MP Biomedicals) to a
final concentration of 0.2 mM. All cultures were then incubated at 37°C with agitation
(200 rpm). Growth was monitored for up to 48 h by measuring ODg,¢ using an UNICO®

UV-2100 spectrophotometer (EDVOTEK, MD).

2.4.8. Evaluation of Biofilm Formation

Biofilm formation under static conditions was quantified by the crystal violet
incorporation assay, using the Calgary biofilm device (CBD, MBEC™ Biofilms
Technology Ltd., Calgary, Alberta, Canada) (54). The CBD is a 96-well plate format
device, which allows the formation of biofilms on pegs attached to the plate lid. Biofilm
formation by L. pneumophila was quantified as described by Mampel et al. (272)with a
slight modification. Briefly, overnight cultures (ODgy9 2.0 to 3.0) of L. pneumophila
strains (carrying pMMB207C or pMMB-P,,4-potD) were diluted 1:10 in fresh BYE

containing 5 pg/mL chloramphenicol. Two hundred pL of the diluted L. pneumophila
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cultures was used to inoculate 21 wells per strain. Each well was filled with. The plate
was incubated for 5 days at 30°C in a wet box to prevent desiccation of the wells. To
quantify the bacteria adhere to the pegs, the lid was placed in a 96-well plate filled with
200 pL of 0.2% (w/v) crystal violet solution. The pegs were washed twice with PBS to
eliminate any unbound crystal violet. The bound crystal violet was then solubilized in
200 pL of 95% ethanol, and 150 pl aliquots were assayed to determine absorbance at 570

nm using a plate reader (Benchmark Plus, BIO-RAD).

2.4.9. Evaluation of the ApotD Mutant Attachment

THP-1 derived macrophages were seeded in 24-well plates as described in
Section 2.1.3. L. pneumophila strains JR32(pMMB207C), ApotD(pMMB207C) and
ApotD(pMMB:potD) were grown to mid-EP at 37°C in BYE containing 5 ug/mL
chloramphenicol, and treated with 1 mM IPTG, for at least 3 h, before use. IPTG was
used to induce expression of the plasmid-encoded PotD in ApotD(pMMB:potD). The
bacteria were pelleted and resuspended in RPMI-1640 with 10% FBS, 5 pg/mL
chloramphenicol, and 1 mM IPTG and then added in triplicate to the THP-1 macrophages
cultured in the wells of 24-well plates to a bacteria:cell ratio of ~10:1 or 100:1. The rest
of the infection procedure was as described in Section 2.1.4 except that after infection for
90 min, the inocula were removed and the monolayers were washed 4 times with warm
PBS to remove free bacteria, then the bacteria were lysed and counted as described in

Section 2.14.
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2.4.10. Intracellular Growth Assay of the ApotD Mutant

Monolayers of L1929 cells, U937-derived macrophages, and A. castellanii were
seeded in 24-well plates as described in Section 2.1.3. L. pneumophila inocula
preparation and infection procedure were done as described in Section 2.4.9., except for
L929 monolayers, where the bacterial pellets were resuspended in MEM containing 5%
FBS and 5 pg/mL chloramphenicol, and 1 mM IPTG and then added to the wells in
triplicates to a bacteria:cell ratio of 20:1. The rest of the infection procedure and
determination of CFU count/well after 0, 24, and 48 h, were performed as described in

Section 2.1.4.

2.4.11. Study of P,,.4 promoter Activity

To study P, activity, the GFP reporter assay (251) and immunoblotting were
used to determine the levels of GFP expression from strains JR32(pMMB-P,,.4:gfp)or
JR32(pMMB:gfp). Briefly, bacterial stains were grown in BYE as described in
Section2.4.7.Samples were then obtained every four hours. Following determination of
ODgyo, bacteria were harvested by centrifugation, resuspended in PBS, and adjusted to an
ODg of 3.0 units. For fluorometric determination of GFP expression level, the adjusted
bacterial suspensions were dispensed in triplicate in a black 96-well plate with clear
bottoms (Costar 3603, Corning Inc, NY) at 250 ul/well. Fluorescence intensity was
measured on a VICTOR™ X5 multi plate reader (Perkin Elmer, Ontario, Canada) using
485 nm excitation and a 510 nm emission filter. Values were expressed as arbitrary
fluorescence units normalized to 1.0 ODgj unit (relative fluorescence unit).

GFP expression from bacterial cell pellets was assessed by SDS- PAGE followed

by immunoblotting as described in Section 2.1.2.8. For determination of GFP expression
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levels from the intracellularly grown-L. pneumophila, U937 cells seeded in 12-well plates
were infected with strain JR32(pMMB-P,..4.gfp) at a bacteria to cell ratio of 100:1 as
described in Section 2.1.4. After, 24, 48 and 96 h post-infection, the U937 infected cells
were lysed with ddH,O, bacteria and U937 cells debris were harvested by centrifugation
and then treated with sample buffer, followed by SDS-PAGE, and transferred to
nitrocellulose membranes, as described in Section 2.1.2.8. After electrotransfer, the
nitrocellulose membrane was immunostained with the appropriate polyclonal PAb [GFP
PAb alkaline phosphatase conjugate (GFP11-AP) [Cedarlane Laboratories Ltd),
chloramphenicol acetyl transferase (Cat) PAb (Sigma)]. The two primary PAbs were
diluted 1:2,000 in Tris buffer solution (TBS) containing 0.1% (w/v) bovine serum
albumin (BSA). Secondary antibodies for Cat PAb were alkaline phosphatase conjugates
of anti-rabbit IgG (Cedarlane Laboratories Ltd.) diluted 1:5,000 in TBS containing 0.1%
(w/v) BSA. Densitometry of immunostained protein bands was as described in Section
2.1.2.8. Values of optical density of GFP bands were corrected for differences in loading
and electro-transfer efficiency, using the corresponding values of the optical density of

the CAT bands.

2.4.12. Cytotoxicity Assay

Contact dependent cytotoxicity was quantified as a percentage of lactate
dehydrogenase (LDH) release from U937 macrophages after a 3 h incubation with L.
pneumophila (234). Briefly, U937 cells were seeded in a 48-well plate at ~ 8x 10%cells
per well. L. pneumophila strains grown to late EP (ODgyo ~2.5) were harvested and

suspended in serum free RPMI-1640 with 5pg/ml chloramphenicol to ~10” bacteria/mL
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and then added to the U937 macrophages in the 48-well plate to a bacteria:cell ratio of
100:1. The plate was then centrifuged at 500 x g for 10 min to promote contact of
bacteria with macrophages. After an incubation period of 3 h at 37°C, portions of the
supernatant were assayed for the activity of LDH using the Toxo-7 kit according to the
manufacturer’s instructions (Sigma). Supernatants from uninfected wells were used as
negative controls to define the background levels of LDH, and the 100 percent positive
LDH release control was achieved by lysing the cells with the lysis solution provided

with the kit.

2.4.13. Competition Assay

Competition assays were done according to the published method of Beuzon and
Holden adapted to cell culture by Faucher et al. (28,101). To differentiate between the
competing strains, the parental strain JR32 was labelled with GFP (by expression from
plasmid pMMB207-Km14-GFPc) and the ApotD mutant strain was labelled with Ds-Red
(by expression from plasmid pSWO001). For simplicity, the parental strain was named
JR32-GFP and the ApotD mutant strain ApotD-RED. U937 macrophages were seeded in
12-well plates at ~I x 10° cells per well. JR32-GFP and ApotD-Red strains were
harvested from 3 day old BCYE plates and resuspended in RPMI containing 10% FBS
and 5 pg/ml chloramphenicol, to a density of ~10° bacteria/mL. JR32-GFP and ApotD-
Red were mixed at a 1:1 ratio and the bacterial mixture was added to the wells at a
bacteria: cell ratio of 40:1. The rest of the infection protocol was as described in
Section2.1.4, except that, prior to lysing the cells at 24 and 48 h post-infection, two

images were captured from two random fields of each well (with each field containing
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400 to 500 cells) using the 20X objective lens of an Olympus inverted fluorescent
microscope (model THY-100) and a video camera (Evolution QEI, Media Cybernetics
Inc.). The number of cells infected by JR32-GFP (green cells) or ApofD-Red (red cells)
and non-infected cells (gray) were scored using the Image Pro Plus software (Media
Cybernetics Inc). The percentage of green or red cells was calculated using the flowing
formula: [number of green or red cells per field/ total number of the cells (green + red +
gray) per field] X 100.

To calculate the competitive index (CI) (28,101), the number of bacteria in the
inoculum mix and the number of intracellular bacteria at 24 and 48 h post infection was
determined by serial dilution in ddH,O and plating on BCYE as described in Section
2.1.4. To count and distinguish between the JR32-GFP green colonies and the ApotD-Red
red colonies, an ultraviolet lamp (UMV-57, UVPxc, San Gabriel, CA) was used in a dark
room to illuminate the plates. The CI at 24 or 48 h was calculated using the following
formula: output [(number of green CFU/ number of red CFU) at 24, or 48 h] divided by
the input [(number of green CFU / number of red CFU) in the inoculum mix at time 0].
To control for any possible biological effect of the proteins expressed from the plasmids
(PMMB207-Km14-GFPc and pSWO001), carried by the competing strains, this
experiment was repeated with strains JR32-Red (JR32 strains carries pSW001) and

ApotD-GFP (ApotD strain carries plasmid pMMB207-Km14-GFPc) (see Table 1).

2.4.14. Assessment of the LCV Ultrastructural Features by Electron Microscopy
U937 macrophages were seeded in a 6-well plate at ~2 x 10° cells per well. L.

pneumophila strains grown for 2-3 days on BCYE was harvested and suspended in
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RPMI-1640 containing 10% FBS and 5pg/ml Cm to a density of ~10° bacteria/mL, and
then added to wells to a bacteria:cell ratio of 100:1. After an infection period of 8 h, the
inocula were removed and cells were washed once with warm PBS. Adherent cells were
then detached for 10 min by using 500 pL per well of 0.25% trypsin-EDTA (Invitrogen)
in PBS. Supernatants containing the detached macrophages were removed. Macrophages
were then pelleted by centrifugation at 500 x g and fixed by resuspending in cacodylate
buffer (0.1 M sodium cacodylate, pH 7) containing 2.5 % glutaraldehyde. The cells were
fixed, and allowed to settle by gravity, overnight, at 4°C. The cell pellet was then washed
three times in cacodylate buffer before post-fixation in 1 % osmium tetroxide for 1 h at 4
°C. Then, cells were in-bloc stained with aqueous uranyl acetate, dehydrated in acetone,
embedded in epoxy resin, ultrathin sectioned, and post-stained with uranyl acetate and
lead salts (137). Sectioned specimens were observed on a JEOL JEM 1230 transmission
electron microscope, and high-resolution images were captured with a Hamamatsu
ORCA-HR digital camera. About 50 macrophages from each experiment were examined
to score the number of LCV per macrophage, the number of associated vesicles per LCV,

number of mitochondria per LCV, and whether or not LCVs showed the presence of ER.

2.4.15. Lysosome Association Assay by Immunofluorescence

U937 macrophages were seeded onto 22 x 22 mm (Size 0) glass coverslips
(Fisher Scientific) placed inside 12-well plates, at ~5 x 10° cells per coverslip. JR32-RED
or ApotD-RED strains grown for 2-3 days on BCYE were harvested and suspended in
RPMI-1640 containing 10% FBS and 5pg/ml chloramphenicol to ~10° bacteria/mL and

then added to the wells to a bacteria:cell ratio of 100:1. Plates were centrifuged at 500 x
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g for 10 min to promote contact of bacteria with macrophages, and incubated at 37°C in
5% CO, for 8 h. Monolayers were then treated for 45 min with RPMI-1640 containing
100 pg/mL gentamicin to kill extracellular bacteria. The macrophages were then gently
washed 3 times with warm PBS to remove the unattached and killed bacteria. The cells
were then fixed with 3% paraformaldehyde in PBS (vol/vol), permeabilized with
methanol for 10 sec, and blocked with 2% BSA in PBS for 30 min. To assess
colocalization of the LCVs with lysosomes, the lysosomal marker LAMP-1 was stained
by monoclonal antibody H4A3-s (obtained as hybridoma cell culture supernatant from
the Developmental Studies Hybridoma bank, lowa) at a 1:2 dilution, followed by Alexa
fluor 488-conjugated goat anti-mouse antibody (Invitrogen) diluted at 1:200. Unattached
antibodies were removed by gentle washing with PBS and the stained coverslips were
mounted on glass slides with ProLong Gold Antifade (Invitrogen). Intracellular bacteria
were identified as red fluorescent particles and labelled lysosomes were identified as
green vesicles or rings. The co-localization of bacteria with LAMP-1 labelled lysosomes
(yellow bacteria, or red bacteria surrounded by a green ring) was quantitated by

fluorescence microscopy.

2.5. Tables, Figures, and Legends to Figures
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Table 1. Bacteria and yeast strains used.

Selection Characteristics Reference
marker(s) /source
Bacterial Strains
L. pneumophila
JR32 Sm" Salt sensitive isolate of AMS511 (355)
(AMS511: Philadelphia 1,
serogroup 1, restriction
deficient, modification
positive)
JR32(pMMB207C) | Sm®,Cm" | JR32 carrying pMMB207C This study
JR32(pMMB- Sm®, Cm® | JR32 carrying PMMB-P,,.4:gfp | This study
Ppous-gp)
JR32(pMMB:gfp) Sm®, Cm"® | JR32 carrying the promoterless | This study
pMMB:gfp
JR32-GFP Sm® ,Cm~, | JR32 constitutively expressing | This study
Kan® GFP from plasmid pMMB207-
Km14-GFP
JR32-RED Sm" ,Cm", | JR32 constitutively expressing | This study
DsRed from plasmid pSW001
ApotD Sm" , Kan" | JR32 derivative carrying Km" | This study
cassette in place of potD
ApotD(pMMB:potD) | SmF, K[?nR, ApotD carrying pMMB:potD This study
Cm
ApotD(pMMB- Sm®, Kan®, | ApotD complemented strain This study
Po14:potD) Cm" carrying pMMB-P,,.::potD
ApotD-GFP Sm", Kan®, | ApotD constitutively expressing | This study
Cm"® GFP from plasmid pMMB207-
Km14-GFPc
ApotD-RED Sm", Kan®, | ApotD constitutively expressing | This study
Cm® DsRed from plasmid pSWO001
Lp02 Sm"® Philadelphia-1, serogroup 1, (24)
salt sensitive, restriction
deficient, thymidine auxotroph
LpgroE+ Sm®, Km® | Lp02AthyA, lacl" Ptrc:groE"- | This study
km3
MB379 Sm®, Kan® | Lp02 ArpoS mutant (15)
E. coli
DH5a F ®80 AlacZAM15 A(lacZYA- | Clontech
argFU169 supE44 hsdR17
recAl endAl gyrA96 thi-1
relA1l
Yeast strains
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Selection Characteristics Reference
marker(s) /source
W303 MATo leu2-3112 ura3-1 his3- G. Jonston
1115 trpl-1 ade2-1
Y187 MATo ura3-52his3-200 ade2-
101trp1-901leu2-3,
112gal4Amet— Clontech
galSOAURA3::GALIyas-
GAL]TATA-ZacZ
21R MATa adel leu2-3112 ura3-52 (212)
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Table 2. Bacterial plasmids used.

Selection Characteristics Reference
marker(s) /source

Bacterial plasmids

pAC2 Amp®, Cm" | pMMB207C with cyad:htpAB (66)
chimera

pAC17 Amp®, Cm" | pMMB207C with the htpB:cyaAd (66)
chimera

pBluescript II KS Amp" High-copy plasmid used as a Stratagene
general cloning vector in E. coli

pBRDX Cm® Suicide delivery vector, rdxA (35)
sacB

pBRDXAAtpB:gm Cm®, Gm"® | Suicide delivery vector for This study
potential LpgroE+/AhtpAB

pBRDXAhtpB:km3 Cm®, Km® | Suicide delivery vector for This study
potential JR32AhtpAB

pBRDXApotD:km Cm"®, Kan® | Suicide delivery vector for allelic | This study
replacement of potD

pBRDXAthyA::groE | Cm", Km" | suicide delivery vector for This study

-km3 LpgroE+ carries lacl’" Py,..groE" -
km3

pJC158 Amp®, Cm" | pMMB207C derivative carrying (59)
the /lepA:cyaA fusion

pJC203 Amp®, Cm" | pMMB207C derivative carrying (59)
the cyad gene

pMMB207C Amp"® ,.Cm" | RSF1010 (IncQ, laclq, Ptac, oriT) (59)
derivative with AmobA and the
Ptac IPTG-inducible promoter.

pMMB:gfp Amp® ,Cm" | pMMB207C derivative without This study
P .., promoterless gfp

pMMB:potD Amp® ,Cm" | pMMB207C derivative carrying This study
potD under the control of the Py,
promoter

PMMB-P,0.4.2fp Amp® ,Cm" | pMMB207C derivative without This study
Piac, GFP expression is controlled
by PpotA

PMMB-P,i:potD | Amp® ,.Cm® | pMMB207C derivative, PotD This study
expression is controlled by the
potABCD operon promoter region
(PpotA)

pMMB207-Km14- Amp", pMMB207C derivative, (272)

GFPc Cm"®, Kan" | constitutively expressing GFP

pSWO001 Amp~, Cm" | pMMB207C derivative, (272)

constitutively expressing Ds-Red
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Selection Characteristics Reference
marker(s) /source
pTrcKm Amp~, Km" | pTrc99A derivative carries the 4)

lacI’ repressor and Py, promoter
(IPTG inducible promoter)
upstream of the groE operon and
Km® resistance cassette
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Table 3. Yeast shuttle vectors used.

Selection Characteristics Reference
marker or source
pEMBLyex4 Amp~, High-copy plasmid used as a yeast (95)
Ura’, Leu’ | expression vector controlled by the
galactose-inducible hybrid promoter
GALI-CYCI
pEMBLyex4:: Amp", pEMBLYyex4 carrying the E. coli (341)
groEL Ura’, Leu’ | groEL gene
pEMBLyex4:: htpB Amp~, pEMBLyex4 carrying the L. (341)
Ura", Leu" | pneumophila htpB gene optimized
for expression in S. cerevisiae
pEMBLyex4:: Amp", pEMBLyex4 carrying the S. (341)
HSP60 Ura', Leu" | cerevisiae wild type HSP60 gene
pEMBLyex4:: Amp", pEMBLyex4 carrying the S. (341)
hsp60 A1-72 Ura', Leu" | cerevisiae hsp60 gene lacking the N-
terminal region encoding the
mitochondria-targeting sequence
pGAD-CI Amp~, Leu’ | Yeast two-hybrid plasmid encoding (207)
the GAL4 trans-activating domain,
controlled by a modified S.
cerevisiae P py; promoter.
pGAD-C1:DNAx, | Amp", Leu' | pGAD-CI, -C2, and —C3 carrying (207)
pGAD-C2::DNAX, highly representative genomic
pGAD-C3::DNAx libraries from S. cerevisiae strain
YM?706 in reading frames 1, 2, and
3, respectively.
pGBD-Cl1 Amp®, Trp" | Yeast two-hybrid plasmid encoding (207)
the GAL4 DNA-binding domain
(DBD) controlled by a modified
P4pr; promoter.
pGBD-Cl1::htpB Amp®, Trp" | pGBD-CI1 carrying the (341)
GAL4DBD::htpB gene fusion
pGADT7 Amp~, Leu’ | Yeast two-hybrid plasmid encoding Clontech
the GAL4 trans-activating domain,
controlled by a modified S.
cerevisiae P,pp; promoter
pPP389 Amp~, | pEMBLyex4 in which the defective *
Ura", Leu’ | leu2-d gene was replaced by a wild- P. Poon

type LEU? allele
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Selection Characteristics Reference
marker or source
pPP389::HSP60 Amp~, pPP389 carrying the S. cerevisiae (341)
Ura’, Leu’ | wild type HSP60 gene
pPP389::hsp60 Al-|  Amp~, | pPP389 carrying the (341)
72 Ura’, Leu’ | S. cerevisiae hsp60 gene lacking the
N-terminal region encoding the
mitochondria-targeting sequence
pPP389::htpB Amp~, pPP389 carrying the htpB gene (341)
Ura', Leu’
pPP389::SPE2 Amp", pPP389 carrying the
Ura’, Leu' | S. cerevisiae SPE2 gene
pSEI111 Amp~, Trp’ | pGAD-C1 encoding the yeast Snfl 91)
protein fused to the GAL4 DNA
binding domain
pSE1112 Amp®, Leu" | pGAD-C1 encoding the yeast Snf2 (91)

protein fused to the GAL4 DNA
binding domain

* Means no reference is available
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Table 4. PCR primers used.

