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Abstract
Legionella pneumophila is a Gram-negative, facultative, intracellular bacterium
and causative agent of Legionnaires’ disease, which presents as an atypical pneumonia
and flu-like symptoms, such as cough, fever and chills. Disease is caused by inhalation or
aspiration of aerosolized bacterium from a fresh water source which is then taken up by
alveolar macrophages. Inside its host cell, L. pneumophila resides and replicates in a
membrane-bound vacuole that avoids fusion with late endosomes and lysosomes. This
compartment is called the Legionella-containing vacuole (LCV). The pathogenicity of L.
pneumophila is partially attributed to its ability to evade the host immune system. Central
to L. pneumophila pathogenesis is the Icm/Dot type IVb secretion system. Through this
secretion system, L. pneumophila injects proteins into the host cell. Over 270 different
bacterial proteins have been identified thus far. The roles of individual Icm/Dot
translocated substrates (IDTSs) in promoting replication vacuole formation have been
difficult to elucidate due to the fact that individual deletions of most substrates of the L.
pneumophila genome have no consequence on intracellular growth of the bacterium. This
lack of defect is thought to be due to functional redundancy, such that multiple
translocated substrates target a single pathway in the host cell. In order to identify host
cell pathways controlled by L. pneumophila that have not been previously identified
using traditional strategies of analyzing membrane trafficking and kinase networks during
intracellular growth, we performed a genetic screen in the model organism Sacchromyces
cerevisiae. In this study, we screened L. pneumophila IDTS yeast expression library and
identified LegA7 as a protein that reduced the ability of yeast to adapt to conditions of
high osmolarity. LegA7 does this by acting on host cell MAPK pathway signaling. In
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yeast, this interaction is likely an indirect interaction since LegA7 did not activate the
high osmolarity glycerol pathway MAPK Hog1. LegA7 contains a catalytic triad
including residues C61, H166 and E179. All three residues are required for LegA7
function. LegA7 also contains an ankyrin repeat domain important for its function.
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Chapter One:
Introduction

1.1 General aspects of Legionella pneumophila

1.1.1 Pathogenesis of Legionella pneumophila in human disease
Legionella pneumophila is a Gram-negative, facultative, intracellular bacterium.
It was first recognized as a pathogen in 1976 during a highly publicized outbreak at an
American Legion Convention in Philadelphia (Fraser et al. 1977; McDade et al. 1977).
Legionella species are now recognized as opportunistic pathogens of humans and an
important cause of pneumonia (Leoni et al. 2007). There are two clinical syndromes of
Legionellosis: Legionnaire’s disease and Pontiac fever. Legionnaires' disease is the more
common syndrome. The predominant symptom of Legionnaire’s disease is atypical
pneumonia, but often also includes flu-like symptoms, such as cough, fever and chills.
The second syndrome, Pontiac fever, is defined as an acute, febrile, self-limited illness
without any respiratory issues.
Legionella pneumophila is a significant source of morbidity and mortality around
the world. Since its identification, L. pneumophila has been recognized as a relatively
common cause of both community-acquired and hospital-acquired pneumonia (Stout et
al. 2007; von Baum et al. 2008). Legionnaire’s disease has a case fatality rate of between
5 and 30% (Chidiac et al. 2011; Dominguez et al. 2009). L. pneumophila is consistently
reported among the top three or four most commonly identified pathogens in communityacquired pneumonia in immunocompetent patients and is also a common cause of
hospital-acquired pneumonia (Leoni et al. 2007; Sopena et al. 2007; Valles et al. 2003).
In a retrospective review of six clinical trials among 1551 evaluable patients with
community-acquired pneumonia, 71 (4.6 percent) were documented to have L.
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pneumophila infection (Yu et al. 2004). The risk factors for disease include old age,
diabetes, smoking, cancer, immunosuppression, and chronic respiratory or heart disease
(Den Boer et al. 2006; Greig et al. 2004; Sopena et al. 2007; Yu et al. 2004). Host factors
such as genetic predisposition may account for enhanced susceptibility in those without
other risk factors (Berrington and Hawn 2012).

1.1.2 Legionella pneumophila in the environment
Legionella pneumophila is found ubiquitously in fresh water environments, such
as lakes and streams, where it replicates within protozoan hosts. While natural freshwater
reservoirs are the most common reservoir for Legionella (Fliermans et al. 1981), L.
pneumophila has been found to be widespread in man-made water systems, such as
water-cooling towers (Barbaree et al. 1986; Keller et al. 1996) and in hospital water
systems (Stout et al. 2007). As a result, these man-made systems are often monitored for
Legionella colonization and treated with antimicrobial agents (Biurrun et al. 1999; Casini
et al. 2008).
Important for Legionella survival is the ability to survive in a wide range of
environmental conditions, including in the presence of antimicrobial agents used to treat
water systems. Analysis of the L. pneumophila Philadelphia-1 strain genome identified
more than 350 binding proteins and permeases in the Legionella genome, which
represented 62 separate substrate classes (Chien et al. 2004). Genome sequencing and
comparison of two L. pneumophila strains, Lens and Paris, have revealed that 10% and
14% of the genomes are strain-specific genes, respectively. These genes include genes for
virulence, antibiotic resistance and the efflux of toxins and heavy metals (Cazalet et al.
3

2004). The ability to remove toxic compounds might explain how these strains are able to
survive the biocide treatment of plumbing systems. It is suggested that the comparative
gene-wealth of the Paris strain might be related to its apparent resilience in the
environment.
L. pneumophila is able to grow in a broad range of protozoan hosts (Rusin et al.
1997). Legionella is able to replicate in at least 15 species of amoebae (Fields 1996;
O'Connor et al. 2011; Rowbotham 1980). This ability to grow in a broad range of
protozoans has allowed L. pneumophila to evolve and generate a pool of virulence
factors, which allow it to also infect human host cells. This is in contrast to many diseasecausing microorganisms which demonstrate a high degree of tropism for their hosts.
Although less common, microorganisms with the ability to grow in a diverse range of
host cell types are able to do so by adapting to the new host by selection for mutation,
inactivation or loss of virulence factors necessary for growth in the previous host
(Lindeberg et al. 2009). L. pneumophila does not appear to undergo this process of host
specialization because it retains the ability to grow in a diverse group of amoebae.

1.1.3 The life cycle of Legionella pneumophila
Disease in humans is caused by inhalation or aspiration of aerosolized bacterium
from a fresh water source that is then taken up by alveolar macrophages in the lung
(McDade et al. 1977). Person-to-person transmission of Legionnaire’s disease does not
occur. It is thought that amoebae, such as Acanthamoeba castellanii and Hartmannella
vermiformis, growing in fresh water sources are the reservoirs for bacteria that cause
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disease in humans (Henke and Seidel 1986). Intracellular growth provides the Legionella
bacterium protection from the external environment and a replicative niche to grow in.
Inside its host cell, L. pneumophila resides and replicates in a membrane-bound
vacuole that avoids fusion with late endosomes and lysosomes (Horwitz 1983a; Horwitz
and Maxfield 1984). This compartment is called the Legionella-containing vacuole
(LCV). L. pneumophila manipulates host cell processes to ensure its survival in the host
cell. For example, it is able to disrupt vesicle trafficking (Horwitz 1983b) to prevent
fusion of the LCV with lysosomes, thereby protecting the organism from degradation
through the host endocytic pathway. Endoplasmic reticulum-derived secretory vesicles
are recruited to the surface of the LCV, which alters the appearance of the vacuole in that
it resembles the rough ER (Derre and Isberg 2004; Horwitz 1983b; Kagan and Roy 2002;
Kagan et al. 2004; Tilney et al. 2001). The LCV is a distinct niche in which L.
pneumophila is able to replicate intracellularly.

1.1.4 Icm/Dot type IVb secretion system and Icm/Dot translocated substrates
Some pathogens possess specialized secretion systems to deliver proteins into
host cells, in order to modulate host cell processes. This is an important known strategy
for virulence for many pathogens. It is known that several intracellular pathogens use
type IV secretion systems to deliver proteins into the host cytoplasm that modulate host
cell processes. These include Chlamydia, Coxiella, Brucella and Legionella.
Central to L. pneumophila pathogenesis is the Icm/Dot (IntraCellular
Multiplication/Defective for Organelle Trafficking) type IVb secretion system (Brand et
al. 1994; Vogel et al. 1998). Bacterial type IVb secretion systems include classical
5

plasmid transfer systems and adapted conjugation systems used by pathogens (Christie
and Vogel 2000). The Icm/Dot secretion system is a macromolecular complex encoded
by 25 genes located on two genomic regions: Region I contains seven genes (icmV, W, X;
dotA, B, C, D), and Region II is composed of 18 genes (icmT, S, R, Q, P, O, N, M, L, K,
E, G, C, D, J, B, F, H) (LeBlanc and Vogel 2007). In the L. pneumophila strains
Philadelphia-1, Paris and Lens, the Icm/Dot system is conserved and present in the same
chromosomal position. Comparison of 18 L. pneumophila strains and 17 other Legionella
species by sequence and hybridization analysis revealed that the icm/dot regions are
present in all strains analyzed and that their organization is conserved (Morozova et al.
2004).
Through this secretion system, L. pneumophila injects bacterial proteins into the
host cell. Over 270 different bacterial proteins have been identified thus far (Huang et al.
2010; Luo and Isberg 2004; Zhu et al. 2011). The functions of individual Icm/Dot
translocated substrates (IDTS) have been difficult to elucidate due to the fact that
individual deletions of most substrates of the L. pneumophila genome have no
consequence on intracellular growth of the bacterium. This lack of growth phenotype is
thought to be due to functional redundancy, such that multiple translocated substrates
target a single pathway in the host cell (O'Connor et al. 2012). Despite challenges in
characterizing IDTSs, several have been characterized so far.
SidM targets and recruits host cell Rab1, a small GTPase that regulates fusion of
ER-derived vesicles with Golgi compartments (Machner and Isberg 2006; Machner and
Isberg 2007). Biochemical analysis of SidM revealed that this protein functions as a
potent and specific Rab1 GEF (Machner and Isberg 2006; Murata et al. 2006). Purified
6

SidM has the ability to activate Rab1 bound to GDI in vitro, which indicates that SidM
can function both as a Rab1 GEF and as a GDI-displacement factor (GDF) (Ingmundson
et al. 2007; Machner and Isberg 2007). A central region of SidM can mediate both GEF
and GDF activities, which suggests these two activities are linked (Schoebel et al. 2009;
Suh et al. 2009). Another IDTS, LidA, binds Rab1 and acts as an accessory protein to
enhance recruitment of Rab1 for SidM (Conover et al. 2003; Derre and Isberg 2005).
These activities help Legionella establish a replicative niche by recruiting early secretory
vesicles to the LCV.
RalF disrupts vesicle trafficking by functioning as an exchange factor for the ADP
ribosylation factor (ARF) family of GTPases (Nagai et al. 2002). The RalF protein is
required for the localization of ARF to phagosomes containing L. pneumophila (Nagai et
al. 2002). SetA acts on the host vesicle trafficking pathway to facilitate biogenesis of the
LCV. This activity is mediated through glycosyltransferase activity (Heidtman et al.
2009). SdhA maintains the integrity of the LCV (Creasey and Isberg 2012).

1.2 Mitogen-activated protein kinase signaling pathway and its involvement in
bacterial infection

1.2.1 Mitogen-activated protein kinase signaling pathway
Mitogen-activated protein kinases (MAPKs) are a family of serine/threonine
kinases involved in directing cellular responses to a diverse array of stimuli, such as
growth factors, mitogens, osmotic stress, oxidative stress and inflammatory cytokines
(Chang and Karin 2001; Davis 2000; Johnson and Lapadat 2002). They regulate
7

proliferation, cell division, differentiation, apoptosis, inflammation, growth and gene
expression (Chang and Karin 2001; Davis 2000; Johnson and Lapadat 2002). MAPKs are
unique to eukaryotes, but they are diverse and found in all animals, fungi, plants, and
unicellular eukaryotes such as yeast (Johnson and Lapadat 2002). The classic MAPK
cascade begins with an extracellular or environmental signal activating through a receptor
or a sensor upstream of a signaling module of three kinases: a MAPK kinase kinase
(MAP3K) that phosphorylates and activates a MAPK kinase (MAP2K) which activates
the MAPK. The MAP3K-MAP2K-MAPK cascade represents critical intermediate
effectors that can either positively or negatively propagate extracellular stimuli into
cellular responses, such as differentiation, proliferation and apoptosis. The mammalian
MAPK family includes the extracellular signal-related kinases (ERK1 and ERK2), c-Jun
NH2-terminal kinases (JNK1, JNK2, and JNK3), and p38 proteins (p38α, p38β, p38γ and
p38δ). Activation of ERK1/ERK2 acts to regulate cell proliferation and survival while the
JNK and p38 MAPKs are activated in response to environmental stress such as osmotic
or heat shock, radiation, growth factors and cytokines.