Primer name Sequence from (5’ to 3’ end) Restriction
site”
FlpotDseq AGC AACCTT GCTTTC TGA ATTTT None
FpotA C CC GAATTCAGAAATGGAACAGGCAATGA EcoRI
FpotDcomp CCCCC GAGCTC ATGAAAATTTTTTCATTGCTGCT Sacl
gmF GCT TAC GTT CTG CCC AAGTT None
gmR GGC GGT ACT TGG GTC GAT None
htpBF AA GACAGCAAAGCTATTG None
htpBR GCACGTGTTGAAGATGCT None
kmF GACGGATCCACGTTGTGTCTCAAAATCTCTGA BamHI
kmR GACGGATCCCGGCTACCGAGCTCTTAGAA BamHI
P1 CCCCGCGGCCGCTCAAGAGGTGTTGCTTCAGG Notl
P2 CCCC GGATCCCCATACGACGAACAACAACG BamHI
P3 CCCCGGATCC TGGGCGGAATGATGTAATTT BamHI
P4 CCCC CTCGAG GGCACTGATTCCATATCAACTG Xhol
P6 TGA ATG AAT CGCTCATITTACG None
P7 CCC ACTAGT GGA CAG GAA CCATGG GAA GT Spel
potDP1 CCCCGCGGCCGCTTTTGCAGTCTTGCCTTTCC Notl
potDP2 CCCC GGATCCGGGAACAGTTAAAACTTGCTTTTT BamHI
potDP3 CCCCGGATCCATGTAAGAAGAGCGAGCAGCA BamHI
potDP4 CCCC CTCGAG TTCATTACAATGGCATGGGTTT Xhol
potDP5 CCCCGCGGCCGCAGAACGAGAACCCCAGTTGA Notl
potDP6 CCCC CTCGAG TTCATTACAATGGCATGGGTTT Xhol
potDprobeF TAT GTG CTT TGA AGG CAT CG None
potDprobeR TGC CAA GCT AAG AGCCAGTC None
PtrcF GGCGC ACTAGTATGGCATGATAGCGCCC Spel
PtrcR GGCGC ACTAGTCCTACTCAGGAGAGCG Spel
RpotA CCCCC GAGCTCCAATCACAAACTTTGTTCCC Sacl
RpotDcomp CCCCCTCTAGACTAAAAAGCAAGTTTTAACTGTT Xbal
SPE2-F CCCGGATCCATGACTGTCACCATAAAAGAAT BamHI
SPE2-R AATTCTGCAG TATTTTCTTCTGCAATTTC Pstll
thyAP1 GGCGC GCGGCCGCCGTGGGGTATGATATATCC Notl
thyAP2 GGCGC ACTAGTTGGCCAACTTCTCCATT Spel
thyAP3 GGCGC ACTAGTTCCTTTCAATATCGCTTC Spel
thyAP4 GGCGC CTCGAGAATTCGTAATCACGGCAAC Xhol
thyAF GCTGATGGACGCACCATTG None
thyAR ATACATCGGCTGAGCGTTG None

“ Restriction sites are shown in the primer sequence as underline-boldface text.
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Figure 6. A schematic representation (not to scale) of the approach followed to delete
potD from the genome of L. pneumophila strain JR32 by allelic replacement.

(A) (i) Area of the JR32 chromosome (not to scale) showing the potD locus and its
flanking genes (the hypothetical gene Ipgl137 and potC). Direction of transcription of
each gene is indicated by a big arrowhead. (ii) Map of plasmid pBRDXApotD:km. The
potD flanking regions F1 and F2 were generated by PCRusing primer pairs
potDP1/potDP2 and potDP3/potDP4, respectively. The restriction sites flanking F1 and
F2 are indicated. The large Xs indicate the areas of recombination between the JR32

chromosome and pBRDXApotD:km. (iii) Expected result after allelic replacement.
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Primers used for confirmation of loss of potD and insertion of Km® cassette are indicated
by small broken arrows underneath the ApotD mutant strain chromosome. Panels B-D are
sections of ethidium bromide-stained agarose gels showing DNA bands of interest. (B)
Identification of ApotD mutant colonies by PCR analysis.PCR products amplified from
genomic DNA of the L. pneumophila strains indicated on top of the agarose gel, using
primers potDprobeF/potDprobeR (lanes 2, 4, and 6).The internal primers for
amplification of htpB (encoding the L. pneumophila chaperonin), htpBF/htpBR, were
used as a positive control for the PCR reaction (lanes 1, 3, and 5). (C) Insertion of the
Km® cassette in the potD locus. A PCR product of ~1.7 kb was amplified by PCR from
the ApotD mutant chromosome when potDP5/kmR primers (lane 2) or potDP6/kmF (lane
6) were used. The JR32 strain (lanes 1 and 4) or pPRDXApotD.:km (lanes 3 and 5) were
used as negative control for the PCR. (D) potC and Ipgl137 were not affected by allelic
replacement. A potC or a Ipgl137 amplicon (~800 bp) was amplified from ApotD mutant
chromosome (lanes 1 and 4) as well as the positive control JR32 strain (lanes 2 and 5).
pPRDXApotD::km (lanes 3 and 6) was used as negative control for the PCR. Primers
used in these PCR reactions are indicated on top of the agarose gel. Molecular size
standards (Kb) are marked at the left side of the agarose gels. The ApotD mutant was

consructed by Kaitlyn Carson and Gheyath Nasrallah.
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3.1. Abstract

The chaperonin of the intracellular bacterium L. pneumophila, HtpB, is
abundantly released inside host cells during the course of infection, suggesting that HtpB
may have virulence-related functions. To assess such potential functions in vivo, it would
be desirable to construct an AtpB deletion mutant. Previously, we showed that direct
deletion of htpB in L. pneumophila strain Lp02 was not possible, likely because its gene
product, HtpB, is essential for protein folding (65). In an attempt to overcome the
essentiality barrier, the htpAB operon homolog from E. coli (the groE operon), was first
inserted into the chromosome of L. pneumophila strain Lp02. Subsequently, we
attempted to delete the htpAB operon by allelic replacement with a gentamicin-resistance
(Gm®) cassette, in the strain carrying groE. Although ~500 Gm® clones showed an
antibiotic selection phenotype compatible with a successful allelic replacement, htpAB
was still present in 200 of these clones as demonstrated by PCR. Southern blot and PCR
analysis suggested that the Gm® cassette had, apparently, been inserted in a duplicated
htpAB locus. However, multiple copies of 4tpAB in Lp02 could not be identified by
Southern blot using Lp02 chromosomal DNA digested with eight different restriction
enzymes. These results suggest that: (i) htpAB is essential in L. pneumophila, (i1) htpAB
cannot be genetically complemented by groFE, and (iii) attempts to delete htpAB under
strong phenotypic selection result in unexplained genetic rearrangements that appear to

involve duplication of the htpAB locus.
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3.2. Introduction

Reports on the importance of heat shock proteins (HSPs) in bacterial pathogenesis
are accumulating (50,107,231,250,266,441). The two dominant bacterial HSP families,
represented by Hsp60 (known as chaperonin) and Hsp70, have been regarded for many
years as immunodominant antigens (230,441). The basic functions of HSPs (particularly
chaperonins) are to assist proteins to fold into their native state, protect proteins from
denaturation, help proteins to refold after stress, and assist in the translocation of proteins
across membranes (380). Upregulation of HSPs might result from stress encountered
during the course of infection indicating that HSPs could act as pathogenic determinants
(39,178,250). For instance, bacterial chaperonins can mediate adherence to mammalian
cells (124,139), and activate eukaryotic signaling cascades (269,446), all to the advantage
of bacterial pathogens.

L. pneumophila is a Gram-negative environmental bacterial pathogen that
naturally replicates within freshwater amoebae inside a specialized vacuole called the
Legionella-containing vacuole (LCV). Upon inhalation of contaminated water aerosols
by susceptible individuals, L. prneumophila reaches the alveoli and replicates within
human alveolar macrophages (also inside LCVs) resulting in a severe atypical pneumonia
known as Legionnaires’ disease (113,114).

The L. pneumophila chaperonin, known as HtpB, is functionally diverse and plays
protein folding-independent roles. The expression of HtpB is upregulated upon contact
with L929 murine cells or human monocytes (107). High levels of HtpB expression are
maintained during the course of intracellular infection (107), leading to its accumulation

in the lumen of the LCV, as has been shown in infected HeLa cells (137). The increased
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production of HtpB by L. pneumophila within 1.929 cells and monocytes correlates with
virulence because spontaneous salt-tolerant, avirulent mutants of L. pneumophila are
unable to upregulate the expression of HtpB upon contact with these cells (107). In
addition, HtpB has been found in association with the L. pneumophila cytoplasmic
membrane (30,127), as well as on the bacterial cell surface (137), where it can mediate
attachment to and invasion of HeLa cells (139). The mature infectious forms (MIFs),
thought to be the natural transmissible forms of L. pneumophila, display increased
amounts of envelope and surface-associated HtpB, compared to agar-grown bacteria
(138). Recently, we reported that microbeads coated with purified HtpB [but not
uncoated beads or beads coated with control proteins (E. coli GroEL or BSA)] were
sufficient to attract mitochondria to LCV and transiently modify the organization of actin
microfilaments in mammalian cells. These two post-internalization events of HtpB coated
beads mimic the early trafficking events of virulent L. pneumophila (65). As an L.
pneumophila factor that mediates cell entry (139), alters trafficking of the LCV,
continues to be abundantly produced inside the LCV (137) and is released into the host
cell cytoplasm (Fig 11, Chapter 4 of this thesis), HtpB clearly plays a significant role in
the intracellular establishment of L. pneumophila.

A comparison of the aligned amino acid sequences of E. coli GroEL and L.
pneumophila HtpB revealed that these proteins have high degrees of amino acid identity
and similarity (73.3%, 85%, respectively) (177,178). The E. coli groEL gene is
transcribed with the co-chaperonin groES as an operon from one promoter (154).
Similarly, htpB is co-transcribed with AtpA (co-chaperonin gene) also from one single

promoter(178). To function properly in protein folding, GroEL must work in conjunction
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with GroES (154). The amino acid sequences of GroES and HtpA revealed that these
proteins also have high degree of identity and similarity (66%, and 87%, respectively).
Therefore, based on the high degree of amino acid sequence similarity between GroEL
and HtpB, and GroES and HtpA, it could be predicted that HtpB and GroEL have a
similar structure and that HtpB works together with HtpA in protein folding (177,178).
We hypothesized that construction of a AhtpB L. pneumophila mutant would be a
direct way to assess the role of AtpB in virulence. However, in a previous report, we
showed that deletion of AtpAB could not be attained, and proposed that htpAB is an
essential operon (65). To overcome the experimental barrier imposed by the essential
nature of htpAB, we attempted to delete htpAB in L. pneumophila strain Lp02 carrying
the E. coli groE operon in its chromosome (strain LpgroE+). The rationale behind this
approach is that, because of the high degree of homology between groE and htpAB, groE
should genetically complement the loss of htpAB. Despite the expression of groFE in strain
LpgroE+, we were unable to delete htpAB, suggesting that the htpAB operon is essential

and cannot be genetically complemented by groFE.

3.3. Results
3.3.1. Strain LpgroE+ Expresses the E. coli groE operon

L. pneumophila strain Lp02 is a thymidine auxotroph that harbors a loss of
function mutation in the thyA gene encoding thymidine synthase (24). Since thyA4 is
already non-functional in strain Lp02,itwas targeted to be replaced with a DNA fragment
containing the lacl’ repressor, the groE operon under the control of the Py, promoter, and

a Km® cassette (lacl’-P.:groE-km3). Allelic replacement of thyd with the lacl-

124



P.c:groE- km3 DNA fragment was achieved using pPBRDX as described in Figure 7. Of
~50 Cms, Km®, Suc®, and Mtz" colonies, 20 colonies were selected to be tested, by PCR,
for thyA deletion using the internal primers thyAF and thyAR. Of those 20 colonies, 11
tested negative for the presence of thyA, indicating that thy4d was deleted from the
genome (Fig. 7B, 2 clones are shown). The level of GroEL produced by Athy4 mutants
grown in BYE in the presence or absence of IPTG (to induce expression from the Py,
promoter), was assayed by immunoblot using a MAb specific for GroEL (Fig. 7C). There
was no significant difference in the levels of GroEL between the IPTG-induced and non-
induced ArhyA mutants (Fig. 7C), indicating that Lacl? does not effectively repress the
P promoter in L. pneumophila AthyA strains. This is, in fact, a useful feature of the
AthyA strain because the natural expression of L. pneumophila HtpB is constitutively
high. The AthyA strain with the highest basal GroEL expression was selected for deletion

of the htpAB operon. This strain was named LpgroE+.

3.3.2. The htpAB Operon Is Essential in LpgroE+ and Cannot be Deleted.

Once the expression of GroEL was confirmed in LpgroE+, we attempted to
replace the hpAB operon of this strain with a Gm" cassette using plasmid
pBRDXAAtpB:gm as diagrammed in Figure 8A(ii). More than 500Gm" LpgroE+ colonies
were replica plated onto appropriate media to select for potential LpgroE+AhtpAB
mutants. Approximately 200 Gm"®, Mtz", Suc, and Cm® potential LpgroE+4htpAB
colonies were tested by PCR for the presence of htpB using htpBF and htpBR primers.

Surprisingly, all of the clones with the correct selection phenotype tested positive for the
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presence of htpB (Fig. 8B) and still expressed HtpB as judged by immunoblot (Fig. 8C).
These results indicate that the clones screened still contained a functional 4tpAB operon.

Because these tested clones still harbor htpAB, we then addressed the question of
whether the Gm® cassette was integrated in the LpgroE+ chromosome at a locus other
than htpAB. A second PCR analysis was performed on ten potential LpgroE+AhtpAB
random clones using primers that bound outside of the cloned upstream and downstream
regions of the htpAB operon (P6 and P7) in combination with primers designed for
detection of the Gm® cassette (gmF and gmR) (Fig. 8A). When P7 and gmF primers were
paired, an amplification product of ~1070 bp was produced from those potential
LpgroE+4htpAB clones (Fig. 8D) corresponding to the expected size of the downstream
htpAB region of the planned insertion [Fig. 8A(iii)]. The identity of the 1,070 bp
amplification product was confirmed by taking advantage of the HindlIll site situated
~150 bp proximal to the hybridization site of the P7 primer (Fig. 8A). Upon digestion of
this 1,070 amplicon with HindIIl, Upon digestion of the 1,070 bp amplicon with HindIlI,
a 921 bp DNA fragment was produced due to the cleavage of the of the 150 bp (Fig. 8D).
These results indicated that the flanking region downstream of the Gm" cassette
corresponded to the DNA sequence of the region created by the planned insertion.

A similar analysis of the flanking region upstream of the Gm" cassette produced
unexpected results. When P6 and gmR primers were paired, no PCR amplification
product was produced from those potential LpgroE+AhtpAB clones, suggesting that the
upstream region of the inserted Gm" cassette does not correspond to the region created by
the planned insertion. The lack of amplification product on this PCR reaction was not due

to failure of the P6 primer. In that, positive PCR reactions using primer pair P6 and P7

126



(Lanes a, Fig. 8F) produced an amplicon of the expected size (3.5 kb) when the L.
pneumophila strains Lp02 and LpgroE+ were used as template [refer to Fig 7A(i) and
Fig. 8A(i)]. Collectively, these results may explain why the potential LpgroE+AhtpAB
mutant strains showing the correct selection phenotype still expressed HtpB. It appears
that either the Gm® cassette was inserted in a duplicated copy of the AtpAB operon,
thereby generating an upstream flanking region different from the one upstream of the
htpAB operon, or a chromosomal rearrangement occurred during the homologous
recombination between the chromosome of strain LpgroE+ and plasmid
pBRDXAhtpAB:gm, which maintained both a functional Gm" cassette and the intact

htpAB operon.

3.3.3. LpgroE+ and Its Parent Strain Lp02 Have Only One Copy of the hipAB
Operon

We wanted to investigate whether a second copy of the htpAB locus, or part of it,
was present in strain LpgroE+, or whether it was created in a potential LpgroE+AhtpAB
mutant strain during homologous recombination between the chromosomal htpAB locus
of LpgroE+ and plasmid pPRDXAA#pAB:gm. Southern blot analysis was used to examine
chromosomal DNA from LpgroE+ and a potential LpgroE+AhtpAB mutant, which had
been digested with EcoRI or HindIIl. These two enzymes were chosen because they have
restriction sites located adjacent to and within the AtpAB locus (Fig. 8A), enabling us to
accurately predict the size of expected hybridization fragments.DNA probes derived from
the F1htpAB up stream flanking region of the htpAB operon, as well as from the Gm"
cassette (Materials and Methods, Section 2.2.5), were used. When the blot was

hybridized with the F1htpAB probe, bands of ~3.2 and ~2.3 kb were detected in the
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DNA from LpgroE+ [Fig. 8E(i)],exactly corresponding to the expected size of EcoRI and
HindIll fragments, respectively, of the LpgroE+ parent strain [compare with Fig. 8A(1)].
However, an extra band was detected in each of the EcoRI and the HindIIl DNA digests
from the potential LpgroE+AhtpAB mutant strain [Fig. 8E(ii)], confirming a duplication
of the F1htpAB region. We confirmed that these two extra bands contained the Gm"
cassette in a sister Southern blot hybridized with a probe specific for the Gm® cassette
[Fig. 8E(ii)].The size of the new EcoRI band of the potential LpgroE+AhtpAB mutant
strain (~1500 bp), was exactly of the size expected after the planned deletion [compare
with Fig. 8A(iii)]. However, the size of the new HindlIIl band (~3.2 kb) [Fig. 8E(i)] did
not correspond to the size expected after the planned replacement of 4tpAB with the Gm"®
cassette, which should have been ~ 2.6 kb [compare with Fig. 8 A(iii)].

Collectively, these results indicate that the Gm" cassette was inserted in a
duplicated AtpAB locus with the correct downstream region but an altered upstream
region. The existence of more than one /tpAB locus in LpgroE+ strain was clearly ruled
out by the results shown in Figure 8E(i), where a single band was detected for both the
EcoRI and HindlIll digests of LpgroE+ DNA. Therefore, the duplication of AtpAB, or part
of it, must have happened by an unusual recombination event that occurred between
plasmid pBRDXAh#pB:gm and the htpAB locus.

To confirm that the L. pneumophila parent strain, Lp02, does not contain a
duplicated region of htpB, Lp02 genomic DNA was digested with eight different
restriction enzymes, separated by agarose gel electrophoresis, and subjected to Southern
blotting (Fig. 9). The blot was hybridized with a 750 bp DNA probe derived from AtpB

(Materials and Methods Section 2.2.4). As can be seen in Figure 9, the probe detected
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only one distinct band in every lane indicating that, in the absence of any genetic
manipulation, the genome of strain Lp02 contains only one copy of htpB. Therefore,
based on the Southern blot results obtained with Lp02, LpgroE+, and
putativeLp02groE+AhtpB strains, we suggest that the duplication of the hpAB region

occurred during our attempt to delete itpAB.

3.3.4. The hipAB Operon Could not Be Replaced by a Kanamycin-resistance
Cassette in L. pneumophila Strains JR32 and Lp02.

To rule out the unlikely, yet possible, option that the essential nature of htpAB is
strain-dependent, we attempted to replace htpAB in strain JR32. Additionally, to
determine if the Gm" cassette, itself, triggers genetic rearrangements, we attempted to
replace htpAB in strains JR32 and Lp02 with a Km® cassette (F ig. 10A). Strains JR32 and
Lp02 were transformed with pBRDXAAtpAB:km3 and transformants were selected on
BCYE plates supplemented with kanamycin. Out of 300 JR32and 270 Lp02 Km" clones
that were replica plated on appropriate media for identification of potential JR32AhtpAB
or Lp02AhtpAB mutant strains, ~125 clones of each strain were Cms, KmR, SuCR, Mtz
Of the total pool of potential JR32AhtpAB and Lp02AhtpABmutants, 120 clones were
randomly selected to test, using PCR, the presence or absence of A#pB using primers
htpBF and htpBR (Figure 10B). We also tested by immunoblot 30 randomly selected
clones of the total JR32/Lp02 pool for HtpB expression. The presence of htpB or HtpB
was detected in all of the clones screened by PCR or immunoblot (Fig. 10B&C),
suggesting that all screened colonies of potential JR32AhtpABorLp02AhtpABmutants still

contained a functional 4#tpAB operon.
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To determine whether the Km® cassette had followed the same fate of the Gm"
cassette described above (Section 3.3.3), a total of 25 potential JR32AAhtpABand25
Lp02AhtpAB clones were subjected to another PCR analysis using primers P6 and P7
(which bound outside of the cloned upstream and downstream regions of the htpAB
locus) in combination with primers kmF and kmR (designed for detection of the
kanamycin cassette) (Fig. 10A). When primers P7 and kmR were paired, a predicted
~1600 bp amplification product was produced from the potential JR32/Lp02AhtpAB
clones, confirming that the Km® cassette had integrated into the correct region of the
htpAB locus (Fig. 10D). However, no PCR amplification products were detected when P6
and kmF primers were paired (Fig. 10D). These results suggest that the Km® cassette was
also integrated in a duplicated htpAB locus with a unique upstream region following a

mechanism similar to that described above for the Gm® cassette (Section 3.3.3).

3.4. Discussion

We attempted to construct a AhtpAB mutant in L. pneumophila strains Lp02 and
JR32, to generate a valuable tool that we could use to investigate the direct impact of
htpAB on the intracellular establishment of L. pneumophila. However, we could not
delete htpAB by allelic replacement, even in the presence of the E. coli groE operon,
whose gene products were expected to complement the essential functions of HtpA/HtpB.
The explanations that we could provide for these results are that: (i) the htpAB operon is
essential for L. pneumophila, (i) groE could not genetically complement the htpAB
operon, and (iii) that any attempt to delete the htpAB is met with cryptic genetic

rearrangements. To survive under strong antibiotic and sucrose counter-selection, the
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genetic material of L. pneumophila was rearranged to keep both the htpAB operon and the
gm® cassette. Therefore, a duplication of the AtpAB locus appeared to happen due to
unusual recombination events.

The failure to delete the htpAB operon from the chromosomes of LpgroE+, JR32
or Lp02 using plasmid pBRDX was not due to failure in the methodology that we used.
In fact, we were able to delete the non-functional thyA from Lp02 using the same
methodology. In addition, we used the plasmid pPBRDX to replace the potD gene with a
Km"® cassette (Chapter 5 of this thesis) and others have successfully used pBRDX to
delete several L. pneumophila genes (251,287). Therefore, it is clear that it is the essential
nature of 4tpAB and not the experimental tools used that hindered the hpAB deletion.

In E. coli, it has been shown that temperature-sensitive mutants in groE can be
created (143). Therefore a temperature-sensitive hzpB mutant could, in principle, be
created as an alternative to AhtpAB mutant. However this mutant would likely show
secondary defects arising from defective folding of many proteins, and phenotypic
changes in this mutant could not be unambiguously assigned to the defective HtpB.
Another alternative to deletion of AtpAB would be to down-regulate the expression of
HtpB. However, other investigators (97) could not delete the stress regulator gene rpoH
(a sigma factor required for the expression of 4tpAB) from the genome of L. pneumophila
or replace the rpoH promoter by a controllable IPTG-inducible promoter. In addition,
although they observed a reduced amount of A#pB transcripts in clones carrying antisense
sequences for rpoH or hipB, the levels of HtpB were not reduced (97). These results
suggest that L. pneumophila requires high levels of HtpB and is capable of increasing the

efficiency of translation of the 7tpB mRNA.
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To date, multiple copies of chaperonin genes have been detected among several
different Gram negative o-proteobacterial genomes, either alone or in conjunction with
co-chaperonin genes. For example, Sinorhizobium meliloti and Bradyrhizobium
Jjaponicum contain five copies of the groEL homolog. Duplication of chaperonin genes
has also been reported in pathogenic bacteria such as Chlamydia, and Mycobacterium
tuberculosis (154,222,223). Using Southern blot analysis, Lema and Brown (253)
previously suggested, that L. pneumophila has a duplication of the htpAB operon,
whereas Hoffman et al. (177) suggested that Legionella has only one htpAB locus. Due to
these conflicting results, we considered the possibility of an htpAB operon duplication in
strain Lp02, but the Southern blot results shown in Figure 10 clearly confirm that strain
Lp02 genomic DNA has only one copy of the htpAB operon [Fig. 8E(i) and 10].
Moreover, our results are compatible with the DNA sequencing results of the five
available L. pneumophila genomes from strains Philadelphia-1 (61), Paris, Lens (52),
Corby (145), and Alcoy (78), since none of these strains contains multiple copies of the
htpAB operon. Therefore, it seems that the Southern blot findings by Lema and brown
were experimentally incorrect.

We showed in this report that groE could not genetically complement AptAB.
Conversely, Hoffman et al. (177) could not complement a temperature sensitive groEL
mutation in E. coli strain CG218 [groEL100(Ts)] with AtpB in trans. This is pertinent
because it indicates that GroEL and HtpB are either not functionally equivalent or their
functions are species specific.

Gene duplication or amplification (GDA) may occur as a result of retro-

transposition or an error in homologous recombination (unequal crossing-over between
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two DNA fragments) (447). The product of this error in recombination is a duplication at
the site of the exchange and a reciprocal deletion (399). GDA of essential genes results in
additional copies of the gene that are free from selective pressure and thus allow
mutations without deleterious consequences to the organism, as long as one copy
maintains the essential functions. This freedom from consequences allows for mutation of
novel genes that could potentially increase the fitness of the organism or code for new
functions. Recent data suggest that, in response to the presence of antibiotics, GDA
constitutes an important adaptive mechanism in bacteria. For example, bacterial
resistance to B-lactams, trimethoprim and sulphonamides can be conferred by increasing
the copy number of the genes encoding antibiotic hydrolytic enzymes, target enzymes, or
efflux pumps, making GDA more similar to a regulatory response (359). It is possible
that, in our hands, the htpAB locus was duplicated under gentamicin or kanamycin
antibiotic selection, and then one of the duplicated copies was replaced by the Gm" or
Km® cassette.

In conclusion, our studies represent an example of how bacteria such as L.
pneumophila manage to avoid deletion of an essential gene, and provide evidence that
although high degrees of sequence similarity do exist between bacterial chaperonins, the
genes encoding these chaperonins are not necessarily interchangeable. In the absence of
genetic deletion, the use of functional protein models becomes more relevant, as will be
shown in Chapter 4, where Saccharomyces cerevisiae was used as a model to understand

the virulence-related functions of HtpB.
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Figure 7. Construction of the LpgroE+ strain and confirmation of the replacement of
thyA with the groE operon.

(A) Schematic representation (not to scale) of the approach followed to replace thyA from
the genome of strain Lp02. (i) Area of the Lp02 genome showing the 4tpAB operon at a
distant location in relation to the thyA4 gene, and the lacl®-P,,.-groE-km3DNA fragment
carried in the counter selectable vector pPRDXAthyA:groE-km3 between the flanking
regions of the thyA gene. (ii) Diagram representing LpgroE+ chromosome after
replacement of thyd withlacl?-P.-groE-km3. The thyA flanking regions (F1) and (F2)
were amplified from the genome of strain Lp02 by PCR using primer pairs
thyAP1/thyAP2 and thyAP3/thyAP4, respectively. The lacl%-P~groE-km3DNA
fragment (~5200 bp) was amplified by PCR from plasmid pTrcKm using primers PtrcF
and PtrcR and cloned between the F1 and F2thyA fragments. The resulting fragment, F1-
lacl’-P-groE-km3-F2, was subcloned into plasmid pBRDX to generate
pBRDXAthyA:groE-km3, and used to construct a LpgroE+ strain by allelic replacement.
(B) Ethidium bromide-stained agarose gel showing PCR amplicons obtained
usingprimers thyAF and thyAR, which amplify a ~240 bp DNA fragment fromthyA,
confirmed that potential Lp02Athy4 (LpgroE+) clones do not yield an amplification
product for thyA (2 LpgroE+ clones are shown). DNA from strain Lp02 and
pBRDXAthyA:groE-km3 was used as a positive and negative control, respectively, for
the presence and absence of thyA. The sizes of DNA standards (bp) are indicated at the
left side of the gel. (C) LpgroE+ clones were grown in BYE medium to exponential
phase in the presence (+) or absence (-) of IPTG. Whole cell lysates from four LpgroE+

clones (including the 2 LpgroE+ clones used in panel B) were separated by SDS-PAGE,
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transferred to a nitrocellulose membrane, and immune stained with MAb specific for
GroEL Whole cell lysates from strains E. coli strain DH50 and L. pneumophila strain
Lp02 were used as positive and negative controls, respectively, for presence of GroEL.
The position and size (kDa) of protein standards are indicated at the left side of the blot.

This figure was generated by Gheyath Nasrallah.
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Figure 8. Attempt to construct an LpgroE+AhtpAB mutant strain and confirmation of the
duplication of the htpAB flanking regions.

(A) Schematic representation (not to scale) of the allelic replacement approach followed
to attempt deletion of 4tpAB from the genome of strain LpgroE+. (i) Area of the LpgroE+
genome showing the htpAB operon at a distant location in relation to the lacl%-P,,.-groE-
km3 DNA fragment. (ii) Counter selectable plasmid pPRDXAhtpAB:gmwith a Gm"
cassette between the flanking regions of the htpAB operon, used to construct potential
LpgroE+AhtpABmutants by allelic replacement. (iii) Potential configuration of the
LpgroE+AhtpAB:gm chromosome after the predicted replacement of htpAB with the Gm®
cassette.The EcoRI and HindIIl restriction sites of htpAB and flanking regions are
indicated in (i) and (iii) as a reference to interpret the PCR results shown in panel D and
the Southern blot results shown in panel E. (B) Ethidium bromide-stained agarose gel
showing the colony PCR products amplified from the bacterial clones shown on top of
the gel using primers htpBF and htpBR. All potential LpgroE+AhtpAB mutant clones
(clones 1-5 are shown) display a 750 bp amplification product. Strain LpgroE+ and
plasmid pPBRDXAAtpAB:gm were used as a positive and negative amplification control
templates, respectively, for the presence and absence of A#pB. The position and size of
DNA standards (bp) are indicated.(C) Whole cell lysates from 3 potential
LpgroE+AhtpAB clones were separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and immunostained with MAb specific for HtpB. Whole cell lysates from
strains LpgroE+ and E. coli DH50 were used as positive and negative controls,

respectively, for the presence of HtpB. The position and size (in kDa) of protein
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standards are indicated. (D) Ethidium bromide-stained agarose gel showing PCR
amplicons confirming that the inserted Gm" cassette is flanked by the correct region
downstream from the htpAB locus. Primers P7 and gmF directed amplification of an
expected 1070 bp DNA fragment from the potential LpgroE+AhtpAB mutant strains (lane
1: only one clone is shown). The PCR amplification product of lane 1 was digested with
HindIll to produce DNA fragments of 921 bp (lane 2).and 150 bp (not shown in the gel).
Primers P7 and P3 were used in a control PCR reaction to amplify an expected 800 bp
DNA fragment (lane 3) from strain LpgroE+ that was digested with HindIII to produce
DNA fragments of 650 bp (lane 4) and 150 bp (not shown in the gel). The position and
size of DNA standards (bp) are indicated. (E) Southern blot confirms that chromosomal
DNA from potential LpgroE+AhtpAB mutants have both an intact htpAB locus, and a
second locus with the inserted Gm® cassette. Chromosomal DNA from the parent strain
LpgroE+ and the potential LpgroE+AhtpAB mutant were digested with EcoRI or HindIII,
separated through a 0.8 % agarose gel electrophoresis, and transferred to a nylon
membrane. Labelled DNA fragments derived from FlhtpAB (700 bp) or the Gm"
cassette (250bp), were used as a hybridization probes in (i) and (ii), respectively. The
relative positions of DNA standards (Kbp), shown at the left of the blot, were determined
from the ethidium bromide-stained agarose gel prior to DNA transfer. (F) Ethidium
bromide-stained agarose gel showing the 3.5 Kb PCR product amplified from the
bacterial strains shown on top of the gel using primers P6 and P7 (lanes a). Negative
control reactions were performed using primers P6 and gmR (lanes b). The position and
size of DNA standards (Kb) are indicated. This figure was generated by Gheyath

Nasrallah.
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Figure 9. Southern blot analysis confirming that L. pneumophila strain Lp02 has only

one copy of the 4tpAB locus.

Lp02 chromosomal DNA was digested with the indicated restriction enzymes (A and B),
separated through a 0.8 % agarose gel electrophoresis, and transferred onto nylon
membranes. An AfpB internal fragment of 750bp (amplified by PCR using primers htpBF
and htpBR), was used as hybridization probe in (A) and (B). Plasmid pBluescript (pBS),
and the htpB internal fragment (probe) were used as negative and positive hybridization
controls, respectively. The relative positions of the indicated molecular size standards
(Kb) were determined from the ethidium bromide-stained agarose gel prior to transfer of

DNA. This Figure was generated by Elizabeth Gagnon and Gheyath Nasrallah.
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Figure 10. The 4pAB operon could not be replaced by a Km" cassette in L. pneumophila
strains JR32 and Lp02.

(A) Schematic representation (not to scale) of the allelic replacement approach followed
to attempt replacement of htpAB from the genome of strain. JR32 or Lp02 with a Km®
cassette carried in the counter selectable plasmid pBRDXA4htpAB:km3 (B) Ethidium
bromide-stained agarose gel showing the PCR amplicons generated using primers htpBF
and htpBR, confirming that potential JR32htpAB or Lp02AhtpAB mutant clones (only one
representative clone from each strain is shown) display a 750 bp htpB amplification
product. Plasmid pBRDXAhtpAB:gm was used as a negative control for AtpB. The
positions and sizes of DNA standards (bp) are indicated. (C) Whole cell lysates from
potential JR32AhtpAB and Lp02AhtpAB mutant clones were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and immunostained with MAb specific for
HtpB. Whole cell lysates from strains JR32 and Lp02 were used as positive controls for
the presence of HtpB. The positions and sizes (in kDa) of protein standards are indicated.
(D) Ethidium bromide-stained agarose gel showing PCR amplicons confirming that the
inserted Km" cassette is flanked by the correct region downstream of the ApAB locus,
but not the correct htpAB upstream region. A PCR reaction using primers P7 and kmR
amplified an expected 1600 bp from two potential JR32AhtpAB (lanes 2, 4), or
twopotential Lp02AhtpAB (lanes 6 and 8) clones. DNA from the same clones was used as
template in a second PCR reaction using primers P6 and kmF, where no amplification
product was produced, in the two potential JR32AhtpAB clones (lanes 1 and 3) or the two
potential Lp02AktpAB (lanes 5 and 7).The positions and sizes of DNA standards (bp) are

indicated This Figure was generated by Dennis Orton and Gheyath Nasrallah.
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4.1. Abstract

The Gram-negative intracellular pathogen Legionella pneumophila replicates in a
membrane-bound compartment known as the Legionella-containing vacuole (LCV) into
which it abundantly releases its chaperonin, HtpB. To determine whether HtpB remains
within the LCV, or reaches the host cell cytoplasm, we infected U937 macrophages and
CHO cells with L. pneumophila expressing a translocation reporter consisting of the
Bordetella pertussis adenylate cyclase enzyme: HtpB fusion. These infections led to
increased cAMP levels, suggesting that HtpB reaches the host cell cytoplasm. To
identify potential functions for cytoplasmic HtpB, we expressed it in the yeast
Saccharomyces cerevisiae, where HtpB induced pseudohyphal growth (PHG). A yeast-
two-hybrid screen showed that HtpB specifically interacted with S-adenosyl methionine
decarboxylase (SAMDC), an essential yeast enzyme (encoded by SPE?2) that is required
for polyamine biosynthesis. Increasing the copy number of SPE?2 also induced PHG in S.
cerevisiae, thus we speculated that (1) HtpB induces PHG by activating polyamine
synthesis, and (i1) L. pneumophila may require exogenous polyamines for growth. A
pharmacological inhibitor of SAMDC significantly reduced L. pneumophila replication in
L929 mouse cells and U937 human macrophages, whereas exogenously added
polyamines favoured intracellular growth, confirming that polyamines and host SAMDC
activity promote L. pneumophila proliferation. Bioinformatic analysis revealed that most
known enzymes required for polyamine biosynthesis in bacteria (including SAMDC) are
absent in L. pneumophila, suggesting that this bacterium must scavenge exogenous
polyamines. We hypothesize that HtpB may function to ensure a supply of polyamines in

host cells, which are required for the optimal intracellular growth of L. pneumophila.
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4.2. Introduction

Chaperonins constitute a family of highly conserved proteins found in all
prokaryotic and eukaryotic organisms (154). Their primary role is to facilitate the folding
of nascent and stress-denatured proteins into their functional native states, in an ATP-
dependent manner (221). Group I chaperonins, referred to as Hsp60, Cpn60 or GroEL,
are prokaryotic proteins found in bacteria and in eukaryotic organelles such as
mitochondria and chloroplasts (154). Group II chaperonins, also known as CCT or TCP-
1, are found in the eukaryotic cytosol and in the Archaea (154). Structural and functional
studies of E. coli GroEL have established the role of group I chaperonins as intracellular
mediators of protein-folding (31,444). GroEL is an essential protein in E. coli (103),
whose intracellular level increases substantially in response to different stressful stimuli
(263,416). The protein-folding paradigm of group I chaperonins has changed with
accumulating reports of surface- and membrane-associated chaperonins that perform
other diverse functions. For instance, the extracytoplasmically localized chaperonins of
Haemophilus ducreyi(124), Helicobacter pylori(47,437), Borrelia burgdorferi(367), and
Clostridium difficile(167) have been implicated in adhesion and (or) cell invasion. It has
also been shown that some surface-exposed bacterial chaperonins have the capacity to
interact with mammalian cell surface receptors to initiate signaling events that result in
cytokine production(330). Moreover, the functional flexibility of group I chaperonins is
demonstrated by the role of the Mycobacterium leprae chaperonin as a protease (326), the
Enterobacter aerogenes GroEL as an insect toxin (440), and the E. coli GroEL as a

lipochaperonin (413).
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Legionella pneumophila, a Gram-negative intracellular amoebal pathogen, is also
an opportunistic human pathogen that replicates in mononuclear leukocytes (191) and
causes Legionnaires’ disease in susceptible individuals (296). The L. pneumophila 60-
kDa chaperonin, encoded by the AtpB gene (61,177), is expressed at high levels under
steady state conditions, with only a 2-fold increase in expression following heat shock
(254). This is in sharp contrast to the normally low levels of expression of GroEL in E.
coli, and the ~20-fold increase in expression upon heat shock (177,254). We have been
unable to delete AtpB from the L. pneumophila genome (65), suggesting that it is an
essential gene. Therefore, our HtpB studies are based on the use of functional protein
tests.

HtpB expression is upregulated in the presence of L929 cells and monocytes, even
prior to Legionella internalization, and a high level of expression is maintained
throughout intracellular infections (107), leading to accumulation of HtpB in the lumen
of the Legionella-containing vacuole (LCV), as observed in 1929 cells, monocytes and
HeLa cells (107,137,178). More than 40% of the cell-associated HtpB epitopes
detectable by immunogold labelling are membrane-associated, periplasmic or cell-surface
localized in L. pneumophila(137), and we have previously established that the surface-
localized HtpB acts as an adhesion and invasion factor in HeLa cells (139). Furthermore,
microbeads coated with purified HtpB (but not uncoated beads or beads coated with
control proteins) were sufficient to attract mitochondria and transiently modify the
organization of actin microfilaments in human macrophage and Chinese hamster ovary

(CHO) cell lines (65). Although HtpB could function by signalling across the cell and
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LCV membranes after binding to host cell surface receptors, it is also possible that HtpB
reaches the cytoplasm of infected cells and interacts with cytoplasmic targets.

In this study, we determined that HtpB is not confined to the lumen of the LCV,
but reaches the host cell cytosol. To identify potential functions for cytoplasmic HtpB,
we expressed it in the genetically tractable eukaryote Saccharomyces cerevisiae and
found that it induces pseudohyphal growth (PHG) and specifically interacts with
SAMDC, an enzyme required for biosynthesis of the polyamines spermidine and
spermine in eukaryotic cells. Pharmacological inhibition of SAMDC activity significantly
reduced the intracellular multiplication of L. pneumophila in mammalian cell lines.
Moreover, the addition of exogenous polyamines enhanced the intracellular growth of L.
pneumophila, collectively suggesting that host polyamine biosynthesis and elevated
levels of polyamines are important for the optimal intracellular growth of L.

pneumophila.

4.3. Results
4.3.1. HtpB Reaches the Cytosol of L. pneumophila Infected Cells

Immunoelectron microscopy data previously suggested that HtpB is exposed on
the cytoplasmic face of LCVs (62,107). To determine whether HtpB indeed reaches the
cytoplasm of infected cells, we used the CyaA reporter system, which has been used
before to establish the translocation of L. pneumophila type IV secretion effectors
(46,59,81,293). Initially, we used CHO-AtpB cells as part of a series of functional studies
aimed at assessing the responses of mammalian cells to HtpB (65). The ectopic

expression of HtpB in CHO-A#pB is controlled by a tetracycline-responsive promoter, in
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which htpB expression is turned off in the presence of doxycycline (Tet-off). CHO-htpB
cells not expressing ectopic HtpB and infected with strains Lp02 or JR32 expressing the
HtpB-CyaA fusion showed a significant increase in cAMP levels (P<0.05, Fig. 11a)
compared to host cells infected with L. pneumophila harboring the empty vector control,
or the CyaA only construct. Cells infected with L. pneumophila expressing the CyaA-
HtpB fusion showed lower cAMP levels in comparison to those infected with L.
pneumophila expressing HtpB-CyaA (Fig. 11b), suggesting that the N-terminus of HtpB
either is important for translocation, or interferes with CyaA activity. To rule out the
latter we showed that a large increase in cAMP was detected after mixing a host cell
lysate with a lysate from strain JR32 expressing the CyaA-HtpB fusion (Fig. 11b). This
increase was comparable to that induced by the lysate of JR32 expressing the LepA-
CyaA fusion (LepA is a Dot/lcm effector used as a positive translocation control),
suggesting that the lower level of cAMP produced by CHO-AtpB cells infected with L.
pneumophila expressing CyaA-HtpB was not due to a defect in CyaA activity, or to low
expression of the fusion protein. HtpB reaches the cytoplasm of infected cells was then
confirmed in U937-derived macrophages (Fig. 11c). Overall, the levels of cAMP in

macrophages were higher than in CHO-A#pB cells.

4.3.2. Inducible Expression of HtpB in S. cerevisiae

Knowing that HtpB reaches the cytoplasm of infected cells, we set out to
investigate potential functions for cytoplasmic HtpB in the genetically tractable eukaryote
S. cerevisiae. Expression of ectopic HtpB in yeast cells grown in inducing medium

containing galactose was confirmed by immunoblot (Fig. 12a). No growth differences
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were detected between two HtpB-expressing clones and a clone carrying the empty
vector control in YEP-Galactose (inducing) liquid medium (compare Fig. 12b & c).
However, the expression of HtpB caused an approximately 2-fold reduction in colony
numbers in relation to yeast cells grown on glucose (Fig. 12b, inset) or yeast cells
carrying the empty plasmid pEMBLyex4 (Fig. 12c, inset), suggesting that solid medium
imposed a slight growth restriction on yeast cells expressing HtpB. Expression of HtpB
in liquid cultures coincided with the initiation of growth, 10 h after placing yeast cells in

YEP-Galactose (Fig. 12c¢).

4.3.3. HtpB Stimulates S. cerevisiae to Form Pseudohyphae

In nature, S. cerevisiae cells form pseudohyphae when nitrogen becomes limiting
(131). Haploid yeast strains may also differentiate and become invasive under glucose
limitation (241,242). On nitrogen-replete solid medium containing galactose, cells of the
haploid yeast strain W303-1b expressing HtpB from plasmid pEMBLyex4::/tpB,
elongated and budded in a unipolar direction (Fig. 13a), and after 5 days at 30°C, they
produced some agar-invasive filamentous colonies (Fig. 13b). W303-1b cells carrying
the empty vector, pEMBLyex4, remained ovoid when grown on the same medium (Fig.
13¢) and were not agar-invasive (Fig. 13d). The same pseudohyphal phenotype (as
shown in Fig. 13a & c) was observed in cells of strain W303-1b harboring the construct
pPP389::htpB. To be able to check the HtpB-mediated phenotype in a glucose-replete
medium, HtpB was expressed from pGBD-C1::AtpB, a construct that drives expression of
the GAL4DBD-HtpB chimera using a modified alcohol dehydrogenase promoter (P 4pz;)

(Fig. 14). Yeast strain W303-1b carrying pGBD-C1::htpB also formed pseudohyphae 15-
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20 h after inoculation on SD solid medium with glucose (Fig. 15). Therefore, induction of

PHG by HtpB occurs in nitrogen- and glucose-replete media.