1.2.1.1 ERK1/ERK2 pathway
The ERK1/ERK2 pathway is activated by a variety of extracellular stimuli. This
pathway is strongly activated by growth factors, serum and phorbol esters (Roux and
Blenis 2004) but can also be activated by ligands of the heterotrimeric G protein-coupled
receptors (GPCRs), cytokines, and osmotic stress (Lewis et al. 1998). The extracellular
factors are able to act through GPCRs, receptor tyrosine kinases (RTKs), ion channels, or
other mechanisms, to transmit activating signals to the Raf-MAP2K-ERK cascade (Kolch
8

2005). The MAP3K in this pathway include c-Raf1, B-Raf, or A-Raf, which can be
activated by the proto-oncogene Ras (Johnson and Lapadat 2002). The main MAP2Ks
mediating ERK 1/ERK2 activation are MEK1/MEK2.
In Saccharomyces cerevisiae, the homologous pathway to ERK1/ERK2 is the
pheromone-regulated mating pathway which consists of the Ste11p (MAP3K)-Ste7p
(MAP2K)-Fus3p (MAPK) module. In S. cerevisiae, the Ste11p-Ste7p-Fus3p module is
bound to the scaffolding protein Ste5p, which couples the module to upstream activators.
This organization ensures the efficiency and specificity in the signaling cascades
(Widmann et al. 1999).

1.2.1.2 JNK pathway
The JNK1/JNK2/JNK3 MAPKs are activated in response to environmental stress,
radiation and growth factors (Widmann et al. 1999). There are over a dozen MAP3Ks
that regulate the JNK pathway (Johnson and Lapadat 2002) making regulation of this
pathway complex. The main MAP2Ks mediating JNK1/JNK2/JNK3 activation are
MKK4 and MKK7 (also called JNKK1 and JNKK2).

1.2.1.3 p38 MAPK pathway
The p38 MAPKs are a second mammalian stress-activated MAPK family. Like
the JNKs, the p38 proteins are strongly activated by environmental stresses, such as
ultraviolet irradiation, osmotic stress, heat shock, and inflammatory cytokines. The main
MAP2Ks mediating p38 protein activation are MKK3 and MKK6, which are in turn
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activated by the MAP3Ks TAK1, ASK1, SPRK, and PAK. Activation of the p38
pathway can lead to cytokine production and apoptosis.
In Saccharomyces cerevisiae, the MAPK Hog1 is most closely related the
mammalian p38. Hog1 is responsible for the response to osmotic shock and will be
discussed further in a later section.

1.2.2 MAPK pathway signaling is important in host response to bacterial infection
MAPK pathway signaling regulates many cellular actions, including innate
immune responses, cell proliferation, cell migration and apoptosis. Pathogenic bacteria
have been shown to modify host MAPK pathways. Some examples include the
pathogenic bacteria Yersinia, Vibrio, Shigella, Salmonella and Bacillus anthracis. These
bacteria use effector proteins to interrupt MAPK pathway signaling by various means.
The Yersinia effector protein YopJ is injected into the host cell cytoplasm through
Yersinia’s type III secretion system and is able to disrupt host MAPK pathways by
acetylating MAP2Ks, which prevents the activation of the MAP2K by phosphorylation
(Mukherjee et al. 2006). This acetyltransferase activity allows Yersinia to disrupt the host
innate immune system and promote apoptosis in infected cells. YopJ has a catalytic triad
necessary for its activity.
VopA is an effector of Vibrio parahemeolyticus which contains a type III
secretion system, and is a protein related to the Yersinia effector protein YopJ. Upon
secretion into the host cell, VopA acetylates MAP2Ks which inhibits the binding of ATP
to the MAP2K, causing the MAP2K to be inactivated (Trosky et al. 2007).

10

The Shigella effector protein OspF is secreted into the host cell through Shigella’s
type III secretion system. In the host cell, OspF is able to remove a phosphate group from
the MAPKs ERK1/ERK2, JNK and p38 protein (Li et al. 2007). OspF is a
phosphothreonine lyase and removes a phosphate group from a phosphothreonine residue
in the activation loop of the MAPKs ERK1/ERK2 (Li et al. 2007). This activity
irreversibly inhibits the ability of the ERK1/ERK2 to activate its downstream effectors
mitogen- and stress-activated kinase 1 and 2 (MSK1/MSK2) which regulates NF-κB
transcriptional activity and expression of inflammatory cytokines (Banerjee and
Gerondakis 2007). The phosphothreonine lyase activity may be preferable to phosphatase
activity because of the irreversible nature of the modification.
Salmonella enterica is a food-borne pathogen that causes gastroenteritis in
humans. The effector SptP prevents ERK MAPK activation through both its GAP
(GTPase-Activating Protein) and tyrosine phosphatase activities (Lin et al. 2003; Murli et
al. 2001). Additionally, similarly to OspF in Shigella, the Salmonella effector SpvC has
phosphothreonine lyase activity which inhibits host ERK, JNK and p38 MAPKs
(Mazurkiewicz et al. 2008). Another Salmonella effector, AvrA, possesses
acetyltransferase activity towards specific MAP2Ks and potently inhibits JNK and NFκB signaling pathways in both transgenic Drosophila and mouse models of S.
Typhimurium infection (Jones et al. 2008). These actions on MAPK signaling antagonize
the host cellular immune response allowing the intracellular bacteria to have prolonged
survival.
Bacillus anthracis releases anthrax toxin, a multi-subunit complex composed of
protective antigen (PA), edema factor (EF), and lethal factor (LF). The toxin is taken up
11

by the cell by receptor-mediated endocytosis. Acidification of the resulting endosome
causes EF and LF to be released into the host cytoplasm. The cytoplasmic LF is an active
metalloprotease that cleaves the N-termini of the MAP2Ks MKK1 and MKK2
(Martchenko et al.), which prevents the MAP2Ks from interacting with their MAPK
substrates (Duesbery et al. 1998; Park et al. 2002).

1.3 Yeast as a model organism

1.3.1 Saccharomyces cerevisiae, a system for interrogating mammalian processes
The budding yeast Saccharomyces cerevisiae is an excellent model organism for
interrogating mammalian processes due to the high conservation of biologically
important functions between yeast and mammalian cells. S. cerevisiae is one of the most
widely used eukaryotic model organisms. It has been used as a model to study signal
transduction (Hohmann et al. 2007), cell cycle (Clotet and Posas 2007; Duch et al. 2012),
chromosome fragility (Freudenreich 2007), regulation of gene expression (Biddick and
Young 2009), apoptosis (Madeo et al. 2002), aging (Bitterman et al. 2003),
neurodegenerative disorders (Miller-Fleming et al. 2008), and many other biological
processes. Interestingly, up to 30% of genes implicated in human disease may have
orthologs in the yeast genome (Foury 1997).
S. cerevisiae is well-characterized and its genome fully sequenced. There are
many genetic tools available, such as expression and deletion libraries, which allow for
relative ease of genetic screening and selection. S. cerevisiae can easily be transformed
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with DNA and undergoes homologous recombination at high efficiency. In addition, it is
easy to manipulate and culture in the laboratory.

1.3.2 Saccharomyces cerevisiae, a powerful tool for studying bacterial pathogenesis
Ectopic expression of bacterial proteins in S. cerevisiae has become a powerful
tool in identifying and characterizing bacterial virulence proteins (Curak et al. 2009;
Siggers and Lesser 2008; Valdivia 2004). The function of the Yersinia effector YopE was
characterized in yeast (Lesser and Miller 2001; Von Pawel-Rammingen et al. 2000).
Yersinia injects YopE, and several other proteins, into the cytoplasm of its target host
cell. YopE is required for Yersinia virulence and disrupts the actin network of the host
cell. YopE is cytotoxic when expressed in yeast which is consistent with previous studies
of YopE in mammalian cells (Andor et al. 2001; Lesser and Miller 2001), and suggested
that YopE may be acting similarly in both yeast and mammalian cells. Further study
showed YopE cytotoxicity and its ability to interfere with actin dynamics was attributed
to its RhoGAP activity (Lesser and Miller 2001; Von Pawel-Rammingen et al. 2000). In
contrast, expression of nontranslocated bacterial proteins, which are not expected to harm
the host cell, generally did not result in cytotoxicity in yeast (Campodonico et al. 2005;
Slagowski et al. 2008), demonstrating the specificity of using yeast as a model organism.
Another study that used yeast as a model host to screen for bacterial proteins that
disrupt conserved eukaryotic cellular functions was performed to study the pathogenesis
of the obligate intracellular bacteria Chlamydia trachomatis. ORFs of unknown function
from C. trachomatis were systematically expressed in yeast. This screen resulted in the
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identification of 34 putative effector proteins (Jorgensen and Valdivia 2008; Kumar et al.
2006; Sisko et al. 2006).
In another systematic study, a yeast deletion strain library was screened for
mutants hypersensitive to expression of the Shigella flexneri effector OspF. Analysis of
the 78 yeast deletion strains that were identified lead to the hypothesis that OspF targets
the yeast cell wall integrity pathway, a highly conserved MAPK signaling pathway. This
study also established OspF as a member of a family of MAPK phosphatases, the
phosphothreonine lyases (Kramer et al. 2007).
Yeast expression libraries have also been previously utilized to identify and
characterize substrates of the L. pneumophila type IV Icm/Dot secretion system
(Campodonico et al. 2005; de Felipe et al. 2008; Heidtman et al. 2009; Shohdy et al.
2005). Two of these studies include expression of L. pneumophila random genomic
libraries expressed in yeast. In one study, three previously unknown Legionella IDTS
proteins were identified, VipA, VipD and VipF (Vacuolar protein sorting inhibitor
protein), due to their ability to cause defects in membrane trafficking. These three
proteins caused trafficking defects by different mechanisms: Overexpression of VipA,
which contains a coiled-coil domain, caused a defect in carboxypeptidase Y trafficking,
VipD interfered with multivesicular body formation at the late endosome and
endoplasmic reticulum-to-Golgi body transport; and VipF, which contains an
acetyltransferase domain, did not cause a detectable alteration in the processing of any of
the three proteins analyzed in this study. Such differences highlight the multiple
strategies L. pneumophila effectors use to subvert host trafficking processes (Shohdy et
al. 2005).
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In another screen of a L. pneumophila genomic library expressed in yeast looking
for IDTSs that caused a growth defect in yeast, two previously identified IDTSs were
isolated, SidE and SdcA, as well as a protein of unknown function that was named YlfA
(Yeast lethal factor A) (Campodonico et al. 2005). The identification of SidE and SdcA
provided further validation of the use of yeast as a powerful genetic tool in identifying
and studying Legionella IDTSs. YlfA was also studied another screen, in which 33
previously identified Legionella IDTSs were studied in yeast in an effort to evaluate
whether these IDTSs contribute to the ability of L. pneumophila to disrupt vesicle
trafficking. YlfA causes a defect in host cell protein sorting (de Felipe et al. 2008).
In the study of the largest number of Legionella IDTSs in yeast to date, our group
performed a systematic screen of 117 IDTSs to identify yeast growth defects and
secretory pathway defects (Heidtman et al. 2009). Of the 117 IDTS proteins screened, 21
were implicated in the disruption of yeast protein trafficking. One of these, SetA, has
glycosyltransferase domain which is important for SetA interference of vesicular
trafficking of host cells.
These studies illustrate the power of using multiple yeast genetic approaches to
identify bacterial effectors and to gain insights into their function. These studies clearly
demonstrate that expression of bacterial proteins in S. cerevisiae can model the biological
processes occurring in human infection.

1.3.3 MAPK Signaling Pathways in Yeast
The budding yeast Saccharomyces cerevisiae has three major MAPK pathways:
Pheromone Response, Cell Wall Integrity, and High Osmolarity Pathways. The
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Phermone Response and Cell Wall Integrity Pathways are controlled by Erk-like kinases.
The High Osmolarity pathway is activated when yeast cells encounter an external
environment with high osmolarity, which induces the synthesis of glycerol to increase
their internal osmolarity through the yeast MAPK Hog1 (Hohmann 2009). Hog1is
activated via two pathways through two sensors, Sho1 and Sln1. Sho1 activates the
MAP3K-MAP2K-MAPK module Ste11-Pbs2-Hog1 while Sln1 activates the module
Ssk2/Ssk22 -Pbs2-Hog1. Input from both sensors converge on the MAP2K Pbs2. The
Pbs2 and Hog1 genes are necessary for growth under high osmotic conditions (Brewster
et al. 1993). Tyrosine phosphorylation of the Hog1 MAPK is rapid when cells are
exposed to an increase in external osmolarity (Brewster et al. 1993). The activated Hog1
is translocated into the cell nucleus where it controls gene expression by targeting gene
promoters (Alepuz et al. 2001; Mas et al. 2009).

1.3.4 Control of basal signaling
Under normal osmotic conditions, Hog1 is unphosphorylated. Upon sensing high
osmolarity, Hog1 is rapidly phosphorylated. The ability to turn off Hog1 is also important
(Brewster et al. 1993). For example, constitutive Hog1 phosphorylation is lethal (Maeda
et al. 1993). This lethality is probably due to the inhibition of cell cycle progression by
active Hog1, since deletion of ptc1 and ptp2 phosphatases, results in cell lethality (Maeda
et al. 1993).

1.3.5 Cell cycle control by MAPK
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Hog1 activation by exposure of cells to high osmolarity results in cell cycle arrest
in the G1-phase. Hog1 directly phosphorylates Sic1 at one residue (threonine 173) on the
carboxyl terminus of Sic1, and therefore stabilizes Sic1, a cycle cell cycle inhibitor
(Escote et al. 2004). Hog1 can also cause cell cycle arrest by downregulation of G1
cyclins (Cln1, Cln2, and Clb5) through a currently unknown mechanism. The
transcriptional regulators SBF and MBF are sequence-specific transcription factors that
activate gene expression during the G1/S transition of the cell cycle in yeast. The cyclins
Cln1 and Cln2 were shown to be targets of SBF and MBF in a genome-wide screen
identifying targets of these transcription factors (Iyer et al. 2001), but the mechanism of
how Cln1, Cln2 and Clb5 expression is repressed is still not known.

1.4 Ankyrin repeat proteins
The ankyrin repeat is one of the most common protein sequence motifs and
functions to mediate protein-protein interactions. The first ankyrin repeat proteins
described were yeast cell cycle proteins and the Drosophila NOTCH protein (Breeden
and Nasmyth 1987). The motif is named for the cytoskeletal protein ankyrin, which
contains 24 copies of the repeat (Bennett and Baines 2001; Lux et al. 1990). Each ankyrin
repeat motif consists of approximately 33 amino acid residues, consisting of two alpha
helices separated by beta turns, such that each residue motif contains a turn-helix-turnhelix-turn conformation. The number of repeats in a protein can vary widely from one to
33, with most ankyrin repeat proteins containing six or less repeats. The overall protein
structure has a slight curve (Figure 1A) (Mosavi et al. 2004).
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Ankyrin repeat proteins have been detected in organisms from all superkingdoms
including bacteria, archaea, and eukarya, as well as in a number of viral genomes.
However, the majority of ankyrin repeat proteins are found in eukaryotic organisms
(Mosavi et al. 2004). Ankyrin repeat proteins found in viruses and bacteria are believed
to be the result of horizontal gene transfer (Bork 1993).
Figure 1. Structure of the ankyrin repeat motif.

A. The structure of the human AnkyrinR protein. The ankyrin repeats have been colored
differently to illustrate the packing interactions. Note the slight curvature to
AnkyrinR. This curvature is typical of all ankyrin repeat proteins. Figure from Protein
Data Bank (PDB) entry 1N11. [Public domain], via Wikimedia Commons.
B. The ankyrin repeat consensus sequence derived from statistical analysis of ~4000
ankyrin repeat motifs in the PFAM database (Mosavi et al. 2004). The conservation
level of each position is labeled different colors. Blue, well conserved; pink, semi
conserved (same type); green, semi conserved (different type); yellow, not conserved.
Figure reprinted by permission from National Academy of Sciences, U.S.A.: Proc
Natl Acad Sci U S A. 2002 Dec 10;99(25):16029-34., copyright (2002).
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In a study looking for ankyrin repeat sequence homology in the SMART
database, a nonredundant protein database, the motif was found in 3608 proteins,
including cytoskeletal proteins, cell cycle regulators, transcriptional regulators,
modulators of the inflammatory response, developmental regulators and toxins (Mosavi
et al. 2004). Where subcellular localization has been analyzed, these molecules have been
found to localize to either the cell nucleus or cytoplasm, suggesting that the motif can act
in multiple cellular processes (Zou et al. 1997). Some ankyrin repeat proteins consist
solely of ankyrin repeats while others are multidomain molecules in which ankyrin
repeats are combined with other unrelated domains.
Because ankyrin repeats appear in a wide range of protein functional groups, it is
unlikely that these proteins have a common enzymatic function. Indeed, no enzymatic
function has been detected for any ankyrin repeat protein or ankyrin repeat domain in
proteins containing both ankyrin repeat and non-ankyrin repeat domains (Mosavi et al.
2004). However, the role of ankyrin repeats in protein-protein interaction has been welldocumented. There are several examples of protein domains that recognize specific
sequence motifs or protein modifications. By contrast, ankyrin repeat proteins do not bind
to a selective class of target proteins, but rather, they interact with a diverse group of
proteins.
The roles of ankyrin repeat proteins have been studied in human disease
pathogenesis. Cardiac ankyrin repeat protein (CARP), also known as ankyrin repeat
domain 1 (ANKRD1), is a transcriptional co-factor that regulates normal heart
development in the fetus (Jeyaseelan et al. 1997; Zou et al. 1997). CARP gene expression
is upregulated in cardiomyocytes in response to hypertrophy stimuli and at heart failure,
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suggesting that CARP is important in physiological and pathological remodeling of the
heart tissue (Aihara et al. 2000; Zolk et al. 2002). Members of the family of INK4 tumor
suppressors (p15, p16, p18 and p19) as well as 53BP2, a regulator of the tumor
suppressor p53, all contain ankyrin repeats. Mutations or deletions of several of these
tumor suppressors have been implicated in a variety of human tumors (Li et al. 1999;
Tang et al. 1999; Tevelev et al. 1996), indicating that dysfunction of ankyrin repeat
proteins is relevant to human disease.
Three-dimensional analysis of ankyrin repeat proteins shows that the ankyrin
repeat consists of pairs of antiparallel alpha-helices stacked side by side and connected by
a series of intervening beta-hairpin motifs. As consecutive ankyrin repeats stack together,
the extended beta-sheet projects away from the helical pairs almost at right angles to
them, which results in a characteristic L-shaped domain. This assembled structure
resembles a cupped hand: the fingers represent the beta-hairpins and the palm follows the
concave, inner surface of the ankyrin groove, which is made up of solvent-exposed
residues from the alpha-helical bundle.
As mentioned earlier, the paired helices of each repeat stack side by side next to
the other ankyrin repeat motifs in the same protein. Stacking of individual repeats
enhances stability of the overall structure. At the same time, it is flexible and elastic to
provide the versatility required for mediating protein-protein interactions. A minimum of
two repeats are necessary for a functional protein-protein interaction platform as one
repeat cannot fold properly (Mosavi et al. 2002; Zhang and Peng 2000).
Statistical analyses of ankyrin repeat sequences have yielded ankyrin repeat
consensus sequences. Specifically, the four residues at the beginning of the first alpha21

helix form a highly prevalent tetrapeptide, Thr-Pro-Leu-His (residues 4-7) (Figure 1B). In
this sequence, the peptide forms a tight turn and initiates the first alpha-helix. The
Val/Ile-Val-Xxx (hydrophilic)-Leu/Val-Leu-Leu motif (positions 15-20) is important for
the stability of the second alpha-helix by forming intra- and inter-ankyrin repeat bonding
interactions, by both hydrophobic and hydrogen bonding (Kohl et al. 2003; Mosavi et al.
2002; Yuan et al. 2004).
Other conserved features of the ankyrin repeat motif recognized from the
consensus sequence are the glycine residues conserved at positions 11 and 23, which act
to terminate the alpha-helices and provide the freedom for a loop to link both helices.
Mutations at these conserved residues have been identified in the tumor suppressors p16
and p18 from tumor specimens and demonstrates the importance of these residues in
tumorigenesis. In addition, these tumor-specific mutations were analyzed for their role in
the stability and solubility of the p16 and p18 proteins and found to cause instability and
aggregation of these proteins (Li et al. 1999; Tang et al. 1999).

1.4.2 Variations from the canonical ankyrin repeat motif
Although the general structures of ankyrin repeat motifs are similar, intrinsic
differences among some ankyrin repeat motifs have been identified. The ankyrin repeats
at the N- and C-termini of an ankyrin repeat domain should follow similar sequence and
structural consensus as the repeats in the inner portion of the domain, but these “capping”
ankyrin repeats see a different environment as compared to the inner ankyrin repeats.
They are more accessible to the solvent and provide a barrier for the hydrophobic core
from the solvent (Forrer et al. 2004; Forrer et al. 2003).
22

Additional variations include a shortened or missing alpha-helix in one of the
ankyrin repeat motifs while the remaining ankyrin repeat motifs in the protein follow the
canonical structure. For example, the first helix of the second ankyrin repeat motif of
INK4 proteins is atypically short (approximately four to seven residues), but the turnhelix-turn-helix-turn structure is maintained (Li et al. 1999). Another example is the GAbinding protein β (GABPβ) that has an ankyrin repeat domain which is typical until the
fifth and final motif which is incomplete at the C-terminus and considered half motif
(Batchelor et al. 1998).

1.4.3 Variations in the loop regions
The loop regions in each ankyrin repeat motif are considerably flexible in
conformation, and vary greatly in composition and size, thus provide binding specificity
while the helices provide support for the overall structure of the protein. Normally, the
loops form a continuous beta-sheet between neighboring ankyrin repeat motifs. However,
some ankyrin repeats have very long loops. The loop between the third and fourth
ankyrin repeats of the yeast Swi6 protein contains approximately 40 amino acid residues.
Structural analysis shows that the second helix of the third ankyrin repeat motif of the
Swi6 protein is elongated, followed by a short section of beta-sheet, an unfolded loop,
and two additional short helices (Foord et al. 1999). In the IκBα protein, a short insertion
between the third and fourth ankyrin repeat motifs forms an additional helical region
within the loop (Huxford et al. 1998; Jacobs and Harrison 1998). In contrast, the loops of
the ankyrin repeat protein myotrophin, which contains four ankyrin repeat motifs, do not
form a continuous beta-sheet (Yang et al. 1998). Because the loop regions protrude away
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from the alpha-helices at a 90-degree angle, the variation in the loop regions usually do
not interrupt the stacking of the linear stacking of the ankyrin repeat motifs, suggesting
that ankyrin repeat proteins can tolerate a wide range of variances (Mosavi et al. 2004).

1.4.4 Ankyrin repeat proteins in bacteria
The ankyrin repeat motif was first described in eukaryotes and is considered a
eukaryotic domain based on phyletic distribution analysis (Ponting et al. 1999). It is
widely viewed that the acquisition of these ankyrin repeat-containing genes was due to
horizontal gene transfer (Bork 1993). These studies were based on the genomes
sequenced at the time, which included 12 bacterial genomes: Aquifex aeolicus, Bacillus
subtilis, Borrelia burgdorferi, Chlamydia trachomatis, Escherichia coli, Haemophilus
influenzae, Helicobacter pylori, Mycoplasma genitalium, Mycoplasma pneumoniae,
Mycobacterium tuberculosis, Synechocystis PCC6803 and Treponema pallidum; four
complete archaeal genomes: Archaeoglobus fulgidus, Methanobacterium
thermoautotrophicum, Methanococcus jannaschii and Pyrococcus horikoshii; and two
complete eukaryotic genomes: Caenorhabditis elegans and Saccharomyces cerevisiae
(Ponting et al. 1999). Of note, the genome of L. pneumophila had not been sequenced yet,
nor had the sequences of other pathogenic or symbiotic bacteria relevant to this study,
such as Coxiella burnetii, Anaplasma spp., Rickettsia spp., Wolbachia spp.
Recent sequence analysis of additional archaea genomes suggests that the
presence of ankyrin repeat proteins in eukaryota and bacteria to be of either ancient origin
or of multiple convergent evolution events, due to the fact that sequence analyses reveal
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that these archaea contain putative ankyrin repeat proteins (Anderson et al. 2008; Reno et
al. 2009).
When we searched the SMART database, more than 1600 bacterial proteins are
annotated to contain the ankyrin repeat motif. Of these 1600 proteins, over two-thirds of
these proteins come from the Proteobacteria phylum, which includes L. pneumophila ,
Coxiella burnetii, Anaplasma spp., Rickettsia spp, Wolbachia spp. Remarkably, all these
organisms employ type 4 secretion systems (T4SSs) when interacting with their host
organsims (Dale and Moran 2006; LeBlanc and Vogel 2007; Rikihisa and Lin 2010;
Sexton and Vogel 2002). These are examples of pathogenic or symbiotic bacteria using
ankyrin repeat proteins to mediate their interactions with their eukaryotic hosts.
The first bacterial gene encoding an ankyrin repeat motif was described in
Serratia liquefaciens (Bork 1993; Givskov et al. 1988). Since then, several ankyrin repeat
proteins have been described in bacteria. For the purposes of this study, we will review a
subset of ankyrin repeat proteins in intracellular bacteria.

1.4.4.1 Ankyrin repeat proteins in Wolbachia
Some endosymbiont Wolbachia species encode ankyrin repeat proteins in their
genome. Wolbachia are common intracellular bacteria that are found in arthropods and
nematodes. They are transmitted maternally through host eggs and alter host biology in
diverse ways, including the induction of reproductive manipulations, such as
feminization, parthenogenesis, male killing and sperm-egg incompatibility. They can also
move horizontally across species boundaries, resulting in a rapid, widespread distribution
in diverse invertebrate hosts (Werren et al. 2008).
25

Sequencing and annotation of the genome of the Wolbachia strain wMel revealed
23 ankyrin repeat genes (Wu et al. 2004). In a different strain, wPip, there were 60
ankyrin repeat genes annotated, the highest number of ankyrin repeat genes reported in a
single prokaryotic genome. Some of the ankyrin repeat proteins contain predicted signal
peptides and transmembrane domains, which suggests that they may be secreted into the
mosquito cell cytoplasm (Walker et al. 2007). This unusually high number suggests that
this family of proteins plays an important role in the endosymbiosis of wPip with its host.