4.3.4. Other Type I Chaperonins Do Not Stimulate S. cerevisiae to Form
Pseudohyphae

The S. cerevisiae mitochondrial chaperonin (Hsp60p) (systematic name:
YLR259C, SGD™), shares 54.5 % protein sequence identity with HtpB (Accession:
AAA25299, NCBI Entrez Protein) according to the Lalign program (314). Unlike HtpB,
Hsp60p has a positively charged motif at its N-terminus that is necessary for import into
yeast mitochondria. A complete HSP60 construct and a construct lacking the
mitochondrial import motif (hsp60A1-72) were expressed in strain W303-1b to produce
either full-length Hsp60p or the truncated Hsp60A1-24p, as confirmed by immuno-blot
(Fig. 16a). In contrast to HtpB-expressing cells, W303-1b cells expressing either Hsp60p
or Hsp60A1-24p did not form pseudohyphae (Fig. 16b). Results were the same when
either vector, pPP389 or pEMBLyex4, was used for chaperonin expression.

GroEL, the E. coli Hsp60 (Accession: AAC77103, NCBI Entrez Protein), shares
75.5% protein sequence identity with HtpB according to the Lalign program (314). We
set out to determine if the few amino acid differences between GroEL and HtpB would
result in functional differences in relation to pseudohyphae formation in yeast. Yeast
strain W303-1b expressing E. coli GroEL from pEMBLyex4::groEL (Fig. 16a) did not
form pseudohyphae (Fig. 17b to d). Collectively, these data indicate that the ability to
alter yeast cell morphology does not represent a general characteristic of group I

chaperonins.
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4.3.5. S-Adenosyl Methionine Decarboxylase (SAMDC) Interacts with HtpB in S.
cerevisiae

We hypothesized that there is a specific interaction between HtpB and a yeast
protein involved in PHG. To test this hypothesis, we conducted a yeast two-hybrid
(Y2H) screen using as bait the Gal4DBD-HtpB chimera, which is functional for PHG
induction (Fig. 15). Circa 8 x 10® yeast clones carrying yeast genomic library plasmids
were screened and two strongly positive clones were identified (pGAD-C1::204 and
pGAD-C1::20B) (Fig 18A). To rule out interaction artefacts and confirm the specificity
of these Y2H protein-protein interactions, these two library plasmids were co-
transformed into fresh Y153 cells with the empty plasmid pGBD-C1 or plasmid pSE1111
(encoding an irrelevant protein, Table. 3), which served as negative interaction controls
(Fig 18B). Only Y153 co-transformants bearing pGBD-C1::4#pB and pGAD-C1::204 or
pGBD-Cl::htpB and pGAD-C1::20B showed positive interactions (Fig. 18B). DNA
sequence determination revealed that the 20A DNA library fragment encodes the last 233
amino acids of SAMDC (residues 166-396), whereas the 20B DNA fragment encodes
only the last 206 amino acids (residues 189-396), suggesting the C-terminus of SAMDC
is sufficient to interact with HtpB. SPE2, the S. cerevisiae gene that encodes SAMDC. In
yeast, SAMDC is a conserved and essential enzyme required for aerobic growth (17-19)

and for synthesis of the polyamines spermidine and spermine (74,394).

4.3.6. The Mammalian Small Heat Shock Protein (Hsp10) Interacts with HtpB in
HeLa Cells

We have previously shown that HtpB is involved in reorganization of actin

filaments when expressed in the non-phagocytic CHO cells and that it mimics the ability
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of virulent L. pneumophila to attract mitochondria when added to CHO and U937 human-
derived macrophages in the form of HtpB coated beads (65). We hypothesized that there
is a specific interaction between HtpB and a mammalian protein (s) involved in these two
phenotypes. To test this hypothesis, we conducted a second Y2H screen using, as bait, the
Gal4DBD-HtpB chimera to test for HeLa cell proteins (Gal4AD-HeLa proteins) that
interacts with HtpB. Approximately 5 x 10° yeast clones carrying HeLa cDNA library
plasmid (pGADT7::cDNAXx) were screened, and 21 positive clones were identified. DNA
sequence determination revealed that all of the 21 positive clones encoded the
mammalian small heat shock protein Hsp10. One of these positive clones was chosen and
the encoding plasmid named pGADT7::HSP10. Hsp10 is the co-chaperonin that, together
with the mitochondrial chaperonin (Hsp60p), mediates protein folding in the
mitochondrial matrix (154). The eukaryotic Hsp10 and Hsp60 proteins are synthesized in
the cytoplasm and imported through the mitochondrial membranes into the mitochondrial
lumen. Additionally, Hsp10 has been detected on the surface of mitochondria (354) to
mitochondria. Therefore, the HtpB-Hsp10 interaction could be relevant to the recruitment

of mitochondria to the LCV.

4.3.7. Overexpression of SAMDC Induces PHG in Yeast

Knowing that a transient increase in both the level of polyamines and the activity
of polyamine synthetic enzymes characterizes the yeast-to-hyphae transition in many
fungal species (152,168,201,277,358), we hypothesized that overexpression of SAMDC
could result in PHG in S. cerevisiae. To test this hypothesis we increased the SPE2 copy

number in strain W303-1b as a means to enhance SAMDC activity. It has been noted
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elsewhere that when SPE2 is carried on a yeast high copy plasmid, the activity of
SAMDC in S. cerevisiae increases ~50-fold in relation to that of S. cerevisiae that does
not bear the plasmid (226). In our hands the presence of the high-copy number plasmid
pPP389::SPE2 in W303-1b also induced PHG (Fig. 19). Thus, over-expression of either

HtpB or its interacting protein, SAMDC, induces the same phenotype in S. cerevisiae.

4.3.8. SAMDC Activity Promotes L. pneumophila Replication in Host Cells

To determine whether L. pneumophila requires the activity of host SAMDC
during intracellular growth in mammalian cells, we infected cells treated with two
inhibitors of polyamine biosynthesis. MGBG acts as a specific, competitive and
irreversible inhibitor of SAMDC (75,422,434), and DFMO is an irreversible inhibitor of
ornithine decarboxylase (271,327), an enzyme required for the synthesis of putrescine, a
precursor to spermidine. We initially found that treatment of mouse L929 cells with
MGBG significantly inhibited L. pneumophila intracellular replication at 24 and 48 h
post infection, whereas DFMO inhibition was only significant 48 h post infection (Fig.
20a). The pharmacological inhibition of SAMDC by MGBG was clearly dose-dependent
in both 1929 cells (Fig. 20b) and in U937 macrophages (Fig. 20c), suggesting that host
SAMDC, but not necessarily host ornithine decarboxylase, needs to remain fully active to
support the optimal early replication of L. pneumophila in mammalian cells.

At concentrations of 100 uM neither MGBG nor DFMO was significantly toxic to
L929 cells or U937 macrophages , as determined by Trypan blue staining. In addition,
neither MGBG nor DFMO at a final concentration of 100 pM showed a direct inhibitory

effect on L. pneumophila replication in BYE. These toxicity results suggest that the
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inhibition of L. pneumophila growth in L929 and U937 cells was not due to a drug-
mediated killing of infected cells, or to a direct effect of MGBG or DFMO on L.

pneumophila.

4.3.9. Addition of Exogenous Polyamines Enhances the Growth of L. pneumophila in
e Exogenous polyamines enhance L. pneumophila growth in vivo, therefore, we set
out to test whether we could see a similar effect in vitro. Supplementing BYE medium
with polyamines enhanced the growth of strain JR32 in vitro (Fig. 21a & 21d) and for
spermidine, this effect was dose-dependent (Fig. 21b). The beneficial effect of
exogenous polyamines was clearly seen in define medium (DM) (Fig. 2c¢ &e) where
spermidine was confirmed to be the most beneficial polyamine for L. pneumophila
growth in vitro. The treatment of L929 cells with exogenous spermidine and spermine
(added at the time of infection) caused a significant increase in the intracellular growth of
L. pneumophila 24 h post infection, relative to the untreated cells (Fig. 22a). A
synergistic effect was observed when the bacterial inoculum was pre-grown in
polyamines, and the host cells were treated with polyamines (Fig. 22), indicating that,
although not beneficial on its own, pre-growth of L. pneumophila in BYE with
polyamines either contributed to a higher net concentration of these polyamines in
intracellular legionellae, or predisposed these legionellae to better use the excess
polyamines added to host cells. Additionally, treatment of U937 macrophages and L.
pneumophila with exogenous spermidine and spermine also enhances intracellular

growth (Fig. 22b), confirming the importance of polyamines in the intracellular growth of

L. pneumophila.
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4.3.10. The L. pneumophila Genome Does Not Encode Most of the Known
Prokaryotic Polyamine Biosynthetic Enzymes

To understand why L. pneumophila benefits from host SAMDC activity and (or)
exogenous polyamines, we assessed in silico the metabolic capacity of L. pneumophila to
synthesize polyamines. In a comparative analysis against known conserved prokaryotic
pathways of polyamine biosynthesis (56,252,375,395), we found that most of the
enzymes required for polyamine biosynthesis in E. coli and Vibrio cholerae (Fig. 23), are
not encoded by the L. pneumophila genome. The only genes encoding polyamine
biosynthetic enzymes in L. pneumophila were metK (methionine adenosyltransferase),
and sped (arginine decarboxylase) (Fig. 23), suggesting that L. pneumophila cannot
synthesize all polyamines. Although our results cannot rule out the possibility that the
genome of L. pneumophila encodes polyamine biosynthetic enzymes bearing no
sequence similarity to other known bacterial enzymes, a dependence on exogenous
polyamines was strongly suggested by our growth results in liquid cultures (Fig. 21) and

within U937 macrophages and L929 cells (Fig. 22).

4.4. Discussion

HtpB reaches the cytoplasm of L. pneumophila infected cells, as indicated here by
the CyaA reporter assay. This result implies that, in addition to its external role as an
invasion factor in non-phagocytic cells (139), HtpB could play internal roles as a
cytoplasmic effector, as previously suggested by the HtpB-mediated alteration of actin
filaments in CHO-AtpB cells (65). Using S. cerevisiae as a model eukaryote, we have
now shown that HtpB induces PHG and interacts with the cytoplasmic enzyme SAMDC.

This interaction, together with the observation that increased SAMDC activity also
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induces PHG, suggested a potential link between HtpB function and polyamines, and
allowed us to speculate that L. pneumophila might use HtpB to manipulate polyamine
levels in host cells to achieve optimal intracellular growth.

Based on our current knowledge, we propose the following physiological model
to explain how the known HtpB functions are linked to L. pneumophila pathogenesis: (i)
Surface-exposed HtpB, which increases in the presence of L929 cells and monocytes
(107), as well as during differentiation of L. pneumophila into mature infectious forms
(138), serves as a ligand for cell surface receptors and mediates attachment to and
invasion of human non-phagocytic cells (139). (ii) Intracellular L. pneumophila
abundantly releases HtpB into the lumen of the LCV (137,178). (iii) In experiments with
phagocytosed HtpB-coated beads in CHO cells and macrophages, HtpB signals across the
phagosomal membrane to attract mitochondria and transiently alters the actin
cytoskeleton of host cells (65). (iv) HtpB from the LCV lumen reaches the host cell
cytoplasm (this study) where it could interact with SAMDC and increase the intracellular
pool of polyamines.

The mechanism by which HtpB reaches the host cell cytoplasm is as yet
undefined. Considering that HtpB is abundantly released into the LCV by L.
pneumophila(137,178) the low level of cAMP detected in cells infected with L.
pneumophila carrying the C-terminal HtpB-CyaA fusion (in relation to the cAMP levels
attained during infections with L. pneumophila carrying the LepA-CyaA fusion), suggests
that only small amounts of HtpB reach the host cell cytoplasm, or that fusion to CyaA
artificially reduces the efficiency of HtpB passage into the host cell cytoplasm. As

proposed for L. pneumophila’s flagellin (428), free HtpB in the lumen of the LCV could

157



passively cross the LCV membrane. Alternatively, HtpB contained in outer membrane
vesicles (130) could reach the host cell cytoplasm upon fusion of these vesicles with the
LCV membrane. Since neither process directly translocates HtpB, they would differ
fundamentally from the active Dot/Icm-dependent translocation of effectors such as
LepA (130). The accidental delivery of HtpB into the host cell cytoplasm in our
experiments (due to bacterial cell lysis and LCV rupture) is unlikely, mainly because it
was controlled for by the very low levels of cAMP observed after infection with L.
pneumophila carrying only the CyaA construct, and by the inability of L. pneumophila
carrying the N-terminal CyaA-HtpB fusion to efficiently induce increased amounts of
cAMP (Fig. 11).

In spite of the high amino acid sequence similarity that exists between bacterial
chaperonins, we have shown recently that HtpB is capable of performing unique roles
that are not shared by the E. coli protein GroEL (65). Microbeads coated with purified
HtpB, but not GroEL, attracted mitochondria and transiently modified the organization of
actin microfilaments in mammalian cells (65). We also demonstrated here that the ability
of HtpB to activate PHG in S. cerevisiae is not shared by GroEL, or by the S. cerevisiae
mitochondrial chaperonin (Hsp60p) expressed in the yeast cytosol. Unique functions of
bacterial chaperonins have been previously reported, which can be attributed to the effect
of a few residues. The insect toxin GroEL from endosymbiotic Enterobacter aerogenes
(comprising 545 residues) differs from the non-toxic E. coli GroEL by eleven amino
acids, of which only four are critical for toxicity. When the non-toxic E. coli GroEL was
engineered at the four critical residues to resemble the E. aerogenes GroEL it, too,

became a potent insect toxin (440). In the case of the Hsp65 chaperonin of
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Mycobacterium leprae, which acts as a protease, only three amino acids (Thr-375, Lys-
409 and Ser-502) comprise the threonine catalytic group responsible for protease activity
(326). Differences in the signaling abilities of bacterial chaperonins, accompanied by a
variety of downstream consequences (330), have also been previously reported. For
instance, the 60-kDa chaperonins of Actinobacillus actinomycetemcomitans and E. coli
were extremely active stimulators of bone resorption in a mouse model, whereas the
chaperonins of Mycobacterium tuberculosis and Mycobacterium leprae showed no such
activity (330). Because HtpB and E. coli GroEL differ in 137 amino acids scattered
throughout the entire protein, it is not easily discernable which of these residues would
confer on HtpB its unique property to interact with SAMDC and trigger PHG in yeast.
The term ‘polyamines’ describes a group of polycationic compounds present in all
cells. Polyamines are similarly important in prokaryotes and eukaryotes, being crucial
for normal cell growth, DNA and protein synthesis, and eukaryotic cell differentiation,
proliferation, and signaling (74,318,320). By definition, these compounds have more
than one amino group, and are commonly synthesized using amino acids as precursors
(74,318,320). Based on the fact that a strong correlation exists between elevated
polyamine levels and fungal filamentation (152,168,201,277,358) , it seems reasonable to
surmise that the activation of PHG by HtpB, via its interaction with SAMDC, is mediated
by increased concentrations of intracellular polyamines in S. cerevisiae. In this view, it is
predicted that yeast cells expressing HtpB would have elevated levels of spermidine and
spermine. SAMDC is a rate-limiting enzyme key in the biosynthesis of polyamines,
which is tightly regulated in eukaryotic cells (320). Like other rate-limiting enzymes,

SAMDC has a short half-life, its basal activity is low, and it is rapidly induced by
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different stimuli (316,318,320). Furthermore, SAMDC is synthesized as an inactive
proenzyme that in response to different stimuli undergoes an intramolecular cleavage
reaction to form the active enzyme (226,319,320). Thus, it is possible that one or more of
the processes that affect the activity of SAMDC could be modulated upon interaction
with HtpB. For instance, the chaperonin activity of HtpB could extend the half-life of
SAMDOC, protecting it from early degradation, or the presence of HtpB could increase the
rate of proenzyme cleavage.

It was surprising that in spite of screening ~5 x 10° yeast clones of the HelLa
cDNA library by Y2H, SAMDC was not identified. In theory, this HeLa Y2H screen
should be sufficient to cover 250X the estimated 2 x 10 protein-encoding mRNAs
present in the human genome. The interaction of HtpB with the mitochondrial co-
chaperonin (Hsp10) could have potential implications for the already identified effects of
HtpB on mammalian cells. The HtpB-HsplO interaction could be relevant to
mitochondrial recruitment because Hspl0 has been detected on the surface of
mitochondria, as well as in other extra-mitochondrial locations where Hsp10 moonlights
as the early pregnancy factor (354). Finding Hsp10 in extra-mitochondrial locations is not
entirely surprising because HsplO is a mitochondrial protein whose encoding gene
resides in the cell nucleus, and it is synthesized in the eukaryotic cytosol, from where
Hspl10 needs to be imported into the mitochondria. While the import of proteins into
mitochondria is mostly co-translational, it is possible that some Hsp10 molecules could
stay on the mitochondrial surface (bound to the import apparatus) after translation.

The physiological model advanced at the beginning of the discussion of this

chapter (Section 4.4) predicts that HtpB modulates the intracellular pool of polyamines in
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host cells. These polyamines could then be transported into the LCV and directly used by
L. pneumophila to grow optimally (nutritional role), and (or) change the physiology of
the host cell to favour L. pneumophila proliferation (intracellular signaling role). The
nutritional role of host polyamines is supported by the in vitro enhancement of L.
pneumophila growth in liquid media supplemented with polyamines (Fig. 21), and by the
limited ability of L. pneumophila to synthesize polyamines, predicted from our
bioinformatic analysis (Fig. 23). However, an alteration of host cell physiology in favour
of intracellular L. pneumophila (independent from a merely nutritional effect) cannot be
ruled out by our results. For instance, the lack of inhibition by DFMO of L. pneumophila
replication at 24 h post-infection (Fig. 20a), could mean that SAMDC activity, rather than
increased concentrations of spermidine and spermine, was necessary for the optimal
growth of L. pneumophila. This is all the more plausible knowing that inhibition of
ornithine decarboxylase by DFMO is known to increase SAMDC activity (320).
However, DFMO might simply have a late effect on the polyamine pool of host cells due
to its slow uptake (371), its inability to effectively reduce spermine levels in treated cells
(151), or the expected long period required to exhaust the levels of putrescine, and
consequently spermidine, in host cells.

It should be noted here that the overall biological effect of polyamines on L.
pneumophila in vitro and in cultured cells, was simply to enhance the growth of this
organism. In all instances tested here, L. pneumophila was able to grow in the absence of
added polyamines, and (or) the presence of pharmacological inhibitors of polyamine
biosynthesis. Nonetheless, optimal growth of L. pneumophila was only achieved when

polyamines were plentiful and host cell SAMDC activity was uninhibited. Thus, while
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not essential in principle, polyamines still could play an important role in enhancing the
growth of L. pneumophila during its intricate interactions with host cells, and ultimately
tilt the outcome of the infection in favour of this pathogen.

The role of polyamines in the growth and virulence of human pathogens has
recently attracted increased attention (375). For instance, H. pylori decreases
macrophage survival by modulating the activity of host ornithine decarboxylase (60).
Similarly, Pneumocystis jiroveci upregulates polyamine biosynthesis, in turn thought to
induce apoptosis of alveolar macrophages (249). Other reports have implicated
polyamines in biofilm formation by several bacterial human pathogens. The inactivation
of genes involved in polyamine synthesis, such as sped or speC [encoding arginine
decarboxylase and ornithine decarboxylase, respectively (refer to Fig 23)] reduced
attachment of Yersinia pestis to a solid surface (312) and deletion of speAB operon
[encoding arginine decarboxylase and agmatine ureohydrolase, respectively (refer to Fig.
23)] in Proteus mirabilis eliminates swarming (389). In V. cholerae, deletion of genes
involved in polyamine metabolism (252) or transport (221,373), severely reduced its
ability to form biofilms. It has been demonstrated that in eukaryotic and prokaryotic cells,
polyamines can be used as precursors for the synthesis of some biological molecules that
are critical for cell growth (232,310)(264) For example, in V. cholerae (232), E.
coli(308), Bacillus anthracis (305), polyamines serve as precursors for synthesis of
siderophores. Siderophores are small secreted compounds required for iron acquisition,
which is crucial for bacterial growth (see Section 1.2.5.4, Chapter 1). Finally, a
Streptococcus pneumoniae potD mutant (unable to effectively transport exogenous

polyamines) showed a significant attenuation in murine virulence models (421),
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suggesting that during infection, bacteria, such as S. pneumoniae, need to acquire
polyamines from their host in order to achieve full virulence. In fact, in chapter 5 of this
thesis, we demonstrated that L. pneumophila mutant with defects in the polyamine
transporter PotABCD show a significantly lower level of intracellular growth in relation
to its parent strain. Additionally, we have shown in this chapter that increased levels of
exogenous polyamines, as well as increased host SAMDC activity, have an enhancing
effect on the intracellular growth of L. pneumophila. We proposed a potential role for the
HtpB chaperonin in this process. Because polyamines have multiple functions in
bacterial human pathogens, further studies on utilization of polyamines and their
physiological effects are warranted to uncover new mechanisms used by L. pneumophila

to survive and proliferate within host cells.
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Figure 11. An adenylate cyclase reporter assay showing that HtpB reaches the cytosol of
L. pneumophila-infected CHO-htpB cells.