1.4.4.2 Ankyrin repeat proteins in Anaplasma phagocytophilum
The first ankyrin repeat protein described and characterized for an intracellular
pathogen was AnkA from Anaplasma phagocytophilum. A. phagocytophilum is an
obligate intracellular bacterium that grows within a host-derived membrane bound
vacuole in human and animal neutrophils (Dumler et al. 2005). Once inside the host cell,
A. phagocytophilum avoids the phagolysosomal maturation pathway prior to fusion with
lysosomes to avoid bacterial degradation. They grow in a cluster called a morula within
the vacuole. A. phagocytophilum is the causative agent of human granulocytic
anaplasmosis (HGA), which typically presents as an acute illness. Symptoms include
fever; malaise, myalgia, headache, and chills occur in over two-thirds of cases; nausea,
vomiting, arthralgias, and cough occur in 25 to 50 percent of cases (Centers for Disease
Control and Prevention (CDC). 2009; Chen et al. 1994; Dumler et al. 2005).
AnkA contains 11 ankyrin repeat motifs in its N-terminal region and is
translocated into the host cell by the bacterium’s T4SS. AnkA can be observed in both
the host cytoplasm and nucleus (Caturegli et al. 2000). In the nucleus, AnkA binds
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nuclear proteins and complexes with DNA to modulate gene expression (Park et al.
2004). Specifically, accumulation of AnkA in the host nucleus has been shown to
downregulate expression of CYBB, which encodes a component of the phagocyte oxidase
complex known to target Anaplasma during intracellular growth (Garcia-Garcia et al.
2009).
The function of AnkA in the host cytoplasm is less clear. AnkA binds to the host
protein Abl-interactor 1, which recruits the tyrosine kinase Abl-1 to phosphorylate AnkA
(Lin et al. 2007). It is currently unknown how phosphorylation affects AnkA function
though the negative regulation of these host response genes appears to be important for
Anaplasma infection. AnkA is also phosphorylated by Src kinase and binds to host SHP1 (Src homology phosphatase-1). The tyrosine phosphorylation of AnkA is essential for
its interaction with the host SHP-1 (Src homology phosphatase-1) protein during
infection (IJdo et al. 2007). SHP-1 is a phosphatase that controls cellular activation
events, including production of bactericidal reactive oxygen species (Zhang et al. 2000),
which Anaplasma must combat to survive in its host cell. Additionally, silencing of Abl-1
expression antagonizes infection, demonstrating the importance of effector interactions
with host proteins (Lin et al. 2007).
Other intracellular pathogens in the same family as A. phagocytophilum,
Anaplasmataceae, also encode ankyrin repeat proteins. The livestock pathogen A.
marginale encodes three such proteins, including an AnkA homolog, that are expressed
during infection of mammalian cells (Brayton et al. 2005; Ramabu et al. 2011).
Additionally, another study showed that A. marginale AnkA is translocated into the host
cell cytosol using Legionella as a surrogate model of secretion (Lockwood et al. 2011).
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Other Anaplasmataceae family members includes Ehrlichia spp. and Rickettsia spp.
Ehrlichia chaffeensis is the macrophage-tropic agent of ehrlichiosis, a tick-borne disease
similar to anaplasmosis. E. chaffeensis encodes four ankyrin repeat proteins (Rikihisa and
Lin 2010). One of which is called p200 and is found in the host nucleus during infection
to interact with promoters of genes involved in apoptosis and cytokine production (Zhu et
al. 2009).

1.4.4.3 Ankyrin repeat proteins in Coxiella burnetii
Coxiella burnetii is the causative agent of human Q fever. It is highly infectious
and targets host alveolar macrophages, which are unable to kill the bacterium. C. burnetii
is unique among intracellular bacterial pathogens in that the organism promotes fusion of
the host lysosome to form a large, acidic vacuole for replication (Maurin et al. 1992). C.
burnetii uses a T4SS to promote vacuole formation, allow intracellular replication and
inhibit host cell apoptosis (Beare et al. 2011; Carey et al. 2011). There are more than 60
C. burnetii effectors though their functions are largely unknown (Voth 2012). One large
family of C. burnetii effectors contains ankyrin repeats and is highly diverse among
isolates that cause differing forms of Q fever. Eleven proteins of this 15-member family
are translocated by the T4SS (Pan et al. 2008). The Coxiella ankyrin repeat protein AnkG
binds to and inhibits activity of host p32, a protein that normally triggers mitochondrialdependent apoptosis. Inhibition of host cell apoptosis is critical for Coxiella infection so
that the bacterium can maintain a viable niche for intracellular growth (Luhrmann and
Roy 2007; Voth et al. 2007).
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1.4.4.4 Ankyrin repeat proteins in Legionella pneumophila
As discussed previously discussed, L. pneumophila exists in a phagosome that
avoids lysosome fusion and recruits components of the endoplasmic reticulum. Upon
sequencing of the genome of L. pneumophila Philadelpha-1 strain, 15 proteins were
predicted to have ankyrin repeat motifs (de Felipe et al. 2005). Among the three
sequenced strains of L. pneumophila, analysis shows conservation of 11 genes containing
ankyrin repeat motifs (Habyarimana et al. 2008). AnkX/lpg0695/legA8/AnkN contains
four ankyrin repeats and blocks microtubule-associated transport of vesicles during
Legionella infection. This inhibition prevents the vesicle from fusing with late
endosomes. Mutational analysis revealed that the ankyrin repeats in AnkX are required
for disruption of vesicular transport. In addition to this activity, AnkX phosphocholinates
Rab1 and Rab35 to regulate their activities (Mukherjee et al. 2011). Phosphocholination
activity is modulated through the FIC domain in AnkX (Roy and Mukherjee 2009) and
requires the ankyrin repeat domain to stabilize intramolecular interactions of the
phosphocholine substrate binding site and the FIC domain (Campanacci et al. 2013).
Another Legionella ankyrin repeat protein is AnkB/lpg2144/legAU13. AnkB
contains two ankyrin repeats and an ubiquitination-related F-box domain (Al-Khodor et
al. 2008). AnkB-deficient Legionella are unable to replicate efficiently in macrophages
and amoeba and do not cause disease in a mouse model of Legionnaires' disease (AlKhodor et al. 2008; Price et al. 2009). The F-box domain is a eukaryotic structure and
acts to recruit a target protein to the ubiquitination machinery for modification by
attachment of ubiquitin (Ho et al. 2006). AnkB is predicted to bind directly to a target
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host protein so that it can be targeted for ubiquitination and potential degradation (Price
et al. 2009).
Two additional ankyrin repeat proteins have been shown to be important for
Legionella infection: AnkH and AnkJ. Mutations in either gene results in a moderate
defect in intracellular replication in macrophages and amoeba, and in the animal model
for Legionnaire’s disease (Habyarimana et al. 2008; Habyarimana et al. 2009). However,
the host targets and functions of these ankyrin repeat proteins are currently unknown.

1.5 Thesis objectives
The work described here represents an effort to identify and characterize host
factors host cell pathways controlled by L. pneumophila that have not been previously
identified using traditional strategies of analyzing membrane trafficking and kinase
networks during intracellular growth. First, we performed a genetic screen in the model
organism Sacchromyces cerevisiae. In this screen, we identified LegA7 as an IDTS that
resulted in reduced ability of S. cerevisiae to adapt to conditions of high osmolarity. We
then further characterized the LegA7 protein and found that it contained a catalytic triad,
which was required to confer this defect in adaptation (Chapter 4). Second, we performed
additional screens to further characterize LegA7 and in an attempt to identify the target
protein in the host cell in order to gain insight on LegA7 activity (Chapter 4).
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Chapter Two:
Materials and Methods
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2.1 Strains and media
Yeast and bacterial strains, and plasmids used in this study are listed in Tables 1
and 2. For E. coli strains, ampicillin was added to 100 µg·ml-1, kanamycin was added to
30 µg·ml-1. Yeast strains were grown in Complete Minimal (CM) (Treco and Lundblad
2001) dropout medium supplemented with 2% glucose, raffinose or galactose as
indicated in the text. All yeast methods were based on established yeast protocols
(Sherman 1991). The L. pneumophila yeast expression library has been previously
described (Heidtman et al. 2009). In brief, putative and known L. pneumophila IDTSs
were cloned into pYES2/NTA (Invitrogen) under the control of the galactose-inducible
promoter PGAL1. For growth in yeast, selection was made in URA-drop out medium. For
the MAPK bypass screen, legA7 was expressed in pYES2/NTA-leu. pYES2/NTA-leu
was generated by replacing the URA3 gene with the LEU2 gene via homologous
recombination in yeast. Selection for the legA7 plasmid was maintained in LEU-drop out
medium. The MAPK components used in the MAPK bypass screen were expressed in
pBY011 (Harvard Institute of Proteomics) under the control of the galactose-inducible
promoter PGAL1-10. Expression of the MAPK components were selected by URA-drop out
medium. HEK293T were maintained in DMEM plus 10% fetal bovine serum (FBS).

2.2 Screen for MAPK activation in mammalian cells
Plasmids containing Icm/Dot translocated substrate genes fused to gfp were
constructed by inserting fragments into pDONR221 (Invitrogen) and transferring the
inserts into pDEST53 (pCMV-GFP) by using the Gateway™ system, as we previously
described (Losick et al. 2010). The inserts in the original pDONR211 constructions were
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sequenced, and the appropriate recombinants were used for the transfer reaction into the
GFP-expressing plasmid (Losick et al. 2010). The GFP fusion constructions, in which
GFP-IDTS fusions were under the control of the CMV promoter, were analyzed by
restriction digestion, the insertions were sequenced, and the plasmids were purified using
Ultra Pure Miniprep kits (Qiagen) for use in transfections.
To screen for MAPK activation, HEK293T cells were seeded at a density of 1 x
106 cells per well of 12-well dishes and left overnight to adhere. Cells were transfected
with 500 ng of each plasmid using 0.4 µl of Fugene 6 according to manufacturer’s
instructions (Promega) for 40 hours. Each well was washed, solubilized in SDS sample
buffer (2% SDS, 50 mM TRIS-HCl (pH = 6.8), 0.1% Bromphenol Blue, 10% glycerol),
boiled for 2 minutes, loaded onto two SDS-PAGE gels, and transferred to filters for
immunoprobing. One filter was used to probe for relative expression levels of each of the
fusion constructions, using anti-GFP polyclonal serum (Sigma). The other filter was
immunoprobed for phosphorylation of ERK (Cell Signaling), JNK (Cell Signaling), or
p38 (Cell Signaling). Filters were scanned by densitometry and relative phosphorylation
levels of each MAPK member was determined relative to α-tubulin (Sigma) loading
control. Images were inverted and quantified using Adobe Photoshop.
Analysis of MAPK phosphorylation samples resulted in a few transfections that
showed large amounts of JNK phosphorylation relative to the control empty vector,
giving the overall dataset a large standard deviation. Therefore, to expand the number of
L. pneumophila candidates that cause alterations in JNK phosphorylation relative to
empty vector control, the median and the median absolute deviation (MAD) of each
sample tested was determined (Chung et al. 2008). A MAD score was then determined
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for each sample as (Xi – median)/MAD, in which Xi = amount of phosphorylation
relative to control of a particular sample. Samples that had MAD scores > 3.5 were
considered to be expressing candidate L. pneumophila proteins that cause enhanced
activation of JNK.

2.3 Quantification of MAPK activation in mammalian cells
For quantitative analysis of MAPK activation in mammalian cells, HEK293T
cells were seeded at a density of 1 x 106 cells per well of 12-well dishes and allowed to
adhere overnight. Cells were transfected with 500 ng of each plasmid using 1.5 µl of
Fugene HD according to manufacturer’s instructions (Promega) for 40 hours. Each well
was washed, solubilized in 2x SDS sample buffer (125 mM Tris-HCl (pH = 6.8), 20%
glycerol, 4% SDS, 2% 2-ME, 0.001% bromphenol blue), boiled for 5 minutes, loaded
onto three SDS-PAGE gels, and transferred to PVDF membranes for immunoprobing.
One filter was used to probe for relative expression levels of each of the fusion
constructions, using anti-GFP polyclonal serum (Invitrogen A11122). The second filter
was immunoprobed for phosphorylation of JNK (Cell Signaling 4668). The third filter
was immunoprobed for α-tubulin (Sigma T9026). The appropriate HRP-conjugated
secondary antibodies (Invitrogen) were used to allow detection by ECL. The filters were
exposed to film and images of the films taken using Kodak Image Station.
To determine the normalized signal intensity, the signal intensities of phosphoSAPK/JNK for legA7, lpg0030, lpg0059 and empty vector were normalized to the
intensity of the loading control alpha-tubulin for each particular sample. The average and
standard error were calculated for each strain. To determine ‘Relative Expression’ over
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the empty vector, the average normalized signal intensity of each strain was divided by
the average normalized empty vector signal intensity. Data are the mean of three samples
+ S.E.

2.4 Quantification of growth defects of yeast strains
For quantitative analysis of growth defects, strains were grown to saturation in
CM(glucose)-URA medium. Cultures were adjusted to A600 =1.0, diluted 1:1000 with
sterile water, and 100 µl was plated to CM(galactose)-URA plates. Plates were incubated
at 30°C for 45 hours. For each strain, approximately 25 colonies were imaged using
SPOT microscope digital imaging software. Images were exported to IPLab Spectrum
imaging software for colony diameter measurement in pixels. The average colony
diameter + standard deviation for each strain was normalized to the empty vector control
strain for each experiment.

2.5 Sensitivity to high osmolarity
The effect of L. pneumophila protein expression on adaptation of S. cerevisiae to
high osmolarity was screened using a plate assay. In brief, a bank of 131 S. cerevisiae
strains harboring pYES2/NTA (Invitrogen) that expresses L. pneumophila IDTSs under
the control of a galactose-inducible promoter were grown overnight to saturation in liquid
CM (-URA) glucose medium. Strains were then back-diluted to A600 =1.0, serially diluted
10-fold, and 5 µl of each dilution was spotted onto CM (-URA) galactose medium in the
presence or absence of 0.7M sorbitol. Plates were incubated at 30°C for 45 hours. For all
experiments, growth of yeast strains was compared with a control strain harboring the
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empty pYES2/NTA vector. Strains were scored visually for growth defects based on the
number of colonies that appear and the size of the individual colonies that arose after this
incubation period.
For measurement of CFU plating efficiency, strains were grown to saturation in
CM(glucose)-URA medium. Cultures were adjusted to A600 =1.0, diluted 1:1000 with
sterile water, and 100 µl was plated to CM(galactose)-URA plates with or without 0.7M
sorbitol. Plates were incubated at 30°C for 45 h. For each strain and condition, the CFU
was determined. Relative CFU plating efficiency was calculated by CFUcondition /
CFUglucose x 100 for each strain.

2.6 MAPK bypass screen
Components of the yeast MAPK pathways were individually expressed in the
plasmid pBY011 (URA3-marked) and introduced in the S. cerevisiae strain BY4741
(MATa his3 leu2 lys2 ura3) harboring pYES2/NTA-leu PGAL1-legA7. For complete list of
plasmids harboring S. cerevisiae MAPK component genes, see Table 2. Strains were
visually scored for growth based on colony number and size of individual colonies. A
subset of strains in which there was a qualitative change in growth properties, as
indicated in text, was analyzed further by a quantitative spotting assay. In brief, strains
were grown overnight with aeration to saturation in liquid CM(-URA-LEU) glucose
medium to select for each plasmid. Cultures were adjusted to A600 = 1.0, diluted 1:1000
with sterile water, and 100 µl was plated to CM(galactose)-URA-LEU plates with or
without 0.7M sorbitol. For all experiments, growth of yeast strains was compared with a
control strain harboring empty vector. Plates were incubated at 30°C for 45 h. For each
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strain, approximately 25 colonies were imaged using SPOT microscope digital imaging
software. Images were exported and analyzed to measure colony diameter using IPLab
Spectrum image analysis software, as in other quantitative colony assays. The average
colony diameter and standard deviations for each strain was normalized to the empty
vector control strain for each experiment.

2.7 The HOG-specific 8XCRE-lacZ reporter assay
To measure Hog1 activation upon high osmolarity stress, we employed the Hog1
activation reporter construction p8XCre-LacZ (Tatebayashi et al. 2006) which is LEU2marked. The plasmid contains eight tandem repeats of the CRE (cAMP Response
Element) sequence fused to LacZ, which allows detection of Hog1 phosphorylation
cascade transcriptional activation. This plasmid was transformed into S. cerevisiae strain
BY4741 (MATa his3 leu2 lys2 ura3) harboring either the pYES2/NTA empty vector or
plegA7 (URA3-marked) plasmids.
Cells were grown overnight in liquid selective medium (CM(raffinose)-URALEU) containing 2% raffinose (low osmotic strength, non-inducing medium). After
overnight growth, cells were backdiluted to A600 = 0.2 into liquid selective media
(CM(raffinose)-URA-LEU) containing 2% raffinose for 2 hours. At this point, galactose
was added at a final concentration of 2% to induce LegA7 expression. The existing
raffinose was not washed away. Cells were then subjected to osmotic stress by the
addition of 0.4M NaCl for 30 minutes, pelleted and resuspended in Z buffer (Miller
1972), and permeabilized by three freeze/thaw cycles. For the assay of β-galactosidase
activity, the chromogenic substrate o-nitrophenyl-β-d-galactoside was added in excess
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(320µg in 1mL reaction), and the extracts were incubated at 30°C until the development
of a yellow color was obvious. The reactions were stopped by the addition of 1M Na2CO3
and cell supernatants were collected by centrifugation at 18,000g for 10 min at room
temperature. β-galactosidase activity was then determined by determining the amount
ONPG hydrolysis at A420 and normalizing to the cell density based on A600 reading of the
cell culture. Data were displayed as Miller Units (Miller 1972) and are the mean of three
independent transformants. Experiment was performed three times.

2.8 Site-directed mutagenesis
Site-directed mutagenesis was performed using primers listed in Table 2. The
legA7 gene was inserted into pYES2/NTA-leu and mutagenesis was performed by
hybridizing a primer containing a mutation and its complement followed by PCR to
amplify the entire plasmid sequence. PCR was performed with PfuUltra II Fusion HS
DNA polymerase following the manufacturer’s instruction (Stratagene). After PCR, the
product was DpnI-treated to digest the parental DNA template. 5µL of the DpnI-digested
PCR reaction was then transformed into Ca2Cl-competent DH5alpha E. coli, allowing the
linearized DNA to be recircularized by the E. coli cells. Clones were sequenced to
identify candidates with appropriate basepair changes.

2.9 Mutagenesis screen
To isolate random mutations in the legA7 gene, the HIS3 gene was placed directly
downstream and in-frame with the legA7 gene (removing the cognate stop codon) in the
plasmid pYES2/NTA (URA selection) using homologous recombination to generate a
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legA7::HIS3 fusion (A. Ensminger and R. Isberg, unpublished data). The BY4741 strain
transformed with the legA7::HIS3 fusion pYES2/NTA was verified to show a stronger
growth defect than the plasmid harboring legA7 alone, as demonstrated by spotting assay.
This plasmid was mutagenized by transforming it into the E. coli XL1-Red (mutS mutT
mutD) mutator strain (See Table 1). After growth in culture for 16 hours, DNA was
isolated from two independent cultures and transformed into wild-type S. cerevisiae
(BY4741 his3 ura3), selecting for growth on CM(galactose)-URA-HIS drop out medium.
Strains that gave higher viability or larger colony size than the parental legA7::HIS3
fusion-containing strain on sorbitol-containing medium were retained for further analysis
(Figure 10A).

2.10 Localization of LegA7 in mammalian cells
HeLa cells (ATCC) were maintained in DMEM supplemented with 10% heatinactivated fetal bovine serum. 4 x 104 cells were plated and grown on glass coverslips
before transfection. LegA7 was expressed from the plasmid pEGFP_C1 under control of
the promoter PCMV. Ectopic expression was achieved by transient transfection of 200 ng
of plasmid with 0.6 µl FuGENE HD (Promega) per manufacturer’s recommendations.
Cells were analyzed 16 hours after transfection. Transfected cells were fixed with 4%
paraformaldehyde for 30 minutes and mounted on glass slides for analysis by
microscopy. Images were captured using Openlab imaging software.

2.11 Assay for secretion defect
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The assay for evaluating secretion defects is based on immunoprobing for
precursor/immature forms of the proteins carboxypeptidase Y (CPY) defect or alkaline
phosphatase (ALP). In brief, cells expressing plegA7 (URA3-marked) were grown to
saturation in selective media under non-inducing conditions (CM(glucose)-URA). The
cells were then back-diluted to an OD600=1.5 in selective CM(galactose)-URA media
containing galactose. LegA7 expression was induced for 5-6 hours. Cells were harvested
and lysed mechanically by bead beating. 6x SDS sample buffer (350 mM Tris-HCl (pH =
6.8), 30% glycerol, 10% SDS, 6% 2-ME, 0.012% bromphenol blue) was added to the
cleared lysates and boiled for five minutes. Samples were resolved on 8% polyacrylamide
gels, transferred to PVDF membranes and probed with monoclonal antibodies against
CPY and ALP, which are known secreted proteins that have different sized variants
depending on location within the secretory pathway. Blots were also probed with antiXpress monoclonal antibodies to verify protein expression.

2.12 Examination of LegA7 action on Hog1 activation in response to stress by
Western blot
The effect of LegA7 expression on Hog1 activation in S. cerevisiae in response to
high osmolarity was performed as follows. Overnight cultures of the S. cerevisiae strain
BY4741 harboring the pYES2/NTA-leu empty vector, plegA7 or plegA7∆Ank (LEU2)
plasmids were back-diluted to an A600 =0.2 into selective media containing galactose
(CM(galactose)-LEU) to induce protein expression and grown in this medium for 5
hours. After the induction time, cells were stressed by addition of 0.4M NaCl to the
media. After an exposure time of 5 minutes to the stress, cells were pelleted, resuspended
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in disruption buffer (20mM HEPES, 150mM NaCl, 1mM EDTA, pH7.0) containing
protease inhibitor cocktail (Roche # 11 873 580 001) and flash-frozen in a dry ice/ethanol
bath. Samples were stored at -80°C until collection of all samples. After the collection of
all samples, samples were thawed on wet ice and cell lysates were prepared by
mechanical disruption using glass beads, clarified by centrifugation and boiled in 6x SDS
sample buffer (350 mM Tris-HCl (pH = 6.8), 30% glycerol, 10% SDS, 6% 2-ME,
0.012% bromphenol blue), boiled for 5 minutes, loaded onto three SDS-PAGE gels, and
transferred to PVDF membranes for immunoprobing. One filter was used to probe for
phosphorylated Hog1 expression via anti-p38 antibody (Cell Signaling 9215). The second
filter was immunoprobed for LegA7 expression via anti-Xpress antibody (Invitrogen
R910-25). The last filter was immunoprobed for PGK expression via anti-PGK antibody
(Invitrogen 459250). The appropriate HRP-conjugated secondary antibodies were used to
allow detection by ECL. The filters were exposed to film and images taken using Kodak
Image Station.
For the time course, a similar protocol was followed as above except samples
were collected at 5, 30 and 60 minutes after addition of 0.4M NaCl. Phosphorylated
Hog1 levels were determined by densitometry and normalized to PGK levels.

2.13 A yeast two-hybrid screen to identify interacting partners of LegA7
In order to identify interacting partners of LegA7, a yeast two-hybrid (Y2H)
screen was performed. Wild-type LegA7, C61S mutant, ankyrin-repeat deletion were
inserted into pGBKT7 (TRP3). Strains were tested for toxicity by plating, for
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autoactivation by plating on selective medium CM(glucose)-TRP-LEU-HIS-ADE, and
protein expression was verified by immunoblot.
The Y2H system utilizes the GAL4/UAS system. The bait protein is expressed as
a fusion to the Gal4 DNA-binding domain (DNA-BD), while the library of prey proteins
is expressed as fusions to the Gal4 activation domain (AD). When the bait and library
(prey) fusion proteins interact, the DNA-BD and AD are brought into proximity to
activate transcription of two reporter genes: ADE2 and HIS3. The mouse brain Y2H
library (Clontech) and human universal tissue Y2H library were screened. Each library
was mated into the plegA7C61S strain and at least 106 clones were screened.
The mated cultures were plated on either on low stringency CM(glucose)-LEU-TRPHIS+ADE plates or high stringency CM(glucose)-LEU-TRP-HIS-ADE plates. Colonies
resulting from the screens were streaked on CM(glucose)-LEU-TRP medium selecting
only for the bait and prey plasmids. They were then re-streaked onto high and/or low
stringency plates, CM(glucose)-LEU-TRP-HIS-ADE and/or CM(glucose)-LEU-TRPHIS+ADE, respectively, as described in the Results section.
Candidate prey plasmids were rescued by plasmid preparation and submitted for
DNA sequencing to identify the prey insert. Rescued plasmids were also re-introduced
into the plegA7C61S strain to verify potential interaction.

2.14 LegA7-Urgcp coimmunoprecipitation assay
legA7C61S was inserted in the plasmid pEGFP_C1 (Clontech). 3xFLAG-tagged
legA7C61S or HA-tagged mouse Urgcp was inserted into the plasmid pcDNA3.1minus
(Invitrogen). HEK293T cells were co-transfected with HA-tagged mouse Urgcp and
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either pEGFP-legA7C61S or p3xFLAG-legA7C61S. 1 x 106 cells were transfected with
400 ng of each plasmid using 10 µl of Lipofectamine 2000 (Invitrogen) according to
manufacturer’s instructions for 40 hours. Cells were lysed with 500 µl ice-cold lysis
buffer (50 mM Tris-HCl (pH = 7.4), 150 mM NaCl, 1mM EDTA, 1% Triton X-100, plus
protease inhibitor cocktail (Roche 11873580001)) and collected by scraping with a
rubber policeman. Lysates were cleared by centrifugation and 20 µl were saved as input.
The 400 µl of the remaining cleared lysate were incubated with 25 µl of either anti-HA or
anti-FLAG resin (Sigma) for 1 h at 4ºC with agitation. Beads were then washed 3x in
wash buffer (50 mM Tris-HCl (pH = 7.4), 150 mM NaCl, 1mM EDTA, 0.1% Triton X100, plus protease inhibitor cocktail (Roche 11873580001), resuspended in 40 µl 2x SDS
sample buffer (125 mM Tris-HCl (pH = 6.8), 20% glycerol, 4% SDS, 2% 2-ME, 0.001%
bromphenol blue), boiled for 5 minutes, loaded onto three SDS-PAGE gels, and
transferred to PVDF membranes for immunoprobing. One filter was used to probe for
LegA7 expression via anti-GFP (Invitrogen A11122) or anti-FLAG (Sigma F7425)
antibody. The second filter was immunoprobed for Urgcp expression via anti-HA
antibody (Santa Cruz sc-805). The last filter was immunoprobed for tubulin expression
via anti-tubulin antibody (Sigma T9026). The appropriate HRP-conjugated secondary
antibodies (Invitrogen) were used to allow detection by ECL. The filters were exposed to
film and images taken using Kodak Image Station.