(a) CHO-AtpB cells were infected for 90 min with L. pneumophila strain Lp02 or JR32,
expressing theCyaA-HtpB or HtpB-CyaA fusion protein. L. pneumophila strains carrying
the empty vector (pMMB207C) and strains expressing only CyaA or the LepA-CyaA
fusion served as negative or positive translocation controls, respectively.cAMP levels in
CHO-htpB cells infected with the strins expressing the CyaA-HtpB or the HtpB-
CyaAfusion protein is significantly higher than the cells infected with the negative
control strains (b) cAMP levels measured after mixing CHO-A#pB whole cell lysates with
lysates from JR32 expressing the LepA-CyaA fusion (positive control), or the CyaA-
HtpB fusion. The lysate of CHO-htpB cells alone served as a negative control and
indicated that even if some ectopic HtpB was produced in these cells, it did not result in
increased cAMP levels. (¢) cAMP levels in U937-derived macrophages infected for 30
min with L. pneumophila strain JR32 expressing the HtpB-CyaA or the LepA-CyaA
fusion protein. JR32 cells carrying the CyaA only construct or the empty vector served

as negative translocation controls. Means and standard deviations were obtained from
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triplicate samples (n=3). Results shown are from one of two independent experiments.
a&b of this figure were generated by Dr. Audrey Chong, while C was generated by
Gheyath Nasrallah. Adapted from reference (295) and used with permission from the

Journal of Bacteriology.
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Figure 12. Expression of the L. pneumophila chaperonin, HtpB, in S. cerevisiae.
(a) Immuno-blot of whole cell lysates from the yeast strain W303-1b bearing the vector

pEMBLyex4 (lanes 1 and 2), or the galactose-inducible construct pEMBLyex4::htpB
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(lanes 3 and 4), and grown in non-inducing medium with dextrose (G-) or inducing
medium with galactose (G+) as carbon source. The blot was probed with an HtpB-
specific monoclonal antibody. The full-length ectopic HtpB expressed in yeast (lane 4)
and the HtpB from L. pneumophila (lane 5) migrated to a similar position, but the ectopic
HtpB showed degradation products. The position and mass (kDa) of pre-stained protein
markers are indicated. (b and ¢) Growth curves at 30°C of yeast strain W303-1b
carrying pEMBLyex4 (one clone) or pEMBLyex4:htpB (two clones designated
pEMBLyex4::htpB2 and pEMBLyex4::htpB3) in YEP-Dextrose (b) or YEP-Galactose
(¢). Insets: growth at 30°C of serially diluted suspensions spotted in duplicate (10~ and
107 dilutions shown) on solid medium containing dextrose (b) or galactose (c). The
inocula for the spots contained equivalent numbers of yeast cells carrying either
pEMBLyex4 (no HtpB) or pEMBLyex4::htpB (+HtpB). This Figure was generated by
Dr. Angela Riveroll. Adapted from reference (295) and used with permission from the

Journal of Bacteriology.
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Figure 13. HtpB induces S. cerevisiae to form pseudohyphae that invade solid medium.

Cells within microcolonies (a&b) and small colonies (c&d) of yeast strain W303-1b
grown on solid medium containing galactose. Cells carry either the galactose-inducible
construct pEMBLyex4::htpB for expression of HtpB (a&e, +HtpB), or the vector control
pEMBLyex4 (b&d, VC). The filamentous colony shown in (c¢) had penetrated the agar.
Size bars represent 9 um (a&b), and 25 pm (c¢&d). This Figure was generated by Dr.
Angela Riveroll. Adapted from reference (295) and used with permission from the

Journal of Bacteriology.
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Figure 14. Expression of the Gal4BD-HtpB chimera detected by immunoblotting.

Y187 carrying the indicated vectors were grown in SD- glucose medium without
tryptophan. Whole cell lysates from these yeast strains were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and immunostained with monoclonal antibody
specific for HtpB. The sizes (kDa) and position of protein standards are marked at the left

side of the blot. This figure was generated by Gheyath Nasrallah.
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Figure 15. The Gal4dDBD-HtpB chimera induces pseudohyphal growth on glucose-
replete medium.

(a) and (b) S. cerevisiae strain W303-1b within microcolonies grown on non-inducing
SD-glucose solid medium for 5 days. This strain carrying either pGBD-C1:: htpB for
expression of HtpB (a), or the empty vector pGBD-C1 (b) as a negative control. The
filamentous colony shown in (a) had penetrated the agar. Size bars represent 20 um. This

figure was generated by Gheyath Nasrallah.
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Figure 16. Overexpression of the S. cerevisiae mitochondrial chaperonin (Hsp60p) does
not induce pseudohyphae.

Yeast strain W303-1b contained pPP389 (vector control, VC) or one of the galactose-
inducible  constructs  pPP389::htpB  (HtpB), pPP389::HSP60 (Hsp60p), or
pPP389::hsp60A1-72 (Hsp60A1-24p). (a) Immuno-blot of whole yeast cell lysates grown
in medium containing galactose. The blot was probed with a mixture of non-cross
reacting monoclonal antibodies, one specific for yeast Hsp60p and the other specific for
L. pneumophila HtpB. Arrows and numbers indicate the position and mass of pre-stained
protein markers in kilodaltons. (b) Yeast cells expressing the indicated version of Hsp60
did not elongate or form pseudohyphae (size bars represent 20 um). This Figure was
generated by Dr. Angela Riveroll. Adapted from reference (295) and used with

permission from the Journal of Bacteriology.
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Figure 17. The E. coli chaperonin GroEL does not cause S. cerevisiae to form
pseudohyphae.

(a) Immunoblot of whole cell lysates of yeast strain W303-1b grown in inducing medium
containing galactose, separated by SDS-PAGE, transferred to a nitrocellulose membrane,
and stained with an HtpB-specific polyclonal antibody (cross-reactive with GroEL).
Arrows and numbers indicate the position and mass of pre-stained protein markers in
kilodaltons (kDa). (b to d) Colonies of yeast strain W303-1b on solid medium containing
galactose. Yeast cells contained pEMBLyex4 (vector control, VC), or one of the
galactose-inducible constructs: pEMBLyex4::groEL (GroEL), or pEMBLyex4::htpB
(HtpB). Size bars represent 28 um in (b) and 21.5 pm in (¢) and (d). This Figure was
generated by Dr. Angela Riveroll. Adapted from reference (295) and used with

permission from the Journal of Bacteriology.
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Figure 18.Yeast two-hybrid screening and -galactosidase filter assay identified SAMDC
as a putative HtpB interacting protein.

(a) A filter assay was used to detect clones that produce a blue color resulting from
induction of B-galactosidase, mediated by the interaction of putative interacting proteins.
Blue positive clone (A) carries pGBD-Cl::AtpB and pGAD-C1::204, and clone (B)
carries pGBD-Cl1::htpB and pGAD-C1::20B (positive library plasmids). Patches of pale
yellow [one indicated by (C)] represent clones carrying pGBD-Cl::htpB and library
plasmids encoding non-interacting proteins. (b) Confirmation of HtpB and SAMDC
interaction in freshly transformed yeast cells. Duplicate patches of yeast cells carrying
pGAD-C1:20B (columns 1-3) or pGAD-C1:204 (columns 4-6) in combination with
pGBD-CI1 (1 and 4), pSE1111 (2 and 5), or pPGBD-C1::htpB (3 and 6), were tested by the
B-galactosidase filter assay. Positive interactions show as blue patches. This figure was

generated by Gheyath Nasrallah.
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Figure 19. Overexpression of SAMDC induces pseudohyphal growth.

(a and b) Microcolonies of yeast strain W303-1b grown on SD medium containing
galactose. Yeast cells carried the galactose-inducible construct pPP389.:SPE2 (a,
+SPE?2), or the vector controlpPP389 (b, +VC). The microcolony shown in (a) had
penetrated the agar after incubation for 5 days at 30°C. Size bar represents 12 um and
applies to both panels. This figure was generated by Gheyath Nasrallah. Adapted from

reference (295) and used with permission from the Journal of Bacteriology.
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Figure 20. Pharmacological inhibition of polyamine biosynthetic enzymes decreases L.
pneumophila replication in mammalian cells.

(a) Intracellular growth of L. pneumophila strain JR32 in L929 cells treated with MGBG
or DFMO. (b and ¢) Dose-dependent inhibition by MGBG in L929 cells (b), or in U937-
derived macrophages (¢), at 24 h post-infection. Results are shown as mean + one std.
deviation of the treated/untreated ratio for 3 independent experiments (n = 3), each run in
triplicate.  Statistical significance was calculated against the corresponding untreated
control by the two-way ANOVA test. * P<0.05, ** P<0.01, *** P<0.001. In (b) and (c)
statistical significance is shown only above the concentration of inhibitor that first
imparted a significant growth difference in relation to the untreated control. This figure
was generated by Gheyath Nasrallah. Adapted from reference (295) and used with

permission from the Journal of Bacteriology.
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Figure 21. Exogenous polyamines enhance the growth of L. pneumophila in vitro.

Panels a to ¢ represent experiments performed in 96-well plates (200 pL/well) incubated

without agitation, and panels d and e represent experiments performed in shaken 50-mL

liquid cultures. Individual polyamines were added at 100 uM, except for panel B where

polyamines were added at the concentrations indicated. (a) BYE broth was individually

supplemented with four polyamines and the growth of strain JR32 was followed for 60 h.

(b) A dose-response effect obtained with spermidine supplementation of BYE broth. (¢)

Growth in the absence or presence of polyamines in synthetic DM without choline. (d)

Growth curves in BYE broth, or BYE supplemented with spermidine or putrescine. (e)

Growth curves in DM or DM supplemented with putrescine and spermidine. Panels a to
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¢ show mean + one std. deviation (n=16 replicates) from one of three experiments
conducted showing similar results. Panels d and e show mean + one std. deviation of
three independent cultures (n=3). Statistical significance was calculated at each time
point against the corresponding untreated control by the Student #-test (* = P<0.05). For
panels a-c the differences between treated and untreated cultures were statistically
significant at and after the time point marked with the asterisk, except for the putrescine-
and cadaverine-treated cultures in panel a. For panel d, only the time points marked with
an asterisk showed significant growth differences between spermidine-treated samples
and the untreated control. For panel e the differences between treated and untreated
cultures were statistically significant at all-time points except for time zero. This figure
was generated by Gheyath Nasrallah. Adapted from reference (295) and used with

permission from the Journal of Bacteriology.
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Figure 22. Treatment of L. pneumophila and (or) host cells with exogenous polyamines
enhances bacterial intracellular growth.

L. pneumophila strain JR32 (Lp) grown overnight in BYE with or without polyamine
supplements (spermidine and spermine).was used to infect L929 cells (a) or U937
macrophages (b) that were grown in a tissue culture medium in the presence or absence
of spermidine and spermine at the time of infection. Results are presented as relative
numbers of intracellular bacteria (calculated as CFU/mL of the treated test samples
divided by the CFU/mL of the untreated control), and represent the mean + one std.
deviation for 3 independent experiments (n = 3), each run in triplicate.(a) The statistical
significance of differences in L. pneumophila replication, in relation to the untreated
control, is indicated as *** = P<(0.001. This figure was generated by Gheyath Nasrallah.
Adapted from reference (295) and used with permission from the Journal of

Bacteriology.

179



L-Methionine L-Arginine L-Aspartate

ATP. " :
N merKl [sper | L-Ornithine ¥
[}
v v
S-adenosylmethionine Agmatine L-Asp B-semialdehyde
Ivei speC 4
L-Lysine (SAM) , o g \\icnszs
e s : |2 4-Diaminobutyric acid
cadA / '
ldeC | i
speD v / I IVC]EZS
Putrescine / | S /
Cadaverine N //v 162 | - 1,3-Diaminopropane
A J Y
Decarboxylated SAM \? / |
\ \\ / | VCi624
Wy speE \ / *
/ Carboxyspermidine  Carboxynorspermidine
/' I
/ I
Thiomethyladenosine // e : V€623
b ¥ -
Spermidine Norspermidine

Figure 23. Integrated polyamine biosynthetic pathways in E. coli and V. cholerae.

The V. cholerae pathway is marked by the broken arrows. Enzymatic nomenclature is
given by the encoding gene names. For V. cholerae, genes encoding biosynthetic
enzymes are indicated by letters beginning with VC. In alphabetical order: cadA
(inducible lysine decarboxylase), IldcC (constitutive lysine decarboxylase), metK
(methionine adenosyltransferase), sped (arginine decarboxylase), speB (agmatine
ureohydrolase), speC (constitutive ornithine decarboxylase), speD (SAMDC), speE
(spermidine  synthase), speF (inducible ornithine decarboxylase), VC1623
(carboxynorspermidine decarboxylase), VC1624 (carboxynorspermidine dehydrogenase),
and VC1625 (encoding a large fusion protein comprising the two enzymes di-
aminobutyrate aminotransferase and di-aminobutyrate decarboxylase). The genes that
have homologs in the L. pneumophila genome are indicated by boxes. This figure was
generated by Gheyath Nasrallah. Adapted from reference (295) and used with permission

from the Journal of Bacteriology.
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5.1. Abstract

Polyamines such as putrescine and spermidine are small polycationic compounds
ubiquitous in prokaryotes and eukaryotes. These compounds are crucial for normal cell
growth, DNA, RNA and protein synthesis, cell differentiation, and proliferation. In
Chapter 4 of this thesis, we showed that exogenous polyamines enhance the intracellular
growth of L. pneumophila, whereas pharmacological inhibition of host polyamine
synthesis impairs such growth. Moreover, in silico analysis showed that L. pneumophila
lacks ten of the twelve enzymes involved in bacterial polyamine synthesis, suggesting
that its capacity to synthesize polyamines is compromised. Therefore, L. pneumophila
might need to import polyamines directly from host cells. Here, we found that L.
pneumophila possesses only one putative polyamine transporter operon that consists of
four genes, potABCD, in contrast to E. coli which possesses at least four polyamine
transporters in addition to that encoded by the potABCD operon. To test the function of
the L. pneumophila PotABCD transporter, potD was deleted from strain JR32. Although
deletion of potD did not affect L. pneumophila growth in vitro, it significantly reduced
attachment to phagocytic cells (THP-1 and U937 macrophages, and A. castellanii),
intracellular growth, and recruitment of vesicles to the Legionella-containing vacuole.
Moreover, the ApotD mutant was found to be 1000-fold more sensitive to Na" in relation
to its parental strain, and unable to efficiently form filaments. Using GFP as a reporter of
potABCD promoter (P,,.1), we found that P, activity was turned on during exponential
phase of growth in vitro. Collectively, these findings suggest that PotD plays a virulence-
related role, and further confirms the importance of polyamines in L. pneumophila

pathogenesis.
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5.2. Introduction

L. pneumophila is a Gram negative opportunistic pathogen that causes
Legionnaire’s disease, an atypical nosocomial and community acquired pneumonia (120).
Infection occurs when aerosols of contaminated water are inhaled by susceptible
individuals (120). In nature, L. pneumophila replicates in protozoa and, in humans, it
primarily replicates in mononuclear leukocytes (191). Once internalized by host cells, L.
pneumophila prevents phagosome acidification and fusion with lysosomes, and
establishes a permissive replicative vacuole called the Legionella-containing vacuole
(LCV). The LCV acquires mitochondria and small vesicles derived from the ER and
Golgi (376). The membranes of these vesicles make contact with and fuse along the
surface of the LCV, where the exchange of membranes between the two compartments
occurs (409). This process of fusion could also deliver nutrients to the LCV, but this has
not yet been demonstrated. Within the LCV, L. pneumophila apparently senses the
nutrient supply (361). When nutrients are adequate, the bacterium differentiates from a
transmissive form (TF) into a replicative form (RF) and begins intracellular growth (361).
The differentiation process is crucial to L. pneumophila, as mutations in a number of
genes that regulate differentiation cause severe intracellular growth defects (286). The
nutrients sensed within the LCV that trigger differentiation of the TF into the RF are
largely unknown, but the presence of amino acids has been identified as one nutritional
signal(58,361). For more information on the L. pneumophila life cycle and the
differentiation processes of TF and RF, see Section 1.1.4 and 1.1.4.1 of Chapter 1.

In Chapter 4 of this thesis, we established that L. pneumophila requires

polyamines for optimal intracellular growth (295). For instance, addition of exogenous
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polyamines to L929 mouse fibroblasts and U937-derived human macrophages enhanced
the intracellular growth of L. pneumophila, whereas pharmacological inhibition of
polyamine synthesis in those cells significantly inhibited intracellular growth. In addition,
bioinformatic analysis of the L. pneumophila genome indicated that L. pneumophila lacks
ten of the twelve enzymes described in bacteria for biosynthesis of polyamines (see Fig.
23 in Chapter 4 of this thesis). These findings led us to hypothesize that L. pneumophila
is incapable of synthesizing all the polyamines that are required for its optimal growth
and that L. pneumophila acquires these polyamines directly from the host cell.
Additionally, based on our results presented in Chapter 4 of this thesis, we have
hypothesized that the multifunctional L. pneumophila chaperonin, HtpB, plays a role in
assuring that the supply of host polyamines is plentiful to support the growth of L.
pneumophila. This is achieved through the interaction of HtpB with SAMDC, a host cell
enzyme that is critical for polyamine synthesis (295). Collectively, our experimental
findings imply that L. pneumophila might depend upon polyamine transport to acquire
polyamines from host cells.

The polyamines putrescine, spermidine, spermine, and cadaverine are part of a
group of small polycationic compounds with a hydrocarbon backbone and multiple
amino groups. Polyamines are present in all cells and they are similarly important in
eukaryotes and prokaryotes, being crucial for DNA, RNA and protein synthesis, as well
as for normal cell growth, cell differentiation, proliferation, and signalling
(74,316,394,395). However, it remains unknown how biogenic polyamines exert their
biochemical activities. The intracellular content of polyamines in eukaryotes and

prokaryotes is strictly regulated and maintained by both endogenous synthesis (using
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amino acids as precursors), and uptake from the surrounding environment (197,198). The
endogenous polyamine synthesis pathway is conserved in all eukaryotes. Although
prokaryotes have polyamine biosynthetic pathways similar to those of eukaryotes, they
exploit additional enzymes and precursors for polyamine biosynthesis, as shown in
Figure 23, in Chapter 4 of this thesis.

Putrescine and spermidine are the most prominent cellular polyamines in bacteria,
and not all bacteria can synthesize them at the same capacity (252,425). Therefore,
bacteria often rely on transport of exogenous polyamines to fulfil their cellular polyamine
requirements. This notion is supported by the fact that E. coli mutants unable to transport
exogenous polyamines (224), or mutants unable to endogenously synthesize polyamines
(396) grow at a lower rate in relation to their parental strains. Additionally, the genome of
Mycoplasma genitalium, which does not encode any of the known bacterial enzymes
required for polyamine synthesis does require polyamines for growth (119). M.
genitalium must rely solely on polyamine transport from the surrounding environment to
maintain sufficient intracellular levels of polyamines(198). These observations
demonstrate the importance of polyamine transport in bacterial growth and survival.

The most studied bacterial polyamine transporters are those of E. coli. These
include (i) ABC transporters: PotFGHI, that selectively transports putrescine and
PotABCD, that preferentially transports spermidine (with high capacity) and putrescine
(with low capacity), (i1) antiporters: PotE, that exchanges putrescine for ornithine, and
CadB, that exchanges lysine for cadaverine(197,198,375), and (iii) the newly described
putrescine uniporter, PuuP (244,245). Among these, the PotABCD transporter is the most

widespread among human bacterial pathogens (375). The PotABCD transporter is
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encoded by four genes organized in one operon (the pot operon). PotA is a cytoplasmic
ATPase with an ATP binding motif that couples ATP hydrolysis to translocation of
polyamines. PotB and PotC are two cytoplasmic membrane permeases, each containing
six transmembrane o-helical hydrophobic domains that form a polyamine specific
channel in the cytoplasmic membrane. PotD is a periplasmic polyamine-binding protein
that binds spermidine with high affinity, and putrescine with low affinity. In E. coli,
mutations in any of the potABCD genes constitute loss of function mutations, indicating
that each of the four genes is essential for polyamine transport (125).

Little is known about the importance of nutrient transport for the replication of L.
pneumophila in the LCV. However, several recent reports suggest that amino acid
transporters are important for bacterial differentiation and intracellular growth. The
valine transporter, PhtJ, and the recently identified threonine transporter, PhtA, are
required for normal L. pneumophila differentiation and replication within macrophages
(58,133,361). The only predicted L. pneumophila polyamine transporter is encoded by
the potABCD operon. Here, we investigate the importance of the PotABCD operon on the
intracellular growth of L. pneumophila. To do this, we constructed a ApotD mutant of
strain JR32. We showed, using three different types of host cells that PotD i1s important
for L. pneumophila attachment to host cells, intracellular growth, LCV trafficking within
the host cell, and resistance of L. pneumophila to NaCl. In addition, we found that the
potD promoter (P,,.) activity was turned on during exponential phase (EP) of growth in
vitro. Our findings suggest that PotD might play an important virulence-related role, and

further confirms the importance of polyamines in L. pneumophila pathogenesis.
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5.3. Results

5.3.1. The L. pneumophila Genome Encodes Only One Putative Polyamine
Transporter (PotABCD)

In a comparative bioinformatics analysis against the most widespread polyamine
transport systems among bacteria, we found that while the L. pneumophila Philadelphia-1
strain genome lacked homologs of PotFGHI, PotE, CadB, and PuuP, it had a gene cluster
with high homology to the potABCD operon of E. coli. The PotA ATPase of L.
pneumophila showed ~51% amino acid sequence identity to the E. coli PotA, and also
possesses the conserved ABC transporter and ATP binding domains. PotB, PotC, and
PotD of L. pneumophila showed lower but still significant amino acid sequence identities,
43%, 47%, and 40% respectively, with their corresponding E. coli homologs. My in silico
comparative analysis results cannot rule out the possibility that the genome of L.
pneumophila encodes polyamine transporters bearing no sequence similarity to other

known bacterial polyamine transporters identifiable by BLAST.