2.15 Suppressor screens
2J351 yeast genomic expression library
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An aliquot of the yeast genomic expression library, 2J351 (Engebrecht et al.
1990) was a gift from Claire Moore’s laboratory. This is a random library expressed in
the pYEp351 vector which contains the LEU2 selection marker for selection in yeast and
contains an AmpR cassette for selection in E. coli. According to Engebrecht et al., the
average insert size in the library is 6 kilobases. Due to the limited amount of starting
material, the library was amplified by transformation into electrocompetent DH5α E. coli
cells. The transformation was first titered by plating 10-fold serial dilutions on LB/Amp
agar plates and monitoring growth. Based on the estimated titer, 2 x 105 CFU were plated
on forty 15-cm plates containing LB/Amp. After 30 hours, the transformants were
collected by scraping and plasmid DNA isolated (Qiagen MaxiPrep). Four strains from
the L. pneumophila yeast expression library (legA10, sdbA, sdbB, and lpg0944) were
transformed with 2J351 library. Transformation was performed as follows. Each strain
was grown overnight in liquid selective medium (CM(glucose)-URA). The next day, the
cell titer was determined by hemocytometer and the cells were back-diluted to a density
of 5 x 106 cells/ml in pre-warmed YPD. The cells were grown at 30ºC while shaking at
200 rpm for 4-6 hours until the cell titer reaches 2 x 107 cells/ml. The cells were
harvested by centrifugation at 3000g for 5 minutes, washed once with 25ml sterile dH20
and pelleted by centrifugation at 3000g for 5 minutes. The cells were then resuspended in
100 mM lithium acetate in 1xTE. The cells were then incubated for 15 minutes at 30ºC.
The cells were then pelleted again by centrifugation and resuspended in transformation
mix. The transformation mix contained 33% PEG-3350, 100mM lithium acetate, 1mg
Herring Sperm DNA (used as a carrier) and 1µg of 2J351 yeast expression library. The
cells were incubated in the transformation mix for 30 minutes at 30ºC. The cells were
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then heat-shocked at 42ºC for 40 minutes. The cells were then harvested by
centrifugation at 3000g for 5 minutes and resuspended in sterile dH20. The cells were
then plated onto twenty 15-cm selective plates (CM(galactose)-URA-LEU). The plates
were incubated for 7 days at 30ºC and monitored for growth of colonies.

2.16 FLEXGene yeast expression library
The yeast Full Length EXpression-ready Gene (FLEXGene) collection is a
directed library of >5000 yeast ORF arrayed in sixty-one 96-well plates. The library is
expressed in pBY011 (Hu et al. 2007) which contains the URA3 selection marker for
selection in yeast and contains an AmpR cassette for selection in E. coli. The library was
consolidated into 10 pools by combining the ORFs from six or seven plates into each
pool. Each arrayed plate from the FLEXGene library was pooled by using a 96-pin
replicator and pinning the samples onto LB/carbenicillin plates. Colonies were allowed to
grow overnight at 37ºC. After 30 hours, the colonies were collected by scraping and
plasmid DNA isolated (Qiagen MaxiPrep). Six plates were pooled in each of the pools
numbered 1-9. The remaining seven plates were pooled into Pool numbered 10.
For the suppressor screen, 100 ng of each pool was transformed into the plegA7
strain (LEU2-marked). Transformation was performed as follows. The plegA7 strain was
grown overnight in liquid selective medium (CM(glucose)-LEU). The next day, the cells
were back-diluted to an A600=0.1 in pre-warmed 2xYPD. The cells were grown at 30ºC
while shaking at 200 rpm for 4-6 hours until the A600 reached 0.4. The cells were
harvested by centrifugation at 3000g for 5 minutes, washed once with 25 ml sterile dH20,
and pelleted by centrifugation at 3000g for 5 minutes. The cells were washed a second
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time with 12 mL sterile dH20 and pelleted by centrifugation at 3000g for 5 minutes. The
cells were then resuspended in transformation mix (33% PEG-3350, 100mM lithium
acetate, 1mg Herring Sperm DNA (used as a carrier) and 100ng of each pool #s 1-10).
The cells were then heat-shocked at 42ºC for 30 minutes. The cells were then harvested
by centrifugation at 3000g for 5 minute.
In order to address the issue of low plating efficiency when screening strains with
severe growth defects, conditions for the screen were optimized by adding a recovery
step. After transformation step, cells were grown in media containing raffinose without
selection (CM(raffinose) all amino acids) for two hours. Cells were then either plated on
inductive selective plates (CM(galactose)-URA-LEU) or grown in liquid media without
selection under inducing conditions (CM(galactose) all amino acids). In the case of
plating on inducing conditions, transformants were plated on media with or without
sorbitol (stress condition). In the case where cells were grown in liquid media under
inducing conditions, cells were grown in media for two hours and then plated on solid
selective media containing galactose (CM(galactose)-URA-LEU) with or without
sorbitol. The plates were incubated for 7 days at 30ºC and monitored for growth of
colonies (Figure 2).
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Figure 2. Conditions for suppressor screen.
The conditions for the suppressor screen were performed in such a way to optimize
recovery of the cells from the transformation by performing the recovery in a step-wise
manner. Previously, the screen was performed such that after the transformation, cells
were immediately plated directly on selective medium with (B) or without stress
(sorbitol) (A). In this approach, the number of transformants or potential suppressors was
similar to background (transformation with empty vector). In order to increase plating
efficiency, two step were incorporated: 1) Recovery step in minimal medium containing
raffinose without selection, 2) and then an induction step (in medium containing
galactose) without selection before transferring the cells onto selective medium
containing galactose (to maintain gene expression from plasmids) with (D) or without
stress (sorbitol) (C).
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Chapter Three:
A Yeast Genetic Screen to Identify Host Cell Pathways Targeted by
Legionella pneumophila

Part of this chapter is adapted from our manuscript in progress. All experiments were
performed by EC. Experiments not performed by EC are included in the Appendix.
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3.1 Introduction
Legionella pneumophila is a Gram-negative, facultative, intracellular bacterium
and causative agent of Legionnaires’ disease (Fraser et al. 1977; McDade et al. 1977),
which presents as an atypical pneumonia and flu-like symptoms, such as cough, fever and
chills. Individuals who are immunocompromised, smokers, or have chronic lung disease
are at increased risk for disease (Den Boer et al. 2006). Disease is caused by inhalation or
aspiration of aerosolized bacterium from a fresh water source which is then taken up by
alveolar macrophages (McDade et al. 1977). It is thought that amoebae, such as
Acanthamoeba castellanii and Hartmannella vermiformis, growing in fresh water sources
are the reservoirs for bacteria that cause disease in humans (Henke and Seidel 1986).
Inside its host cell, L. pneumophila resides and replicates in a membrane-bound vacuole
that avoids fusion with late endosomes and lysosomes (Horwitz 1983a; Horwitz and
Maxfield 1984). This compartment is called the Legionella-containing vacuole (LCV).
Membrane material from the endoplasmic reticulum (ER)-derived secretory pathway is
recruited to the surface of the LCV, resulting in a compartment surrounded by ER (Derre
and Isberg 2004; Horwitz 1983b; Kagan and Roy 2002; Kagan et al. 2004; Tilney et al.
2001). The pathogenicity of L. pneumophila is partially attributed to its ability to evade
the host immune system. Central to L. pneumophila pathogenesis is the Icm/Dot type IVb
secretion system (Brand et al. 1994; Vogel et al. 1998). Through this secretion system, L.
pneumophila injects proteins into the host cell. Over 270 different bacterial proteins have
been identified thus far (Huang et al. 2010; Luo and Isberg 2004; Zhu et al. 2011). The
roles of individual Icm/Dot translocated substrates (IDTSs) in promoting replication
vacuole formation have been difficult to elucidate due to the fact that individual deletions
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of most substrates of the L. pneumophila genome have no consequence on intracellular
growth of the bacterium. This lack of defect is thought to be due to functional
redundancy, such that multiple translocated substrates target a single pathway in the host
cell (O'Connor et al. 2012).
Previous work has shown that mitogen-activated protein kinases (MAPKs) are
modulated during L. pneumophila infection. Our laboratory has shown that upon L.
pneumophila challenge in amoebae, a MAPK response interferes with intracellular
growth of L. pneumophila (Li et al. 2009), suggesting that eukaryotic cells have an
evolutionary conserved pathway to control L. pneumophila growth. In addition, challenge
of L. pneumophila in mammalian cells leads to a cytokine response via NFκB and MAPK
signaling (Fontana et al. 2011; Shin et al. 2008). And finally, several IDTSs that have
been shown to interfere with host cell protein synthesis, and activate the MAPK response
(Fontana et al. 2011), indicating that MAPKs may be a common target of L. pneumophila
virulence-associated proteins.
MAPKs are a family of serine/threonine kinases involved in directing cellular
responses to a diverse array of stimuli, such as growth factors, mitogens, osmotic stress,
oxidative stress and inflammatory cytokines (Chang and Karin 2001; Davis 2000;
Johnson and Lapadat 2002). They regulate proliferation, cell division, differentiation,
apoptosis, inflammation, growth and gene expression (Chang and Karin 2001; Davis
2000; Johnson and Lapadat 2002). The mammalian MAP kinase family includes the
extracellular signal-related kinases (ERK1 and ERK2), c-Jun NH2-terminal kinases
(JNK1, JNK2, and JNK3), and p38 proteins (p38α, p38β, p38γ and p38δ). MAPKs are
activated by phosphorylation by specific MAPK kinases, MAP2Ks. The MAP2Ks are, in
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turn, activated by MAP2K kinases (MAP3Ks), which receive upstream signals such as
growth factors binding their respective cell-surface receptors, or chemical or physical
stresses in the extracellular environment (Chang and Karin 2001). Activation of ERK1/2
acts to regulate cell proliferation and survival while the JNK and p38 MAPKs are
activated in response to environmental stress such as osmotic or heat shock, radiation,
growth factors and cytokines (Widmann et al. 1999).
In order to identify host cell pathways controlled by L. pneumophila that have not
been previously identified using traditional strategies of analyzing membrane trafficking
and kinase networks during intracellular growth, we performed a genetic screen in the
model organism Sacchromyces cerevisiae. S. cerevisiae is an attractive tool for
researchers interested in investigating bacterial translocated proteins that interfere with
host cell pathways (Campodonico et al. 2005; Heidtman et al. 2009; Lesser and Miller
2001; Shohdy et al. 2005; Sisko et al. 2006). We found that presence of the legA7 gene
resulted in reduced ability of S. cerevisiae to adapt to conditions of high osmolarity. The
ability of the LegA7 protein to confer this defect in adaptation required a catalytic triad
found in members of the cysteine protease family.
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3.2 Results
3.2.1 Identification of Dot/Icm substrates that cause elevated phosphorylation of
SAPK/JNK in mammalian cells
We had previously shown that introduction of a plasmid bank that ectopically
expresses L. pneumophila Icm/Dot translocated substrate (IDTS) genes in mammalian
cells allows identification of proteins that activate an NFκB-regulated promoter (Losick
et al. 2010). We took a similar approach to identify bacterial proteins that activate
MAPKs based on results indicating that MAPKs modulate L. pneumophila intracellular
growth. To identify IDTSs that activate mammalian MAPKs, we took advantage of the
fact that we had constructed a 159-member plasmid bank that allows ectopic expression
of GFP-IDTS fusions in mammalian cells. Using the identical strategies used previously
(Losick et al. 2010), 98 more plasmids were added to the bank to allow the analysis of
257 known and putative IDTS genes fused to gfp. This bank was then transfected into
HEK293T cells to identify L. pneumophila proteins that could activate MAPK cascades,
as determined by increased phosphorylation of either ERK, p38 or SAPK/JNK relative to
the empty vector control, using phosphorylation-specific antibodies (Appendix A). As the
IDTS that induced higher levels of MAPK phosphorylation gave similar results for each
of the MAPKs, the screen was repeated using just SAPK/JNK phosphorylation.
A rank-order table was generated based on the median absolute deviation of
SAPK/JNK phosphorylation for each transfectant relative to empty vector control (MAD;
Materials and Methods), and 24 candidates were identified that caused increased levels of
JNK phosphorylation (MAD >3.5; Appendix A). IDTSs that resulted in enhanced JNK
phosphorylation included a number of members of the SidE family of IDTSs, the
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previously characterized LegA8 phosphocholine transferase as well as the VipD protein.
In general, there was poor transfection of plasmids that encoded the characterized protein
synthesis inhibitors. Therefore, although the protease inhibitors should have been
identified as MAPK activators using this procedure, they did not survive the screen
presumably due to their toxicity when transfectants are analyzed in mammalian cells. To
pursue candidates among the group in Appendix A, we sought to identify IDTSs that
were predicted to impinge on the MAPK response in a second independent assay.