5.3.2.PotD is Predicted to Function As a Polyamine Binding Protein

Based on its amino acid sequence similarity to the E. coli PotD protein, which
functions to bind spermidine and putrescine, we hypothesized that the L. pneumophila
PotD could function as a polyamine binding protein. We first wanted to conduct a more
detailed bioinformatic analysis that could provide insight into PotD function. An amino
acid sequence alignment between L. pneumophila and E. coli PotD is shown in Fig. 24.
Kashiwagi et al.(225) found, by site directed mutagenesis, that 13 amino acid residues of
the E. coli PotD protein are involved in binding spermidine (29). Among these, 3 residues

were the most important (indicated by * above the E. coli PotD sequence in Fig. 24), 5
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residues had a moderate contribution (indicated by # in Fig. 24), and 5 other residues
made only a weak contribution (indicated by + in Fig. 243), to spermidine binding
(198,225). Out of these 13 amino acids identified in PotD of E. coli, the L. pneumophila
PotD has all of the 3 amino acids residues characterized as the most important, 4 of the 5
residues characterized as moderately important, and 2 of the 5 amino acids characterized
as the least important for binding spermidine (Fig. 24). This bioinformatic analysis
suggests that L. pneumophila PotD will bind spermidine with high affinity.

The mechanism by which the E. coli PotD protein binds putrescine is not well
understood(198). Therefore, it is hard to predict whether the L. pneumophila PotD is also
capable of binding putrescine. It should be noted that these bioinformatic results do not
rule out the possibility that PotD may have functions other than binding spermidine and

putrescine.

5.3.3. PotABCD Promoter (P,.4) Is Turned on During Exponential Phase and Its
Activity Is Independent of RpoS

The in vitro L. pneumophila life cycle alternates between the exponential phase
(EP) form, which is equivalent to the in vivo replicative forms (RF), and the stationary
phase (SP) form, which is equivalent to the in vivo transmissive forms (TF) (as explained
in Chapter 1, Section 1.1.3). To gain insight into the involvement of PotABCD in L.
pneumophila’s biphasic life cycle, we investigated PotABCD promoter (P,..4) activity
along the L. pneumophila growth curve in vitro in BYE. For this purpose, we used a JR32
strain transformed with the GFP reporter plasmid pMMB-P,...gfp, in which GFP
expression is solely driven by P,,s. Immunoblot results (Fig. 25A) showed that GFP

expression coincided with the initiation of bacterial replication (i.e. when the bacterial
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enters the EP). Since GFP is a stable protein with a half life of more than 24 h (55), it is
expected to accumulate in the bacterial cells for as long as P, remains active,
accounting for the more intense GFP bands seen at O.Dg;¢ >0.8 (Fig. 25A).

The immunoblot results were confirmed by fluorometric analysis of strain
JR32(pMMB-P,,.4.gfp) along its growth curve (Fig. 25B). A significant increase in GFP
fluorescence occurred during EP (Fig. 25B), confirming that the activity of P,,.4 coincides
with bacterial replication. Based on these in vitro results, we can hypothesize that
PotABCD would be active in the L. pneumophila RF in vivo. This view is compatible
with the transcriptome analysis results of Bruggemann et al.(38), which show that potB
expression in the RF is 2-fold higher than in the TF.

If P,ou is preferentially active in EP, we would expect it not to be controlled by
the SP-specific sigma factor RpoS (6°/c°"), as the latter is one of the major regulators of
genes expressed in SP (15,286). The expression of GFP from pMMB-P,,..:gfp was
analyzed by fluorometry in strain MB379 (ArpoS mutant) and in its parent strain Lp02.
As seen in Figure 25D, there was no difference in the P, activity between the parental
strain and the ArpoS mutant in SP or EP, suggesting that P, activity is regulated by a

mechanism that does not depend on RpoS.

5.3.4. PotD is Dispensable for L. pneumophila Growth in vitro

Due to the potential role of PotD in polyamine transport (Section 5.3.2) and the
high activity of its promoter in actively dividing L. pneumophila cells (Section 5.3.3), we
wanted to study known polyamine-associated phenotypes in vitro, such as growth rate,

biofilm formation and resistance to Na'. Therefore, we deleted potD from L.
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pneumophila strain JR32 (see Section 2.4.3) and determined the effect of this deletion on
these phenotypes.

The ApotD mutant and its parental strain JR32 showed similar growth rates in
BYE medium (Fig. 26A) or in modified SD medium (without choline) (Fig. 26B).
Addition of spermidine and putrescine to the modified SD medium markedly enhanced L.
pneumophila growth, confirming our previous findings (Chapter 4) that polyamines are
enhancers of L. pneumophila replication. However, this enhancing effect was
independent of the presence of PotD (Fig. 26B). These results suggest that PotD is
dispensable for L. pneumophila growth in vitro, and imply that an alternative polyamine
transport mechanism, or an alternative polyamine binding protein capable of substituting

for PotD, exists in L. pneumophila.

5.3.5. Deletion of potD Affects L. pneumophila Phenotypes Associated with Biofilm
Formation

Polyamines have been implicated in the control of biofilm formation in several
bacterial pathogens (221,252,280,375). In V. cholerae, deletion of one of the two putative
potD homologues, nspS or potD, affects biofilm formation (221,280). In L. pneumophila,
the abilities to form filaments and biofilms appear to be correlated (322). Therefore, we
investigated whether deletion of potD could affect biofilm and filament formation by L.
pneumophila. We found that deletion of potD reduced the ability of L. pneumophila to
form filaments when grown on BCYE at 37°C for 3-5 days (Fig. 27). However, the
ApotD(pMMB207C) mutant strain was as able as the parent strain JR32(pMMB207C) to
adhere to the pegs of the Calgary biofilm device (Fig. 28), suggesting that deletion of

potD did no affect the ability of L. pneumophila to form biofilms under the conditions

190



tested. Although Piao et al. (322) previously showed a correlation between filamentation
and biofilm formation, our results suggest that these appear to be independent
phenotypes. Additionally, our results suggest that PotD itself, or polyamines, are
involved in the regulation of cell growth and (or) differentiation of L. pneumophila, as
previously shown for Proteus mirabilis (389) and other microorganisms [reviewed in

(74,375,395)].

5.3.6. Deletion of potD Decrease L. pneumophila Resistance to Na"

Polyamines have been shown to have a direct effect on several ion channels and
play a role in regulation of sodium homeostasis in mammals and plants [reviewed
in(246)]. In E. coli, spermidine and putrescine alter the charge and pore size of the outer
membrane porins OmpC and OmpF resulting in channel closure and subsequently
decreasing outer membrane permeability to ions and small water-soluble molecules
(82,84,206). Additionally, in E. coli, putrescine efflux has been implicated in sodium
tolerance by allowing the influx and accumulation of K™ and compatible osmolytes like
proline and betaine (364). Therefore, due to its potential involvement in ion trafficking,
we investigated whether deletion of potD has an effect on L. pneumophila tolerance to
Na'.

L.  pneumophila strains JR32(pMMB207C), ApotD(pMMB207C), and
ApotD(pMMB-P,,.4:potD) were grown to EP or SP and spotted on BCYE plates in the
containing or lacking 100 mM NaCl. The mutant ApotD(pMMB207C) in SP or EP was
found to be ~1000-fold more sensitive to NaCl than the parent strain JR32(pMMB207C)

(Fig. 29A-C). Genetic complementation with pMMB-P,,..potD (in which PotD
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expression is solely driven by P,..) partially restored the ability of the mutant strain
ApotD(pMMB-P,,,.4.potD) to grow on 100 mM NaCl, indicating that PotD enhances the
resistance of L. pneumophila to sodium. To determine whether the ApotD mutant is
sensitive to sodium in particular, rather than to osmotic stress in general, we examined
the sensitivity of the mutant strain ApotD(pMMB207C) to KCI. The ApotD(pMMB207C)
mutant was able to grow on 100 mM KCI in a manner similar to the parent strain
JR32(pMMB207C) (Fig. 29D), indicating that PotD is specifically important for

tolerance to Na' rather than to osmotic stress in general.

5.3.7. PotD Promotes L. pneumophila Attachment to Phagocytic Cells and
Intracellular Growth

Ware et al. (421) previously studied the implications of potD deletion on
Streptococcus pneumoniae virulence. They showed that although deletion of potD has no
effect on the growth of the S. pneumoniae ApotD mutant in vitro, this mutant displayed a
significant attenuation in virulence within murine models of systemic and pulmonary
infection. Therefore, we wanted to investigate whether PotD participates in the
interaction of L. pneumophila with host cells in vivo. First, we set out to test the role of
PotD in attachment of L. preumophila to host cells. The human derived macrophages
THP-1 [an established model to study attachment of L. pneumophila (67)], were used.

The parental L. pneumophila strain JR32(pMMB207C) was three times more
efficient than the mutant strain ApotD(pMMB207C) at attaching to THP-1 (Fig. 30). The
complemented strain ApotD(pMMB:potD),which expresses potD under the control of the

inducible promoter Py, partially recovered the ability to attach to THP-1 macrophages.
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This suggests that, in spite of not playing a role in attachment to solid surface and biofilm
formation (Fig. 28), PotD and (or) polyamines appears to play a role in the surface
properties of L. pneumophila that enhance adherence to macrophages (Fig. 30).

Next, we investigated the role of PotD in the intracellular growth of L.
pneumophila using three different host cell types (4. castellanii, U937-derived human
macrophages, and 1.929 mouse fibroblasts). At time zero (which measures attachment
before replication begins), the mutant strain ApotD(pMMB207C) showed 2 to 3-fold
lower CFU/well counts than the parental strain JR32(pMMB207C) in A. castellanii, and
5 to 6 fold lower counts than the parental strain in U937 macrophages (Fig. 31A &B),
confirming the role of PotD in attachment to phagocytic cells. This attachment defect at
zero time was not observed in non-phagocytic L.929 cells (Fig. 31C). The mutant strain
ApotD(pMMB207C) showed a 6 to 7-fold decrease in CFU/well 24 h post infection in 4.
castellanii, U937, and 1929 cells (Fig. 31A-C). However, no defect in intracellular
growth of ApotD(pMMB207C) was noticed 48 h post-infection. The fact that the growth
defect observed for the mutant strain ApotD(pMMB207C) in amoeba at 24 h (6 to 7-fold)
is larger than the attachment defect (2 to 3-fold) (Fig. 31A), suggests that PotD has a
transient role in early replication in amoeba (not entirely due to its reduced attachment to
host cells). In addition, although there was no difference in the attachment to L929 cells
between the mutant strain ApotD(pMMB207C) and the parental strain
JR32(pMMB207C) (Fig. 31C), there was a 6-fold difference in intracellular growth at 24
h, clearly indicating that, while PotD is not important for attachment toL.929 cells, it

plays a role in L. pneumophila’s early intracellular replication in these cells.
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5.3.8. Deletion of potD Has No Effect on L. pneumophila Cytotoxicity to U937
Macrophages

L. pneumophila is cytotoxic to mouse macrophages (15,45). To test whether the
pronounced attachment defect observed for the mutant strain ApotD(pMMB207C) in
U937 macrophages (Fig. 31B) was due to cytotoxicity towards these cells, I used the
LDH release assay to measure cytotoxicity inU937 macrophages. Since L. pneumophila
cytotoxicity is an early effect that occurs before establishment of the LCV and the
initiation of intracellular replication (15,45), cytotoxicity was assayed 3 h post-infection.
As shown in Figure 32, there was no difference in LDH release seen in U937 cells
infected with the parent strain JR32(pMMB207C),the mutant strain ApotD(pMMB207C),
or the complemented strain ApotD(pMMB:potD), suggesting that deletion of potD does
not affect L. pneumophila cytotoxicity towards U937 cells, and that cytotoxicity does not

contribute to the attachment defect of the mutant.

5.3.9. The L. pneumophila ApotD Mutant Is Unable to Compete with Its Parental
Strain in U937 Macrophages

We have shown that the ApotD mutant strain displayed a growth defect only at 24
h post-infection.If the growth defect observed in U937 macrophages at the early time of
infection (Fig. 31B) is due solely to the initial defect in attachment observed at time zero,
we would expect the ApotD mutant to effectively compete with the parent strain. In
Figure 31B, when the parent and the ApotD mutant strains were tested separately,
cultures of the mutant and parent strains had different CFU/ml at 24 h but similar

CFU/ml at 48 h post-infection. Therefore, the question was whether or not a competition
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assay would allow us to determine if the ApotD mutant could still recover in the 24-48 h
period in the presence of the parent strain.

To differentiate between the competing strains, GFP was expressed in the parental
strain JR32 (by introducing the plasmid pMMB207-Km14-GFPc) and the red fluorescent
protein Ds-Red was expressed in the ApotD mutant strain (by introducing the plasmid
pSWO001).The parental strain was named JR32-GFP and the ApotD mutant strain ApotD-
RED (refer to Section 2.4.13 of Chapter 2). A 1:1 mixture of JR32-GFP and ApotD-RED
(used as inoculum in the competition assay) yielded nearly equal CFU numbers for each
strain at time zero, [log competitive index (CI) for the input = 0] (Fig. 33A, black bars).
However at 24 and 48 h post-infection of U937 macrophages, JR32-GFP significantly
outcompeted ApotD-RED (log CI output ~-0.5). It is important to note that, in contrast to
the intracellular growth assay performed separately with the parent strain and the ApotD
mutant strain (Fig. 31B), the growth defect of the mutant was still present at48 h in the
competition assay with U937 cells (log CI =0.5). Similar results (Fig. 33A, white bars)
were obtained with strains ApotD-GFP and JR32-RED in which the plasmids carrying the
fluorescent proteins were switched to rule out any effects associated with the plasmids
themselves or expression of their genes (refer to Section 2.4.13 of Chapter 2).

During the course of the competition assay, we quantitated the percentage of
U937 cells infected by JR32-GFP or ApotD -RED at 24 and 48 h post-infection. As
shown in Figure 33B, the number of JR32-GFP infected cells (Fig. 33C, green bars) is
about 3-fold higher than the number of ApotD-RED infected cells (Fig. 33C, red bars) 24
or 48 h post infection. In addition, at 48 h post infection, I noticed that LCVs containing

JR32-GFP (Fig. 33B, green cells) were much bigger than the LCVs containing ApotD-
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RED (Fig. 33B, red cells), confirming that ApotD-RED had a low intracellular growth
rate in the presence of JR32-GFP. Similar results were obtained with JR32-RED and
ApotD-GFP (Fig. 33D). Together, these findings confirm that (as shown in amoeba and
L1929 cells) PotD plays a role in the intracellular replication of L. pneumophila in U937

macrophages.

5.3.10. Inhibition of Spermidine Synthesis in 1.929 Cells Abolishes the Intracellular
Growth of the ApotD Mutant

In Chapter 4 of this thesis we showed that the inhibition of polyamine
biosynthesis in L929 cells, using the pharmacological inhibitor MGBG, significantly
reduces L. pneumophila intracellular growth (295). To determine if PotD plays a role in
the uptake of exogenous polyamines provided by host cells to L. pneumophila, we set out
to test the combined effects of MGBG treatment and the deletion of potD on the
intracellular growth of L. pneumophila. As shown in Figure 34, deletion of potD or
inhibition of polyamine synthesis by MGBG significantly reduced L. pneumophila
growth within L929 cells. Neither administration of MGBG nor deletion of potD alone
was able to completely block the intracellular growth of L. pneumophila in L929 cells.
Only the combined effect of potD deletion and MGBG treatment completely inhibited L.
pneumophila intracellular growth in 1929 cells (Fig. 34). These results suggest that PotD
is critical for the intracellular growth of L. pneumophila in polyamine-depleted L.929

cells.
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5.3.11. Deletion of potD Affects LCV Trafficking in U937 Cells

Aberrant trafficking of LCVs in macrophages confers early intracellular
replication defects in L. pneumophila(376). To begin an investigation on the mechanism
responsible for the growth defect of ApotD(pMMB207C) in U937 macrophages (Fig. 31),
we used electron and fluorescence microscopy to investigate whether PotD is required for
normal LCV trafficking(Fig. 35A). We found that the number of LCVs formed by the
parent strain JR32(pMMB207C) and the complemented strain ApotD(pMMB:P,.4:potD)
was significantly higher than the number of LCVs formed by the mutant strain
ApotD(pMMB207C) (Fig. 35B).These results suggest that the reduced attachment
capacity of the ApotD mutant led to a reduced net number of internalized bacteria and,
consequently, fewer LCVs being formed in U937 macrophages by the ApotD mutant.

LCV trafficking was first studied by determining phagosome-lysosome fusion,
through the colocalization of L. pneumophila with the lysosomal marker LAMP-1. The
mutant ApotD-RED or its parent strain JR32-RED equally avoided colocalization with
LAMP-1 (Fig. 35C), suggesting that the ApotD mutant is not defective at inhibiting
fusion with lysosomes. Next, the effect of PotD on LCV trafficking within U937 cells
was analyzed by scoring the number of vesicles and mitochondria associated with LCVs,
as well as the presence of ER around the LCV (Fig. 35A & B). Interestingly, the parent
JR32(pMMB207C) and the complemented ApotD(pMMB:P,,.4.potD) strains showed a
higher ability to recruit vesicles (~2.6 vesicles per LCV) than the ApotD(pMMB207C)
mutant strain (~1.25 vesicles per LCV), yet there was no difference in mitochondrial or
rough ER recruitment (Fig. 35A & B). These results suggest that the mechanism

underlying the intracellular growth defect of the ApotD mutant might be related to a
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reduced ability to recruit vesicles, which could be involved in nutrient delivery to the

LCV.

5.4. Discussion

In Chapter 4 of this thesis, we proposed that: (i) due to its lack of polyamine
biosynthetic enzymes, L. pneumophila depends on exogenous polyamines to fulfil its
physiological needs, and (i1) polyamines are important in L. pneumophila pathogenesis as
enhancers of intracellular growth. If L. pneumophila depends on exogenous polyamines,
it should be able to transport polyamines from the extracellular environment into its
cytoplasm. In this Chapter, we report that the L. pneumophila genome encodes only one
putative polyamine transporter, the ABC transporter PotABCD. The role of this putative
transporter in L. pneumophila physiology and pathogenesis was assessed by
characterizing a ApotD mutant. The results presented in this Chapter suggest that PotD,
polyamines (putatively transported by the PotABCD transporter) and(or) processes
associated with polyamine transport, are required for the optimal intracellular growth of

L. pneumophila.

5.4.1. Effect of Polyamines and Polyamine Transport on L. pneumophila Growth
Shortly after its internalization in a membrane-bound phagosome, L. pneumophila
departs from the endocytic pathway and, through alterations in organelle and vesicular
trafficking, it gets established in a specialized vacuole called the Legionella-containing
vacuole (LCV). This represents a virulence strategy that trades access to host cell

cytoplasmic nutrients for protection from degradation by lysosomes (361). Little is
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known about the importance of nutrient transport for the replication of L. pneumophila in
the LCV. However, recently it has been shown that the macrophage amino acid
transporter SLC1AS promotes L. pneumophila replication in the LCV, presumably by
increasing the amount of available amino acids in the LCV (431). Sauer et al. (361)
suggested that a AphtA L. pneumophila mutant, lacking the threonine transporter, exhibits
a severe defect in both intracellular growth and differentiation of transmissive forms
(TFs) into replicative forms (RFs). However, the PhtA transporter defect can be bypassed
by the addition of threonine to the infected cells, suggesting that amino acids added to the
medium where infected cells are cultured somehow reach the lumen of the LCV, and that
the threonine levels normally present in the LCV are low and insufficient to bypass the
PhtA defect (361). PhtA may play a dual role: a nutritional one (simply mediating
acquisition of a nutrient), and a signalling one (triggering differentiation).

Applying these principles to polyamines, we propose that the polyamine content
of the LCV at an early time of infection is normally low. This view is supported by
previous results (Chapter 4 of this thesis) showing that the inhibitory effect of MGBG
was more obvious at the early stages of infection (24 h) and that addition of exogenous
polyamines enhanced the intracellular growth of L. pneumophila in 1L929 cells but only at
24 h post-infection (Chapter 4, Fig. 22) (295). In the presence of the parental strain, the
early delay in intracellular growth observed for the ApotD mutant at 24 h was extended to
48 h, as shown in the competition assay (Fig. 33). In contrast, when tested alone (in the
absence of the parent strain) the ApotD mutant efficiently recovered from its early delay

in intracellular growth at 24 h (Fig 31). One simple explanation for this difference would
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be that during the competition assay the parent strain was able to take up and consume
the available polyamines depriving the mutant of these nutrients.

A nutritional role of polyamines is supported by the in vitro growth pattern of L.
pneumophila in synthetic defined (SD) medium supplemented with polyamines (Fig.
26B), and by our previous findings (Chapter 4, Fig. 22) showing that addition of
exogenous polyamines to L929 cells enhances the intracellular growth of L. pneumophila
(295). However, the strongest support comes from the experiment shown in Figure 34, in
which MGBG-mediated inhibition of polyamine synthesis in 1929 cells completely
abolished the intracellular growth of the ApotD mutant. We can speculate that, in a
polyamine-limited environment, L. pneumophila would require an efficient polyamine
transporter to support intracellular growth.

Many reports have been published recently correlating polyamines with changes
in gene expression of bacterial pathogens [reviewed in (375)].. For example, the
interaction of Francsisella tularensis or uropathogenic E. coli with polyamines triggers a
change in gene expression that preconditions the pathogens to better invade their hosts
(32,49,147). It has also been reported that the uptake of polyamines, mediated by
PotABCD in E. coli, results in changes in gene expression including the down-regulation
of the potABCD operon (9,198). Igarashi and Kashaiwagi (199) proposed a “polyamine
modulon” theory to explain how polyamines enhance bacterial cell growth. In this model
polyamines act as mRNA-binding compounds that stimulate synthesis of bacterial growth
factors such as oligopeptide binding proteins (required for oligopeptide uptake),
adenylate cyclase, RNA polymerase sigma subunits, and several other transcription

factors. Accordingly, it is possible that polyamines could bind to RNA and induce the
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expression of some key genes required for intracellular growth and virulence of L.
pneumophila. Additionally, polyamines might provide a signal [as do amino acids
(58,286,361)] that is important in L. preumophila differentiation, not only during L.
pneumophila growth in vitro (BYE) but also during intracellular growth. If polyamines,
then, provide a signal for differentiation, the induction of P, activity during EP would
correspond to the timing of transition of L. pneumophila from TF into RF.

As a putative polyamine binding protein, (Fig. 24), the most obvious function of
PotD would be to bring polyamines into the cytoplasm of L. pneumophila. However,
PotD could have other functions. Not all the observed functions of PotD appear to be
linked to polyamine transport. Compared to its parental strain, the ApotD mutant had a
lower ability to attach to phagocytic host cells (Fig. 30) and modify vesicular trafficking
(Fig. 35), two processes that appear to be not directly related to polyamine transport.
Since PotD in E. coli has been shown to bind to DNA and to act as a transcription factor
that regulates its own promoter (9), it is possible that, in L. pneumophila, PotD could also
be involved in gene regulation.

PotD in Gram-negative bacteria is a periplasmic protein (197,198,375). Therefore,
another contribution of PotD could be that its presence or absence in the periplasm of L.
pneumophila affects the structural characteristics of the cell envelope. It could be
speculated that the absence of PotD in the periplasm of the ApotD mutant changes its cell
surface properties, and results in a defect in attachment to phagocytic cells (amoeba and

macrophages).
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5.4.2. Does L. pneumophila Have Polyamine Transporters Other Than PotABCD?

Clearly, PotD is dispensable during growth in vitro. One interpretation for these
results is that L. pneumophila possesses alternative polyamine transport systems.
However, to fully explain these results, we propose that these alternative transport
systems have lower affinity for polyamines than PotABCD, and are inactive in the early
phase of host cell infections. A mechanism by which these alternate transport systems
could be activated is through an increase of polyamine concentrations in the surrounding
environment. Above a threshold level of polyamines (not present in the early LCV, but
reached after the first 24 h of infection) the alternate transport systems would be
functionally relevant. In BYE broth, the high levels of polyamines provided in the yeast
extract would be above such a threshold, leading to absence of an in vitro growth defect
of the ApotD mutant. A similar phenotype would be seen in bacterial cells grown in SD
medium supplemented with polyamines.

The existence of alternative polyamine transport systems has been reported in
many other facultative intracellular pathogens. For instance, Shigella boydii and
Salmonella enterica sv. Typhimurium have at least three polyamine transport systems
(PotABCD, potFGHI, and PotE) (375). In Mycoplasma genitalium and M. pneumoniae,
gene products with detectable similarity to known polyamine binding proteins (such as
PotD and PotF) are lacking. Because Mycoplasma cannot synthesize polyamines, there
must be alternate (unknown)transport systems that allow this pathogen to meet its
requirement for polyamines(198).

Another explanation of the results that show that PotD is dispensable is that in L.

pneumophila deletion of potD is not a loss-of-function mutation, and that in the absence
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of PotD, the PotABC transporter still has enough residual activity to maintain
intracellular growth. To confirm whether this is the case or not, I propose to repeat the
intracellular growth assays in a L. pneumophila mutant harboring a deletion of the entire

potABCD operon.

5.4.3. Effect of Polyamines and Polyamine Transport in the Tolerance of
L. pneumophila to Na*

L. pneumophila grown to SP is salt sensitive, a trait that is intimately linked to
virulence, and avirulent mutants are usually sodium tolerant (158). To our knowledge,
the ApotD mutant is the first reported L. pneumophila sodium sensitive mutant that has a
virulence-related defect. Sodium sensitivity of the ApotD mutant was seen not only in SP,
but also in EP (Fig. 29). This is surprising, because it is accepted that exponentially
growing L. pneumophila is not sensitive to Na'. It has been established that some ABC
transporters can function as antiporters controlling the influx and efflux of small
molecules(290). In bacteria, many ABC transporters are specialized in the efflux of
antibiotics, ions and heavy metals (182,262,290,300). In E. coli, efflux of putrescine by
PotE plays an important role in Na' tolerance (364). Therefore, it is possible that
PotABCD in L. pneumophila could function as an antiporters (as PotE does) that takes in
polyamines and takes out sodium ions. Polyamines have been shown to stabilize
halophilic organisms and other fragile bacteria by increasing the stability of the cell
membrane or cell wall (395,397). In plant and bacterial cells, polyamines or other
compatible organic salts, such as those from amino acids and betaines, accumulate within
the cell during exposure to high concentration of sodium to function as modulators of salt

tolerance (osmolytes) (227,240,270,364,408). To this end, I believe that deletion of potD
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leads to a reduction in polyamine influx into the bacterial cells, which results in reduced
efflux (and a consequent accumulation of) intracellular Na”, leading to growth inhibition.

When a pathogen infects a host, it must adapt rapidly to a new environment to
avoid killing and to initiate cellular division. L. prneumophila, in particular, needs to
activate cellular processes, such as DNA, RNA and protein synthesis, during its
differentiation from a TF into an RF, and polyamines have been shown to be involved in
these processes. Here, we show that deletion of potD in L pneumophila results in a
number of virulence-related defects. We therefore propose that PotD has a novel role as a

virulence factor.
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Figure 24. Alignment of the amino acid sequence of E. coli PotD and L. pneumophila

putative PotD.

Identical amino acid residues are shown in black boxes and similar amino acids are

shown in gray boxes. The amino acids involved in spermidine binding in the E. coli PotD

are categorized as follows: (*) highly important, (#) important, and (+) modestly

important.
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Figure 25. The potABCD promoter (P,,.4) is activated during exponential phase (EP).

(A) Composite immunoblot of whole cell lysates from strain JR32(pMMB-P,,.4.gfp) or
strain JR32(pMMB:gfp) harvested from BYE broth cultures at the indicated ODgy,
separated by SDS-PAGE and transferred to a nitrocellulose membrane. Polyclonal
antibodies specific for green fluorescent protein (GFP), and chloramphenicol acetyl
transferase (Cat) were added together (a-GFP + a-Cat) for immunostaining. Cat was used
as a loading control. The position and size of protein standards are indicated in kDa. the
indicated ODg;g values correspond to the growth curve shown in panel B. (B) Double axis
graph showing the fluorometric analysis of GFP fluorescence in JR32(pMMB-P,,,.4:gfp)
or JR32(pMMB:gfp) strains at different growth stages. The right y-axis indicates ODgjg
am values (mean of triplicate cultures) and was used to construct the growth curve for
strain JR32(pMMB-P,...:gfp). The left y-axis indicates relative fluorescence units
normalized to an ODgyo of 1.0 unit, and was used to construct the bar graph pairs for GFP
fluorescence (P,o.4 activity) along the growth curve (mean of triplicate cultures). (C) Bar
graph showing P, activity measured as relative fluorescence units normalized to an
ODgyo of 1.0 unit. The Lp02-derived strains used for this experiment are indicated on the
x-axis. For each strain measurements were made at three growth stages (white, gray and
black bars). An ODgj value of 0.8 corresponds to early exponential growth phase and the
values of 3.0 and 4.0 correspond to late exponential phase and stationary phase,
respectively. Results are shown as mean + one standard deviation of 3 independent

cultures (n=3). This Figure was generated by Nicholas Tompkins and Gheyath Nasrallah.
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Figure 26. PotD is dispensable for L. pneumophila growth in vitro.

(A) BYE broth or (B) SD medium with or without spermidine and putrescine was

inoculated in triplicate with three independent cultures of parent JR32 or mutant ApotD

strains grown to late exponential phase. Growth was monitored by ODg,( readings. All

panels show data points as mean + one std. deviation (n=3 replicates) from one

experiment. The experiment in panel B was done by Gheyath Nasrallah and Nicholas

Tompkins.

208



Figure 27. Deletion of potD reduces the ability of L. pneumophila to form filaments.

Light micrographs of smears prepared from the indicated L. pneumophila strains grown
on BCYE agar for 4 days, and stained with crystal violet. The parental strain JR32 forms
long filaments (one is indicated by the black arrowhead), while theApotD mutant strain
predominantly grows as short rods. Size bars represent 10 um. Similar results were
obtained from three independent experiments. This figure was generated by Gheyath

Nasrallah.
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Figure 28. PotD does not contribute to biofilm formation by L. pneumophila under static
conditions in rich medium.

Biofilm formation by L. prneumophila strains was evaluated in the Calgary Biofilm
Device (CBD) using the crystal violet incorporation assay (Section 2.4.8 of Chapter 2).
The amount of released crystal violet is proportional to the number of bacterial cells
attached to the CBD pegs and was measured spectrophotometrically (ODs79 nm). Results
are shown for the strains indicated as mean + one standard deviation for one experiment
donein 18 wells per strain (n=18). Similar results were obtained from two other

independent experiments. This figure was generated by Gheyath Nasrallah.
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Figure 29. PotD enhances resistance of L. pneumophila to sodium chloride.

Serial 10-fold dilutions of stationary or exponential phase L. pneumophila parent
JR32(pMMB207C), mutant ApotD(pMMB207C) and mutant complemented
ApotD(pMMB:potD) strains spotted onto a BCYE agar plate containing (A) or lacking
100 mM NaCl (B). (C) Bar graph showing a quantitative analysis of sodium tolerance.
Results are presented as percent survival calculated as CFU/ml in the presence of 100
mM NaCl (A) divided by CFU/ml in the absence of NaCl (B). (D) Bar graph showing a
quantitative analysis of tolerance to KCl (spot plates not shown). Results are presented as
percent survival which were calculated as described in (C). Bars in (C) and (D) represent
mean + one standard deviation of one experiment done in triplicate. Similar results were
obtained from two other independent experiments. This figure was generated by Gheyath

Nasrallah.
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Figure 30. PotD promotes attachment of L. pneumophila to macrophages.

THP-1 macrophages were infected for 90 min with IPTG-treated L. pneumophila strains,
grown to late exponential phase, bearing the plasmids indicated in parentheses, at a
bacteria to cell ratio of 20:1, and attached bacteria were counted by dilution-plating after
extensive washing (see Section 2.4.9). Results are shown as CFU per well and represent
the mean + one standard deviation for 3 independent experiments (n = 3), each done in
duplicate. The statistical significance of differences between bars is indicated as **

P<0.01, *** P<0.001. This figure was generated by Gheyath Nasrallah.
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Figure 31. The L. pneumophila ApotD mutant shows impaired intracellular growth.

A. castellanii (A), U937 macrophages (B), and L929 cells (C) were infected with the
indicated IPTG- treated L. pneumophila strains grown to late exponential phase. The
number of intracellular bacteria/well at the time points indicated were determined by
dilution-plating (see Section 2.4.10) L. pneumophila intracellular numbers are shown as
CFU/well. Results represent the mean + one standard deviation for 3 independent
experiments (n = 3), each done in duplicate. The statistical significance of differences in
CFU values is indicated as: * P<0.05, ** P<0.01, *** P<0.001. This figure was generated

by Gheyath Nasrallah.
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Figure 32. PotD does not contribute to L. pneumophila cytotoxicity towards U937-
derived human macrophages.

U937 macrophages grown in 48-well plates were infected for 3 h with the indicated L.
pneumophila strains. Contact-dependent cytotoxicity was quantified as percentage of
lactate dehydrogenase (LDH) release in to the supernatant of the infected cell culture.
Supernatants from the uninfected cells (medium control) were used to set the background
release of LDH, and a positive control (supernatants of cells treated with lysis solution)
was used to set the 100 % release of LDH. Results are shown as mean LDH Release +
one standard deviation from one experiment, done in 8 wells per strain (n=8 replicate).
Similar results were obtained from two other independent experiments. This figure was

generated by Gheyath Nasrallah.

216



0.2,
0_ —T
_T Ii

=
QO -0.24
S
D) 04+
o} 0.4
-

-0.6

-0.8 l

197 on 24h 48 h

40 1 40 -

M JR32-GFP Il JR32-RED
w [l 7potD-RED w Il ApotD-GFP
D 1 D 07 -
o 0 *kk I_\
8 §®] |
220 o D 20 1
3] ©
2 QL
E 10 1 E 10 A
X X
0 0 A
24 h 48 h 24 h 48 h

Figure 33. The L. pneumophila ApotD mutant is unable to compete with the JR32 parent
strain during intracellular growth.

(A) U937 macrophages were infected with a 1:1 mixture of JR32-GFP and ApotD-RED
strains (black bars) or a 1:1 mixture of JR32-RED and ApotD-GFP strains (white bars),
and the number of CFU/well was calculated at different times by dilution-plating. The
competitive index (CI) of the mutant in relation to the parental strain was calculated at
the time points indicated as described in Section 2.4.13. The negative CI values indicate
poor competition by the ApotD mutant. (B) Light micrograph captured 48 h after
infection of U937 macrophages with a 1:1 mixture of JR32-GFP and ApotD-RED strains.
Colors of infected cells are as follows; green: cells infected only with JR32-GFP, red:
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cells infected only with ApotD-RED, yellow: cells infected with both JR32-GFP and
ApotD-RED, gray: uninfected cells. Size bar represents 50 pm. (C) Quantitative
fluorescence microscopy results of U937 macrophages infected with a 1:1 mixture of
JR32-GFP and ApotD-RED (panel C) or a 1:1 mixture of JR32-RED and ApotD-GFP
(panel D). Green bars represent the percentage of U937 macrophages infected with
bacteria expressing GFP. Red bars: represent the percentage of U937 macrophages
infected with bacteria expressing Ds-Red. Results represent the mean + one standard
deviation for 3 independent experiments (n = 3), each done in quadruplicate. The
statistical significance of differences is indicated as *** P<0.001. This figure was

generated by Gheyath Nasrallah.
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Figure 34. Pharmacological inhibition of SAMDC activity in L929 cells abolishes the

intracellular growth of ApotD mutant.

L929 cells treated or not treated with 100 uM MGBG were infected with the parent strain

JR32 or the mutant strain ApotD. Intracellular growth was measured by dilution-plating

Legionella and 1s expressed as CFU/well at two time points (0 and 24 h). Results are

shown as mean CFU+ one standard deviation for 3 independent experiments, each run in

quadruplicate (n = 3). Asterisks above black bars (CFU/well at 24 h) indicate significance

in relation to the 0 h CFU/well value (corresponding white bars). Asterisks above square

brackets indicate significance of the differences between MGBG-treated and untreated

cells at 24 h. This figure was generated by Gheyath Nasrallah.
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Figure 35. Deletion of potD reduces recruitment of vesicles by LCVs.

(A) Transmission electron micrographs of U937 macrophages infected for 8§ h with L.
pneumophila parent JR32(pMMB207C), mutant ApotD(pMMB207C), or complemented
ApotD(pMMB-P,,.4:potD) strains. Black arrows indicate sectioned bacteria, white arrows
indicate LCVs, black arrowheads indicate ER-derived vesicles, white arrow heads
indicate ER, and the gray large arrow indicates mitochondria. Size bars represent 500 nm.
(B) Quantitative electron microscopy analysis of macrophages infected as described in

panel A. Infected U937 macrophages were examined to determine the number of LCVs
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per cell, and each LCV was examined to determine the number of associated
mitochondria and vesicles, and the presence or absence of ER. Sections obtained from
two different experiments were examined for each condition. The statistical significance
of differences was determined on data obtained from ~100 macrophages. * P<0.05, **
P<0.01. (C) Quantitative immunofluorescence microscopy analysis of phagosome-
lysosome colocalization in U937 macrophages infected for 8 hours with L.
pneumophilaparent J32-RED, or mutant ApotD-RED strain, and immunostained for the
lysosomal marker LAMP-1 (green). Results are shown as % localization of red bacteria
with green lysosomes, and were obtained from ~100 randomly selected infected U937

cells per condition. This figure was generated by Gheyath Nasrallah.
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CHAPTER 6: DISCUSSION

As previously explained (Chapter 1, Section 1.3.5), the multiple functions
observed for HtpB and the fact that some of these functions are related to virulence,
proved an involvement of HtpB in L. preumophila pathogenesis in vivo, and opened an
experimental need to identify host protein targets for HtpB. In fact, in chapter 4, we
showed that HtpB interacts with SAMDC and proposed that through this interaction
HtpB could function as a cytoplasmic effector that helps L. pneumophila to achieve
optimal intracellular growth, particularly in the early stages of cell infection. This
finding adds to the previously reported virulence-related functions of HtpB, i.e. as an
invasion factor (139) and as a factor that recruits mitochondria to the LCV (65). In
Chapter 3, I demonstrated that the htpAB operon is essential in L. pneumophila, strongly
suggesting that HtpB must fulfill a protein folding function that cannot be compensated
for by GroEL. Therefore, if HtpB functions as a protein folding chaperonin in the
cytoplasm of L. pneumophila, but displays virulence-related functions when is expressed
on the bacterial cell surface or when it reaches the cytoplasm of infected cells, HtpB
could be regarded as a moonlighting protein. In the next few sections of this general
Discussion, I will discuss the functional diversity of bacterial chaperonins and will
introduce the concept of moonlighting proteins, which will help me discuss the
multifunctional nature of HtpB in the context of its location in the bacterial and the host

cell (compartmentalization).
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6.1. Functional Diversity of Group I Chaperonin

In spite of the high amino acid sequence similarity that exists between bacterial
chaperonins, we and others (65) showed that HtpB is capable of performing unique roles
that are not shared by the E. coli protein GroEL. These roles (summarized in Table 5) are
not necessarily related to protein folding. The fact that we could not delete the htpAB
operon from the LpgroE+ genome and that the cloned /tpAB operon was unable to
complement a groEL temperature-sensitive mutation in E. coli (177) indicates that the
differences in the amino acid sequences that exist between these chaperonins provide
them with specific functions within their respective host. It is now evident that, in
addition to their essential function in protein folding, group I chaperonins perform other
functions. For instance, in many rhizobiae and nodulating bacteria such as Sinorhizobium
meliloti, group 1 chaperonins have been found to perform functions related fo root-
nodulation and nitrogen-fixation (264). In photosynthetic bacteria, such as
Cyanobacteria, chaperonins perform functions related to photosynthesis (11). Moreover,
chaperonins from bacterial pathogens can function as cell-signalling molecules
stimulating human monocytes, leukocytes, fibroblasts and epithelial cells to release pro-
inflammatory cytokines (269,446).

It 1s believed that group I chaperonins have evolved through the accumulation of
mutations that led to changes in amino acid sequence. Support for this view comes from
the unique functions of bacterial chaperonins that have been attributed to the effect of a
few amino acid changes. Yoshida et al. (440) showed that the GroEL from endosymbiotic
Enterobacter aerogenes acts as an insect toxin. This toxic GroEL differs from the non-

toxic GroEL from E. coli by eleven amino acids, four of which are critical for insect
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toxicity. In fact, the E. coli GroEL also becomes an insect toxin when these four critical
residues are engineered to resemble the E. aerogenes GroEL. Additionally, it has been
shown that the GroEL of M. leprae contains three amino acids (Thr-375, Lys-409 and
Ser-502), not found in E. coli GroEL, which form a threonine catalytic group responsible
for protease activity (326). Similarly, it can be hypothesized that the DNA sequence of
htpB, encoding amino acids that are not necessary for the essential function of HtpB,
would be allowed to evolve under less selective constraints, leading to the acquisition of
novel functions. These new function(s) of HtpB might have allowed L. pneumophila to
adapt to the intracellular environment of its hosts.

Based on a bioinformatic analysis of 669 bacterial genome sequences, Lund (264)
found that 30 % of the studied bacterial genomes contained two to seven chaperonin
genes. To this end, the author suggested that functional diversity of group I chaperonins
depends on the presence of multiple chaperonin genes within a particular bacterial
genome. In this view, the essential protein folding needs of a bacterial cell are met by a
single chaperonin whose gene would be restricted for change by mutation(s), whereas the
duplicated chaperonin gene(s) would be free to mutate and acquire functional
specializations that are not necessarily related to protein folding. The most spectacular
example of multiple chaperonin genes, in terms of number, is Bradyrhizobium japonicum
which has seven copies of cpn60 (264). A good convincing example for a high degree of
specialization in the functions of multiple chaperonin genes is found in M. tuberculosis.
The genome of M. tuberculosis has two genes encoding the chaperonins Cpn60.1 and
Cpn60.2. Despite Cpn60.1 and Cpn60.2 sharing 61 % sequence identity, there are major

differences in the cellular actions of these chaperonins (53). cpn60.1 can be deleted from
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the genome whereas cpn60.2 is essential (195). The inability to delete cpn60.2, suggests
that its gene product is the chaperonin responsible for the essential protein-folding
function, whereas Cpn60.1 has acquired protein folding-independent functions such as
inducing the formation of multinucleated giant cells (as it happens during formation
tuberculous granulomas), and binding to monocyte cell surface receptors to trigger
immune responses (53). In fact, a M. tuberculosis mutant lacking cpn60.1 is viable but
fails to induce an inflammatory response in animal models of infection (195,264,301).
There are other cases in which functional diversity rests on a single chaperonin.
One of these cases, as shown in this study, is the chaperonin of L. pneumophila, HtpB. In
other pathogenic bacteria with a single chaperonin, it has been reported that the surface-
and membrane-associated chaperonin performs diverse functions related to bacterial
virulence and host response to bacterial infection. Similar to HtpB, the
extracytoplasmically localized chaperonins of Salmonella enterica sv. Typhimurium (94),
Haemophilus ducreyi (124), Helicobacter pylori (47,437), Borrelia burgdorferi (367),
and Clostridium difficile (167) have been implicated in adhesion and(or) cell invasion.
Additionally, it has been shown that some surface-exposed bacterial chaperonins have the
capacity to interact with cell surface receptors of a variety of mammalian cell types, to
initiate signalling events that result in strong cytokine production and other
immunological responses (269,446), thus these chaperonins are considered as
immunodominant antigens (230,441). In these cases of bacteria with a single chaperonin,
it seems that the diversity of chaperonin functions depends on cellular location, as we
have determined for HtpB. To this end, chaperonins have been recently added to the list

of “moonlighting” proteins (209). The term moonlighting is defined by the Webster’s
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Dictionary as “working at another job in addition to one’s regular job”, and was
introduced in the biochemical field to describe those proteins that perform different
functions in different environments or at different cellular locations (209). According to
this definition, HtpB would be a chaperonin that moonlights as a virulence effector that
interacts with host cell surface receptors, reaches the cytoplasm of infected cells and
modulates the levels of polyamines by interacting with SAMDC. The known or
hypothetical functions of HtpB, according to its location, are summarized in Table 5, and

discussed in the following Section.