3.2.2 Expression of LegA7 in yeast inhibits osmoadaptation
MAPK activation in response to L. pneumophila occurs in highly diverse and
evolutionarily unrelated cell types such as mouse macrophages and D. discoidium
amoebae (Fontana et al. 2011; Li et al. 2009; Shin et al. 2008). Therefore, we sought to
identify IDTSs that impinge on the MAPK cascade across species boundaries to identify
conserved aspects of this response to L. pneumophila. We have previously constructed a
bank of S. cerevisiae strains harboring ectopically expressed IDTSs under PGAL control
(Heidtman et al. 2009), which allowed us to use standard plate assays to identify
candidate IDTSs that modulate the ability of a simple eukaryotic to respond to stresses
that activate the MAPK cascade. We used this approach to identify individual L.
pneumophila proteins that activate the MAPK cascade in mammalian cells as well as
alter function of this pathway in yeast. To this end, we characterized IDTSs previously
demonstrated to cause growth defects in S. cerevisiae when expressed in medium
containing galactose to induce expression (Heidtman et al. 2009). Based on colony size, a
wide spectrum of growth defects was observed (Figure 3). For most strains expressing
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Figure 3. A gradient of growth defects caused by L. pneumophila Icm/Dot
translocated substrates expressed in Saccharomyces cerevisiae.

Serial dilutions of the S. cerevisiae strain BY4742 harboring derivatives of the replicating
plasmid pYES2/NTA, having L. pneumophila IDTSs under the control of the PGAL1
promoter, were grown overnight in CM(glucose)-URA broth and plated on matched SC(URA) medium plates with either glucose or galactose as sole carbon sources (Materials
and Methods). After allowing 45 hours growth at 30oC, sizes of individual colonies were
determined by capturing photographic images and quantitating relative diameters in
pixels. Displayed are 63 strains that had been previously demonstrated to show apparent
growth defects on galactose-containing medium (Heidtman et al. 2009).
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IDTSs, the defect was dependent on the presence of galactose in the growth medium
consistent, with the growth defects being dependent on transcriptional induction of each
of the IDTS genes (Figure 3).
Based on the behavior of the strains plated on galactose-containing medium,
many of the S. cerevisiae strains harboring IDTSs showed mild growth defects, or had
clearly detectable colony formation. We predicted that some of the strains with
intermediate phenotypes would have amplified defects on medium that activates a stress
pathway requiring MAPK activity for viability. After induction of IDTS expression, such
strains should show either a lower colony formation efficiency or smaller colony size in
the presence of stress conditions, when compared to the same medium that did not induce
this stress. Furthermore, IDTSs that amplify the growth defect under these conditions,
and which also alter MAPK activation levels in mammalian cells should represent
proteins able to act on similar pathways in host cells from unrelated species.
Wild-type yeast is able to adapt to a variety of environmental stresses, such as
high osmolarity, allowing growth in the presence of high concentrations of a variety of
solutes (Hohmann 2002). Growth under these conditions depends on MAPK activation to
provide osmoprotection (Hohmann 2002). In order to address whether high osmolarity
could potentiate S. cerevisiae growth defects caused by expression of Legionella
pneumophila Icm/Dot translocated substrates, a screen was performed to identify
osmosensitive strains. Using the strains that showed depressed CFU formation after
galactose induction, we screened for amplification of these defects by plating on high
osmolar medium containing sorbitol (O'Rourke and Herskowitz 1998; Rep et al. 2000;
Tamas et al. 1999; Tatebayashi et al. 2006). Strains that showed lower efficiency of CFU

formation on sorbitol-containing medium having the inducing sugar galactose, relative to
the identical medium lacking sorbitol, were then retained for further analysis. One strain
was shown to have lower colony forming efficiency on medium containing high sorbitol
as compared to medium having normal osmolarity (Figure 4A). This strain had a plasmid
encoding the legA7 gene, which encodes an uncharacterized translocated substrate (de
Felipe et al. 2005). S. cerevesiae harboring legA7 showed almost a 200-fold reduction in
CFU on medium containing high sorbitol compared to the empty vector control (Figure
4B). No strains harboring IDTSs showed enhanced growth in the presence of sorbitol.

3.2.3 Expression of LegA7 in mammalian cells results in hyperphosphorylation of JNK
LegA7 had originally been identified as a potential translocated substrate based
on the presence of predicted ankyrin repeats in its sequence (de Felipe et al. 2005).
Consistent with its designation as an IDTS, the protein was shown to contain an Icm/Dot
recognition signal that allows translocation of reporter constructs into mammalian cells
(Pan et al. 2008). Furthermore, transfection with a LegA7-expressing plasmid showed
levels of MAPK activation that were above the threshold set for the top candidate
activators (Appendix A). To demonstrate that this screen was an accurate representation
of the levels of activation by LegA7, mammalian cells were transfected in triplicate with
a plasmid encoding LegA7, as well as two other plasmids encoding IDTSs. Transfectants
harboring the plasmid encoding LegA7 clearly showed enhanced phosphorylation
relative to the empty vector control (Figure 5). Therefore, LegA7 induces a MAPK
response in mammalian cells and potentiates osmotic stress in lower eukaryotes.
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Figure 4. Expression of LegA7 in yeast inhibits osmo-adaptation.

A.

Expression of LegA7 in yeast prevents cells from properly adapting to high

osmolarity plates. Tenfold serial dilutions of yeast strains expressing various known and
candidate Dot/Icm substrates were spotted onto selective plates containing 2% galacatose
(left) or 2% galactose + 0.7M sorbitol (right).
B.

Quantitation of yeast sensitivity to high osmolarity generated by expression of L.

pneumophila ORFs. Strains indicated were plated on selective plates containing 2%
galactose + 0.7M sorbitol
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Figure 5. Ectopic expression of LegA7 results in elevated phosphorylation of
SAPK/JNK in mammalian cells.

A.

Expression of phospho-SAPK/JNK protein levels in the mammalian cell line

HEK293T cells during ectopic expression of LegA7, Lpg0030 and Lpg0059 relative to
empty vector. Cells were transfected with the empty vector pDEST53 control and three
plasmids harboring IDTS that cause growth defects in yeast. 40 hrs after transfection,
extracts were prepared, fractionated and immunoprobed with anti-phospho-JNK, αtubulin to control for loading and GFP to identify hybrid proteins. Samples were run in
triplicate, showing three independent transfections of plasmids into HEK293T, harvested
40 hrs after introduction of plasmids. White dots indicate location for the predicted
molecular weight for each. Predicted sizes for GFP fusions are: empty vector, 27 kDa;
LegA7, 84 kDa; Lpg0030, 62 kDa; Lpg0059 68 kDa.
B.

Quantitation of phospho-SAPK/JNK levels in the mammalian cell line HEK293T

cells during ectopic expression of LegA7, Lpg0030 and Lpg0059 relative to empty
vector. Data are the mean of three samples + S.E. Experiment was performed three times.
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3.2.4 Expression of yeast MAPK components Sho1, Hog1 or Pbs2 partially rescues
osmo-sensitivity caused by LegA7
Yeast have three pathways that activate MAPKs: mating, the high osmolarity
response and the cell wall integrity pathway (Gustin et al. 1998). Yeast strains that
express LegA7 are sensitive to high levels of sorbitol in the medium, so we hypothesized
that LegA7 expression results in a stress that either mimics or impinges on the high
osmolarity response pathway. To test this model, we introduced components of the yeast
MAPK pathways individually into the yeast strain that expresses LegA7 under PGAL
control and screened for rescue of the growth defect under high osmolar conditions (see
Tables 1 and 2). When several components of the high osmolarity response pathway
(HOG pathway) were coexpressed with LegA7, there was partial alleviation of the
growth defect on sorbitol-containing medium. Partial bypass was observed in the
presence of Sho1, Pbs2 and Hog1 (Figure 6A;B). Hog1 is the stress-activated yeast
MAPK (Brewster et al. 1993) in the yeast HOG (High Osmolarity Glycerol) pathway;
Pbs2 is the MAP2K that activates Hog1 (Hohmann 2009). Sho1 is located in the plasma
membrane and acts as a sensor for both the HOG and the cell wall integrity pathways
(Hohmann 2002).This was particularly remarkable because expression of Hog1 alone
resulted in a lower efficiency of CFU on sorbitol-containing medium (Figure 6B;C), with
Hog1 expression reducing the number of CFU to approximately 20% that of the empty
vector alone (Figure 6B). The plating efficiency of yeast expressing LegA7 is decreased
by almost 103-fold. One would expect when combined, the plating efficiency would
decrease, but in fact, the plating efficiency increased by 2.7-fold as
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Table 1. Strains used in this study
Strain
Relevant genotype
S. cerevisiae
BY4741
MATa his3 leu2 lys2 ura3
BY4742
MATα his3 leu2 lys2 ura3
AH109
MATa, trp1-901, leu2-3, 112, ura3-52, his3-200

E. coli
DH5alpha
XL1-Red

Reference or source
ATCC
Research Genetics
Clontech

GRASP Center

AmpR
mutS mutT mutD

L.
pneumophila
Lp01

(Berger and Isberg 1993; Marra and
Shuman 1989)

Wild-type, Philadelphia-1 strain

D. discoideum
AX4

Gift of D. Knecht
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Table 2. Plasmids used in this
study
Name
pYES2/NTA
pYES2/NTA-legA7
pYES2/NTA/leu
pYES2/NTA/leu-legA7
pYES2/NTA/leu-legA7H166A
pYES2/NTA/leu-legA7C61A
pYES2/NTA/leu-legA7C61S
pYES2/NTA/leu-legA7E179A
pYEP351
p8XCRE-LacZ
pYES2::HIS3
PYES2::HIS3-legA7
pYES2/NTA/leu-legA7∆Ank
pYES2/NTA/leu-legA7∆Ank290
pYES2/NTA/leu-legA7∆NAnk264
pYES2/NTA/leu-legA7∆NAnk290
pEGFP_C1-legA7
pEGFP_C1-legA7C61S

Relevant Genotype
pYES2/NTA +legA7
pYES2/NTA/leu +legA7
pYES2/NTA/leu +legA7H166A
pYES2/NTA/leu +legA7C61A
pYES2/NTA/leu +legA7C61S
pYES2/NTA/leu +legA7E179A

pYES2/NTA +HIS3
pYES2/NTA +legA7::HIS3
pYES2/NTA/leu-legA7 missing aa331-454
pYES2/NTA/leu-legA7∆Ank290 missing aa290454
pYES2/NTA/leu-legA7∆NAnk264 missing aa264361
pYES2/NTA/leu-legA7∆NAnk290 missing aa290361
pEGFP_C1 +legA7
pEGFP_C1 +legA7C61S

L. pneumophila yeast expression
library
pYES2/NTA
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Selection
URA3
URA3
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
URA3
URA3
LEU2

Reference or Source
Invitrogen
(Heidtman et al. 2009)
This study
This study
This study
This study
This study
This study
(Engebrecht et al. 1990)
(Tatebayashi et al. 2006)
This study
This study
This study

LEU2

This study

LEU2

This study

LEU2
KanR
KanR

This study
This study
This study

URA3

(Heidtman et al. 2009)

pYES2/NTA-lpg0012
pYES2/NTA-lpg0030
pYES2/NTA-lpg0038/legA10
pYES2/NTA-lpg0059/ceg02
pYES2/NTA-lpg0086
pYES2/NTA-lpg0096/ceg04
pYES2/NTA-lpg0195
pYES2/NTA-lpg0210
pYES2/NTA-lpg0227/ceg7
pYES2/NTA-lpg0275/sdbA
pYES2/NTA-lpg0376/sdhA
pYES2/NTA-lpg0390/vipA
pYES2/NTA-lpg0401/ceg11
pYES2/NTA-lpg0402/legA9/ceg12
pYES2/NTA-lpg0403/legA7
pYES2/NTA-lpg0422/legY
pYES2/NTA-lpg0483/legA12
pYES2/NTA-lpg0621
pYES2/NTA-lpg0642/WipB
pYES2/NTA-lpg0696
pYES2/NTA-lpg0898/ceg18
pYES2/NTA-lpg0944
pYES2/NTA-lpg0969
pYES2/NTA-lpg1109
pYES2/NTA-lpg1111
pYES2/NTA-lpg1137/ceg20
pYES2/NTA-lpg1152

pYES2/NTA +lpg0012
pYES2/NTA +lpg0030
pYES2/NTA +lpg0038/legA10
pYES2/NTA +lpg0059/ceg02
pYES2/NTA +lpg0086
pYES2/NTA +lpg0096/ceg04
pYES2/NTA +lpg0195
pYES2/NTA +lpg0210
pYES2/NTA +lpg0227/ceg7
pYES2/NTA +lpg0275/sdbA
pYES2/NTA +lpg0376/sdhA
pYES2/NTA +lpg0390/vipA
pYES2/NTA +lpg0401/ceg11
pYES2/NTA +lpg0402/legA9/ceg12
pYES2/NTA +lpg0403/legA7
pYES2/NTA +lpg0422/legY
pYES2/NTA +lpg0483/legA12
pYES2/NTA +lpg0621
pYES2/NTA +lpg0642/WipB
pYES2/NTA +lpg0696
pYES2/NTA +lpg0898/ceg18
pYES2/NTA +lpg0944
pYES2/NTA +lpg0969
pYES2/NTA +lpg1109
pYES2/NTA +lpg1111
pYES2/NTA +lpg1137/ceg20
pYES2/NTA +lpg1152
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URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3