6.2. Moonlighting Functions of HtpB According to Its L.ocation
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Table 5. The confirmed and hypothesized function(s) of HtpB based on its cellular

location.

HtpB cellular location

Hypothetical* or confirmed function(s)”

Bacterial cytoplasm

- protein folding (based on essentiality)(65)
- induction of bacterial filamentation phenotype (4)

Bacterial cytoplasmic
membrane

- stabilization of the bacterial cytoplasmic membrane by acting
as lipochaperonin (413)

Bacterial periplasm

- Unknown

Bacterial surface

- attachment and invasion of HeLa cells (139)
- induction of cytokine production by macrophages (340)

LCV" lumen

- The compartment from where HtpB reaches the cytoplasmic
face of the LCV and the cytoplasm of infected cells (295)

Phagosome containing
HtpB-coated
microbeads

- transiently delays fusion of the microbeads with the lysosomes (65)

- recruitment of mitochondria to the microbeads (65), via
interaction with the mitochondrial Hsp10 (Chapter 4)

- alteration of actin cytoskeleton of infected cells (65)

LCV membrane

- functions similar to those seen with the HtpB-coated bead

Yeast cytoplasm

- interaction with SAMDC (295) (Chapter 4).

- the interaction with SAMDC increases the level of
intracellular polyamines (Chapter 4).

- induction of yeast pseudohyphal growth (63,295,341).

Host cell cytoplasm

- alteration of actin cytoskeleton

- Interaction with the mitochondrial Hsp10 (Chapter 4)

- Interaction with the host SAMDC, which leads to an increase
in the level of intracellular polyamines (295) that are
important for optimal intracellular growth (295) (Chapter 4)

* [Italic font indicates hypothetical functions.

" Regular font indicates confirmed

functions. +LCV: Legionella-containing vacuole
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Because no structural or biochemical studies have yet been performed on HtpB to
determine its capability to form 14-mer barrels (see Section 1.3.1 in Chapter 1), or fold
proteins, the exact function of the cytoplasmic HtpB is still unknown. However, because
HtpB is essential, and has 85% amino acid sequence similarity to GroEL, and is the sole
chaperonin encoded in the L. pneumophila genome, one would expect that cytoplasmic
HtpB in L. pneumophila functions in protein folding, just as do other GroEL family
proteins. In addition to the hypothesized function of cytoplasmic HtpB in protein folding,
David Allan (4) identified HtpB as the first L. pneumophila cytoplasmic protein directly
involved in filamentation. He showed that overexpression of HtpB in L. pneumophila or
in E. coli induces filamentation (4). The formation of long filaments by L. pneumophila
(a form of bacterial differentiation) is well documented, and filamentation has been
previously linked to the ability of L. preumophila to survive in harsh environments and in
biofilms (322). The mechanism by which HtpB induces bacterial filamentation needs to
be explored. According to these findings, we conclude that the cytoplasmic HtpB in L.
pneumophila is essential for protein folding and plays a role in filamentation.

About 40 % of the total cytoplasmic HtpB is found associated with the
cytoplasmic membrane of L. pneumophila (137) but its function in this location is
unknown. However, Torok et al. (413) showed that membrane-bound E. coli GroEL
interacts with phospholipids and can function as a lipochaperonin, whereby GroEL
association with phospholipids can stabilize membranes under heat shock conditions.
Similarly, as the major cytoplasmic membrane protein (126,137), we propose that HtpB

could also fulfil a lipochaperonin function.
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Surface-exposed HtpB enhances bacterial attachment to, and invasion of HelLa
cells (139). HtpB is capable of interacting with cell surface receptors on macrophages, as
HtpB-coated microbeads were shown to activate both the Protein kinase C signalling
pathway and IL-1 production in human macrophages (340). Therefore, surface exposed
HtpB is capable of interacting with host cell surface receptors to trigger internalization or
immunological responses (136).

After internalization of L. pneumophila by host cells, HtpB continues to be
abundantly produced and released into the LCV, and may thus have post-invasion
functions (137). The function of HtpB in the LCV lumen is not yet defined, but it is
possible that HtpB reaches the cytoplasm of host cells from this compartment (either free
in the cytosol, or bound to the LCV membrane). In a recent study (65), we used two
functional models (protein-coated beads and expression of recombinant HtpB in CHO
cells) to investigate the competence of HtpB in mimicking early intracellular trafficking
events of L. pneumophila in the LCV. We found that microbeads coated with purified
HtpB (but not uncoated microbeads or microbeads coated with the E. coli GroEL) were
sufficient to: (i) transiently delay fusion of beads with lysosomes, (ii) attract
mitochondria, and (ii1) modify the organization of actin microfilaments in human U937
macrophages and CHO cells. These three post-internalization events typify the early
trafficking of the LCV (65).The mechanism by which HtpB attracts mitochondria in the
context of coated microbeads is not yet understood, but immunogold electron microscopy
has provided insights. Chong (62) showed, using immunogold electron microscopy, that
HtpB is localized to the cytoplasmic face of the LCV of infected macrophages. She

suggested that HtpB may have the ability to interact with host components that might
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impact LCV trafficking. Indeed, in this study, using Y2H, we showed that HtpB can
interact with the host mitochondrial co-chaperonin Hsp10. The HtpB-Hsp10 interactions
could be relevant to the recruitment of mitochondria to the LCV. HsplO has been
detected on the surface of mitochondria (354), therefore, it is possible that the HtpB that
localizes to the LCV attracts mitochondria by interaction with the Hsp10 that resides on
the mitochondrial surface. Further investigations are needed to confirm this hypothesis.

One of the prominent findings of this study was the delivery of HtpB from the LCV into
the cytoplasm of CHO cells and human macrophages, which suggests that HtpB may
have the ability to interact with host components that impact L. pneumophila intracellular
establishment. The yeast model was used in this study to uncover potential functions of
HtpB in the cytoplasm of host cells. We found that expression of HtpB in S. cerevisiae
induces pseudohyphal growth (PHG). To explore the mechanism by which HtpB induces
PHG, we performed a yeast two-hybrid (Y2H) screen. The Y2H screen showed that HtpB
interacts with SAMDC, an essential yeast enzyme, encoded by SPE? that is required for
polyamine biosynthesis in all eukaryotic cells. The fact that overexpression of SAMDC
also induced PHG in S. cerevisiae, clearly linked polyamines with HtpB. This was
particularly meaningful since a strong correlation exists between elevated polyamine
levels and filamentation in a number of fungal species (152,168,201,277,358). In
addition, the-HtpB-SAMDC interaction and the link to polyamines could be relevant to
the observation that HtpB modifies the organization of actin microfilaments of infected
host cells (65), because many reports indicate that polyamines influence cytoskeleton
organization (92,148,149,153,333,334). Therefore, I predicted that yeast cells expressing

HtpB would have elevated levels of spermidine and spermine. Analytical determination
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[using high performance liquid chromatography (HPLC)] of the levels of polyamines in
these yeast cells could validate this prediction. To explain the mechanism by which HtpB
induces PHG in yeast, we proposed the following model (illustrated in Fig. 36). SAMDC
is a rate-limiting enzyme key in the biosynthesis of polyamines, which is tightly regulated
in eukaryotic cells (320). Like other rate-limiting enzymes, SAMDC has a short half-life,
its basal activity is low, and it is rapidly induced by different stimuli (316,318,320).
Furthermore, SAMDC is synthesized as an inactive proenzyme that in response to
different stimuli undergoes an intramolecular cleavage reaction to form the active
enzyme (226,319,320). Thus, it is possible that one or more of the processes that affect
the activity of SAMDC could be modulated upon interaction with HtpB, leading to
increase activity of SAMDC, which in turn results in an increase in the amount of

intracellular polyamines (required for triggering PHG).
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Figure 36. Model illustrating the potential consequences of the interaction of HtpB with
SAMDC. We propose that HtpB induces pseudohyphal growth through enhancing
SAMDC activity. SAMDC is synthesized as an inactive proenzyme (1) that undergoes
intramolecular cleavage to form the active enzyme (2). The interaction of SAMDC with
HtpB could have a number of consequences. Because of its protein folding activity, HtpB
could simply enhance the proper folding of SAMDC proenzyme which in turn could
accelerate its rate of cleavage into active SAMDC. Alternatively, the interaction of active
SAMDC with HtpB could extend its half-life by preventing its degradation. Finally, HtpB
could increase the enzymatic activity of active SAMDC. This model assumes that the
HtpB-bound SAMDC is still capable of interacting with its substrate. Any of these
potential scenarios could lead to an increase in the level of intracellular polyamines that
are important for induction of pseudohyphal growth in S. cerevisiae. This figure was

generated by Gheyath Nasrallah.
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Based on the findings of the yeast model, we also proposed that polyamines are
important for the intracellular growth of L. pneumophila. Indeed, it turned out that
inhibition of polyamine synthesis in host cells significantly reduced L. pneumophila
replication in host cells, whereas addition of exogenous polyamines enhanced L.
pneumophila replication (Fig. 21 and Section 4.3.9). Because L. pneumophila lacks most
known enzymes required for polyamine biosynthesis, one would expect that L.
pneumophila depends upon transport of exogenous polyamines from the host cell
cytoplasm into the LCV to meet its needs. This led us to the second most relevant finding
from my work, that the polyamine binding protein PotD might play a role not only in
spermidine transport, but also as a factor required for optimal intracellular growth of L.
pneumophila. The main conclusion that we drew from this study is that polyamines
enhance L. pneumophila growth in vitro and in vivo. To our knowledge, this is the first
report in the field of L. pneumophila biology showing that polyamines are enhancers of
the intra- and extracellular growth of L. pneumophila.

Although the role of polyamines in bacterial growth and differentiation is very
well documented in the literature, the exact molecular mechanisms by which these
molecules act as enhancers for bacterial growth is poorly understood. Similarly, we were
not able to determine the mechanism by which polyamines enhance L. pneumophila
growth. However, we proposed a mechanistic model (Fig. 37) based on the PotABCD
(Ppors) promoter activity and the phenotype associated with the ApotD mutant. In vitro,
we found that Pp,4 promoter activity is increased in RFs (Fig 25), and that PotD is
important for L. pneumophila filamentation (Fig. 27). However, deletion of potD did not

affect L. pneumophila growth in polyamine rich medium, whereas, in vivo, the ApotD
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mutant was unable to grow in host cells to the same level of the parent strain (particularly
during the first 24 hours of infection) (Fig. 31). In addition, the ApotD mutant was unable
to efficiently mediate recruitment of vesicles to the LCV. Based on these findings, we
propose that in a polyamine limited environment, such as the LCV, PotD is required for
efficient polyamine transport from the LCV lumen into the bacterial cells. These
polyamines are important for bacterial differentiation [from transmissive form (TF) into
replicative form (RF)], and for recruitment of vesicles to the LCV. The recruitment of
vesicles to the LCV could be very meaningful because these vesicles could deliver
nutrients to the LCV, which in turn could enhance bacterial growth. Collectively, our
findings have contributed to a better understanding of the biology of L. pneumophila by
suggesting that HtpB and PotD might collaborate to ensure a supply of polyamines

required for the optimal intracellular growth of L. pneumophila.

234



6.3. An Integrated Functional Model of HtpB and Polyamines in the Host Cell

Hostcell
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Figure 37. An integrated functional model of HtpB and polyamines in the host cell.

1. The surface-exposed HtpB mediates internalization of TF, through the interaction with
host cell surface receptors. 2. HtpB delays fusion of the LCV with lysosomes and is
released into the LCV from which it reaches the cytoplasm of the host cell (either free in
the cytosol, or bound to the LCV membrane). HtpB in the cytoplasm of the host cell
interacts with host SAMDC, leading to an increase in the intracellular pool of
polyamines, which might trigger a reorganization of microfilaments (a). 3. HtpB, as a
protein bound to the cytoplasmic face of LCV, attracts mitochondria, possibly through an
interaction with Hspl0. The spermidine binding protein PotD (or the polyamine
transporter PotABCD) facilitates the recruitment of vesicles hypothesized to carry

nutrients to the LCV. The presence of nutrients, including polyamines, triggers L.
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pneumophila differentiation from TF into RF (b). 4. The RF replicates. During
replication, L. pneumophila secretes HtpB, which accumulates in the LCV. Consequently
the amount of HtpB bound to the cytoplasmic face of LCV and in the host cell cytoplasm
increases, which in turn leads to a further increase in the intracellular pool of polyamines.
Polyamines are then used for the optimal intracellular replication of L. pneumophila (c).
5. When nutrients become limited, RFs differentiate into TFs. 6. TFs are released from
the lysed host cell to start new infection cycle. This figure was generated by Gheyath

Nasrallah.
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6.4. Future Directions

6.4.1. Does the Dot/Icm System Mediate HtpB Release into the Cytoplasm of
Infected cells?

Immunolocalization studies done in our laboratory showed that in E. coli, GroEL
and recombinant HtpB are located in the cytoplasm (137). In contrast, both HtpB and
recombinant GroEL can be found on the bacterial cell surface (4,137). Based on these
observations, it is proposed that L. pneumophila must have a mechanism that is not
present in E. coli, which permits the translocation of HtpB to extracytoplasmic locations
including the bacterial cell surface (4). Experimental approaches including osmotic
shock, protease-sensitivity, immunoblotting, and immunogold electron microscopy have
indicated that about 1% of the total cell-associated HtpB is present in the periplasm of L.
pneumophila (David Allan unpublished results). These unpublished results also suggested
that surface localization of HtpB requires a functional Dot/Icm system since a mutation in
dot/icm (AdotA or AdotB) led to accumulation of HtpB in the periplasm and the absence
of HtpB from the cell surface of L. pneumophila (4,63). Additionally, it was reported that
dotA and dotB mutants were unable to attract mitochondria to the LCV in CHO cells
(65). In Chapter 4, using the CyaA reporter assay (a widely used assay to study
translocation of Dot/Icm substrates from the LCV lumen into the cytoplasm of infected
cells), we showed that a portion of the abundantly released HtpB in the LCV lumen
reaches the cytoplasm of infected CHO cells and U937 macrophages. However, the
mechanism by which HtpB reaches the cytoplasm of infected cells remains uncertain. It
is tempting to speculate that HtpB is released into the cytoplasm of infected cells by the
Dot/Icm system. This hypothesis can be tested by comparing the level of cAMP in

mammalian cells infected with a L. pneumophila dot/icm mutant expressing the HtpB-
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CyaA fusion protein, with that in cells infected with the parental strain expressing the
same fusion protein. If the cAMP level in the cells infected with the parental strain is
higher than that in cells infected with the dot/icm mutant, then it can be concluded that

HtpB translocation requires a functional Dot/Icm system.

6.4.2. Is SAMDC a Target of HtpB in Mammalian Cells?

It was surprising that in spite of screening ~5 x 10° yeast clones of the HeLa
cDNA library, SAMDC was not identified as prey for HtpB during the Y2H screen. In
theory, our Y2H screen should be sufficient to cover 250X the estimated 2 x 10* protein-
encoding mRNAs present in the human genome. Therefore, it can be concluded that,
despite the many advantages of the Y2H system, it also has limitations [reviewed in
(115,116)]. The failure in identifying SAMDC as prey for HtpB could be due to one or
several of the following reasons: (i) the fusion proteins in the Y2H system must be
targeted to the nucleus to activate the Gal4 transcription factor in order to activate the
expression of reporter genes. The complex of mammalian SAMDC fused to Gal4AD and
HtpB fused to Gal4BD may not be able to enter the nucleus to activate the reporter genes.
(1i1)) SAMDC is expressed as proenzyme and undergoes post-translational modification to
become an active enzyme. The SAMDC-HtpB interaction may thus depend upon
posttranslational modifications of the human SAMDC that do not occur in yeast. (iii) The
mammalian SAMDC fused to Gal4AD is unable to interact with HtpB fused to Gal4BD.
(iv) SAMDC cDNA is not represented in the MATCHMAKER HeLa cDNA library. To
overcome this last obstacle, we could have cloned the cDNA of the mammalian SAMDC

into the Gal4AD Y2H vector and test it against our Gal4BD-HtpB bait for interaction.
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Alternatively, instead of Y2H, we could have used biochemical methods such as co-
immunoprecipitation (co-IP) to determine if mammalian SAMDC interacts with HtpB. In
co-IP, crude cell lysates from 1.929 cells, U937-macrophages, or amoebae can be mixed
with a purified HtpB. Subsequently, the proteins that interact with HtpB can be
precipitated using latex beads coated with a-HtpB antibody. The presence of SAMDC in
the precipitate could be confirmed by Western blotting using a-SAMDC antibody
(commercially available).

We have hypothesized that HtpB may function to ensure a supply of polyamines
in host cells via interaction with SAMDC (Chapter 4). This hypothesis could have been
confirmed by measuring (using HPLC) the intracellular levels of polyamines in CHO-
htpB cells induced to express HtpB (in the presence of doxycyclin), in relation to
uninduced CHO-AtpB cells (in the absence of doxycyclin). Higher levels of intracellular
polyamines in CHO-AtpB cells compared to parental CHO cells could provide indirect
evidence that SAMDC is the mammalian target of HtpB, and further suggest that the
reorganization of host cell actin filaments induced by HtpB might be mediated by high

levels of intracellular polyamines.

6.4.3. Are HtpB-Directed Phenotypes Induced by Specific Amino Acid Domains of
HtpB?

Despite the high degree of amino acid similarity between HtpB and E. coli GroEL
(85%) (178), HtpB is capable of inducing phenotypes in L. pneumophila that GroEL
cannot. We now know that HtpB, but not the E. coli GroEL, induces: PHG in yeast
(Chapter 4), filamentation in Gram negative bacteria (4), and actin reorganization and

mitochondrial recruitment in mammalian cells (65). This implies that the 15 % of the

239



amino acids that are different between GroEL and HtpB (or some portion of them) are
responsible for these phenotypical differences. The observations that HtpB, but not
GroEL, has the ability to induce PHG, and that the activity of SAMDC is important in
induction of PHG, suggest that SAMDC is unable to interact with GroEL. Further
experiments such as Y2H (using GroEL as a bait and SAMDC as a prey), or co-IP (using
purified GroEL and yeast whole cell lysates) could be done to test this hypothesis. If
SAMDC does not interact with GroEL, it can be concluded that specific amino acid
residues within functional domains present in HtpB but not in GroEL are required for
interaction with SAMDC, and thus these residues might be key factors required for
induction of PHG. To identify the HtpB domains that contain key amino acids important
for functional differences with GroEL, I suggest to do a series of domain swaps with
GroEL, to generate protein chimeras. The phenotypes of the resulting chimeric proteins
could be assessed by testing their ability to interact with S. cerevisiae (SAMDC), and (or)
by testing their ability to induce some of the other identified HtpB-mediated phenotypes.
Once the HtpB protein domain(s) important for particular HtpB-mediated phenotypes are
identified, the corresponding region of /#pB could be specifically mutagenized, and tested

for functional competence as explained above.

6.4.4. Does PotD Function As a Polyamine Binding Protein?

The bioinformatic results presented in Chapter 5 suggest that L. pneumophila
PotD binds spermidine and could potentially have the same affinity to putrescine as has
the E. coli PotD. This finding could be confirmed by growing the ApotD mutant and its

parent strain in SD medium in the presence or absence of polyamines, followed by
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measuring (using HPLC) the intracellular levels of polyamines of both strains. If
PotABCD functions as a polyamine transporter, the intracellular levels of polyamines of

the ApotD mutant should be lower when compared to those found in the parent.

6.5. Conclusions

The work represented in this thesis reveals functions of HtpB that are potentially
important for adaptation of L. pneumophila to intracellular environments. We showed
that the chaperonin of L. pneumophila is essential for Legionella survival, likely because
of its essential function in protein folding. A particularly significant finding presented in
this thesis is the delivery of HtpB from the LCV into the cytoplasm of human
macrophages, which suggests that HtpB may have the ability to interact with host
components that have impact upon LCV trafficking and L. pneumophila intracellular
establishment. Using the yeast two-hybrid assay, we showed that HtpB interacts with the
mitochondrial Hsp10, which could be relevant to mitochondrial attraction and LCV
trafficking. Using the same method, this study showed that HtpB interacts with a key
enzyme required for polyamine synthesis in eukaryotic cells (SAMDC). This interaction
might be of fundamental importance to L. pneumophila pathogenesis, because inhibition
of SAMDC activity (and presumably polyamine synthesis) inhibits L. pneumophila
growth, whereas addition of exogenous polyamines favours intracellular growth. L.
pneumophila might be faced with nutrient limitations (including lack of polyamines) at
early stages of macrophage and protozoan infection. Although it seems that PotABCD is
not the only polyamine transporter that L. pneumophila utilizes, it still appears to be

important for L. pneumophila as disruption of PotABCD function by deletion of potD
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reduces the intracellular growth of L. pneumophila in a variety of host cells. The major
findings in this study can be summarized as the characterization of two L. pneumophila
proteins (HtpB and PotD) that might contribute to satisfy the requirement of polyamines
for the optimal intracellular growth of L. pneumophila. Finally, this study constitutes a
good example of how the yeast functional model has enabled us to uncover unique

functions of HtpB and a novel aspect of chaperonin biology.
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