(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)

pYES2/NTA-lpg1154
pYES2/NTA-lpg1166
pYES2/NTA-lpg1183
pYES2/NTA-lpg1290
pYES2/NTA-lpg1328/legT
pYES2/NTA-lpg1355/sidG
pYES2/NTA-lpg1426/vpdC
pYES2/NTA-lpg1642/sidB
pYES2/NTA-lpg1683
pYES2/NTA-lpg1687
pYES2/NTA-lpg1701/legC3
pYES2/NTA-lpg1797
pYES2/NTA-lpg1798
pYES2/NTAlpg2144/legAU13/ceg27
pYES2/NTA-lpg2147
pYES2/NTA-lpg2155/sidJ
pYES2/NTA-lpg2199
pYES2/NTA-lpg2257
pYES2/NTA-lpg2271
pYES2/NTA-lpg2298/ylfA
pYES2/NTA-lpg2322/legA5
pYES2/NTA-lpg2327
pYES2/NTA-lpg2391/sdbC
pYES2/NTA-lpg2425
pYES2/NTA-lpg2444
pYES2/NTA-lpg2465/sidD

pYES2/NTA +lpg1154
pYES2/NTA +lpg1166
pYES2/NTA +lpg1183
pYES2/NTA +lpg1290
pYES2/NTA +lpg1328/legT
pYES2/NTA +lpg1355/sidG
pYES2/NTA +lpg1426/vpdC
pYES2/NTA +lpg1642/sidB
pYES2/NTA +lpg1683
pYES2/NTA +lpg1687
pYES2/NTA +lpg1701/legC3
pYES2/NTA +lpg1797
pYES2/NTA +lpg1798

URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3

(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)

pYES2/NTA +lpg2144/legAU13/ceg27
pYES2/NTA +lpg2147
pYES2/NTA +lpg2155/sidJ
pYES2/NTA +lpg2199
pYES2/NTA +lpg2257
pYES2/NTA +lpg2271
pYES2/NTA +lpg2298/ylfA
pYES2/NTA +lpg2322/legA5
pYES2/NTA +lpg2327
pYES2/NTA +lpg2391/sdbC
pYES2/NTA +lpg2425
pYES2/NTA +lpg2444
pYES2/NTA +lpg2465/sidD

URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3

(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
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pYES2/NTA-lpg2482/sdbB
pYES2/NTA-lpg2490/lepB
pYES2/NTA-lpg2526
pYES2/NTA-lpg2529
pYES2/NTA-lpg2588/legS1
pYES2/NTA-lpg2718
pYES2/NTA-lpg2829
pYES2/NTA-lpg2879
pYES2/NTA-lpg2999

pYES2/NTA +lpg2482/sdbB
pYES2/NTA +lpg2490/lepB
pYES2/NTA +lpg2526
pYES2/NTA +lpg2529
pYES2/NTA +lpg2588/legS1
pYES2/NTA +lpg2718
pYES2/NTA +lpg2829
pYES2/NTA +lpg2879
pYES2/NTA +lpg2999

Gateway Library
pDEST53
pDEST53
pDEST53-legA7
pDEST53 +legA7
pDEST53-lpg0030
pDEST53 +lpg0030
pDEST53-lpg0059
pDEST53 +lpg0059
I will add the others from Aisling's screen
FLEXGene Library - MAPK Bypass Screen
pYES2/NTA/leu
pYES2/NTA/leu-legA7
pYES2/NTA/leu +legA7
pBY011
URA3
pBY011-Rho1
pBY011 +Rho1
pBY011-Ste2
pBY011 +Ste2
pBY011-Fus3
pBY011 +Fus3
pBY011-Ste3
pBY011 +Ste3
pBY011-Sho1
pBY011 +Sho1
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URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3

(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)
(Heidtman et al. 2009)

AmpR
AmpR
AmpR
AmpR

(Losick et al. 2010)
(Losick et al. 2010)
(Losick et al. 2010)
(Losick et al. 2010)

LEU2
LEU2
URA3
URA3
URA3
URA3
URA3
URA3

This study
This study
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)

pBY011-Wsc3
pBY011-Ste7
pBY011-Wsc1/Slg1
pBY011-Sln1
pBY011-Mid2
pBY011-Ste20
pBY011-Ssk1
pBY011-Ssk22
pBY011-Ypd1
pBY011-Ste11
pBY011-Wsc2
pBY011-Hog1
pBY011-Pbs2
pBY011-Ste12
pBY011-Ste50
pBY011-Kss1
pBY011-Wsc4
pBY011-Mpk1/Slt2
pBY011-Ssk2
pBY011-Pkc1

pBY011 +Wsc3
pBY011 +Ste7
pBY011 +Wsc1/Slg1
pBY011 +Sln1
pBY011 +Mid2
pBY011 +Ste20
pBY011 +Ssk1
pBY011 +Ssk22
pBY011 +Ypd1
pBY011 +Ste11
pBY011 +Wsc2
pBY011 +Hog1
pBY011 +Pbs2
pBY011 +Ste12
pBY011 +Ste50
pBY011 +Kss1
pBY011 +Wsc4
pBY011 +Mpk1/Slt2
pBY011 +Ssk2
pBY011 +Pkc1

URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
URA3
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(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)
(Hu et al. 2007)

Figure 6. Expression of yeast MAPK components Sho1, Hog1 or Pbs2 partially
rescues osmo-sensitivity caused by LegA7.

A.

Outline of the yeast MAPK pathways, illustrating the components of the Mating,

High Osmolarity and Cell Wall Integrity pathways.
B.

The yeast MAPK components Sho1, Hog1 or Pbs2 expressed in combination with

LegA7 suppresses the osmo-sensitivity caused by LegA7. Tenfold serial dilutions of
yeast strains expressing LegA7 with or without Sho1, Hog1 or Pbs2 were spotted onto
selective plates containing 2% galacatose (left) or 2% galactose + 0.7M sorbitol (right).
C.

Quantitation of plating efficiency of yeast expressing the components of the yeast

MAPK pathways Sho1, Hog1, Pbs2, Wsc1 and Wsc2. Strains indicated were plated on
selective paltes containing 2% galactose + 0.7M sorbitol.
D.

Quantitation of rescue of plating efficiency of yeast expressing LegA7 plus one of

the components of the yeast MAPK pathways listed in panel C relative to LegA7
expression alone.
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compared to the respective empty vectors alone (Figure 6D). Similarly, expression of
Sho1 and Pbs2 in the LegA7 strain resulted in an increase of 2.5- and 2.0-fold increase in
plating efficiency, respectively (Figure 6D). In contrast, signaling components that
participate in the other two MAPK pathways, but not on the HOG pathway, had no effect
on the growth of the yeast strain expressing LegA7 (data not shown). It should be noted
that rescue of the growth defect by these components was only partial, consistent with
LegA7 acting indirectly on this pathway, or possibly potentiating osmolar sensitivity in
the cell.

3.2.5 Lack of response of yeast HOG pathway to hyperexpression of LegA7
LegA7 causes hyperactivation of JNK in mammalian cells. Expression of this
Legionella protein potentiates yeast sensitivity to high osmolarity, and overexpression of
HOG pathway genes partially compensates for this sensitivity. Together, these results
argue that LegA7 may directly exert its effects by changing the activation status of the
HOG pathway. To test whether LegA7 is acting directly on the High Osmolarity
Response pathway, we employed a Hog1 activation reporter construction 8xCRE-LacZ
(Tatebayashi et al. 2006). The reporter contains eight tandem repeats of the cAMP
Response Element (CRE) sequence fused to LacZ, which allows sensing of increased
cAMP levels in the cell. Upon activation of the HOG pathway, cAMP levels increase in
the cell resulting in increased β-galactosidase expression. In the absence of osmotic stress
and without induction of LegA7, there was no activation of the LacZ reporter (Figure 7;
Raffinose). Similarly, no activation of the reporter could be detected if LegA7 were
overexpressed (Figure 7; Galactose), indicating that the presence of this protein is not
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Figure 7. LegA7 does not affect the yeast Hog1 MAPK pathway.

Expression of LegA7 in yeast does not affect the cell’s ability to activate the Hog1
pathway in response to high osmolarity. Yeast cells expressing LegA7 or harboring the
empty vector and the Hog1 reporter construct were grown overnight to saturation and
diluted to OD600 of 0.2 in selective liquid media containing 2% raffinose. After 2 hours,
galactose was added to a final concentration of 2%. After a 4-hour induction, cells were
stressed by the addition of 0.4M NaCl for 30 minutes, and then flash frozen and betagalactosidase activity measured. beta-galactosidase activity normalized to OD600 of
liquid culture and represented as Miller Units. Data are the mean of three samples.

73

74

sufficient to induce flux through the Hog1 pathway. In contrast, we found that the
reporter could be activated by high concentrations of NaCl, in either the presence or
absence of LegA7 expression (Figure 7; NaCl-containing medium). There appeared to be
some interference of activation of the reporter in the presence of high levels of LegA7
(Figure 7; NaCl, Galactose vs. Raffinose). However, this reduction in activation
appeared to be a reflection of having galactose in the growth medium, because a similar
reduction was observed using the empty vector control (Figure 7). Therefore, the
sensitivity of yeast to osmotic stress in the presence of LegA7 does not appear to be the
result of gross alterations in the production of cAMP in the cell.

3.2.6 LegA7 shows sequence similarity to a family of bacterial cysteine protease
effectors
Although the carboxyl terminal of LegA7 has been shown to have a series of
ankyrin-like repeats, the amino-terminal has not been annotated as having any clear
sequence similarities. We noted during BLAST searches that there was low similarity to
HopN1, a Pseudomonas syringiae type III secretion system translocated substrate that is
similar to cysteine protease family members at key catalytic residues (Dowen et al.
2009). The region of sequence similarity with HopN1 begins at the LegA7 Cys61
residue, which aligns with the predicted catalytic cysteine of the Pseudomonas protein
(Figure 8A) (Shao et al. 2002). The cysteine in members of this family is part of a
catalytic triad of essential amino acids that also includes a histidine and either a glutamate
or an aspartate, usually located carboxyl-terminal to the cysteine (Dowen et al. 2009).
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Figure 8. LegA7 contains a catalytic triad.

A. Homology alignment of LegA7 and HopN1, a member of a family of bacterial
cysteine protease effectors. Highlighted in red is the candidate cysteine residue;
highlighted in yellow are candidate histidine residues; highlighted in turquoise are
candidate aspartate or glutamate residues. Residues denoted with box are able to
rescue the LegA7 growth defect when mutated.
B. (left) After analysis of the LegA7 protein sequence, we selected residues C61, H166,
H172, D178, E179, E182 and E185 as candidate residues to make up this catalytic
triad. Point mutations were generated in LegA7 to demonstrate whether candidate
residues were important for LegA7 function. Mutations in C61, H166 and E179
showed rescue of the LegA7 growth defect.
(right) Quantitation of yeast sensitivity of various LegA7 point mutants. Strains
indicated were plated on selective plates containing 2% galactose + 0.7M sorbitol.
C. Western blot demonstrating expression of LegA7 and various point mutants
generated. To induce gene expression in yeast, overnight cultures were back-diluted
into medium containing 2% galactose for 5 hours (Materials and Methods). Lysates
were analyzed by immunoblot with antibodies against the Xpress epitope and PGK
for loading control.
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Scanning of the LegA7 sequence indicates that there are several candidate residues that
could be part of this catalytic triad and be required for the activity of this protein (Figure
8A). After analysis of the LegA7 protein sequence, we selected residues C61, H166,
H172, D178, E179, E182 and E185 as candidate residues to make up this triad. Using
site-directed mutagenesis, each residue was mutated to alanine. In the case of the C61, a
C61S point mutant was also generated. Mutations in C61, H166 and E179 were able to
rescue the growth defect caused by LegA7 in yeast. C61A and C61S mutants showed
rescue of the growth defect more similar to the level of yeast expressing the empty vector
control, with the efficiency of CFU formation being almost identical to the empty vector
control for C61A in the absence of sorbitol (Figure 8B). H166A and E179A mutants
showed partial rescue, with approximately 40-fold more CFU than were observed for the
strain carrying wild type legA7 gene. H172A, D178A, E182A and E185A point mutants
did not rescue the growth defect caused by LegA7, and in fact D178A appeared to
exacerbate the defect (Figure 8B). These mutants are consistent with C61, H166 and
E179 being important for LegA7 function and involved in a catalytic triad. The
suppression of the defect was not a result of the mutations destabilizing the protein,
because each of the mutant proteins showed steady state levels of protein that were as
high, or higher, than that observed for the wild type protein, consistent with yeast
tolerating these nontoxic proteins (Figure 8C).

3.2.7 Mutagenesis screen to identify residues important for LegA7 function
Others have shown that the carboxyl terminal of LegA7 has a series of ankyrin
repeats (de Felipe et al. 2005). Based on secondary structure analysis, there are five
78

ankyrin-like repeats at the carboxy terminal of LegA7 (residues 290-454). Each ankyrin
repeat contains two alpha-helices separated by 33-residue motif in proteins consisting of
two alpha helices separated by beta turns, such that each 33-residue motif contains a beta
turn-alpha helix-beta turn-alpha helix-beta turn. In addition to the five ankyrin repeats,
there is an ankyrin repeat-like motif just amino-terminal to the beginning of the ankyrinrepeats. This ankyrin repeat-like motif differs in that it has a shorter amino-terminal alpha
helix. In order to understand whether these repeats are important for LegA7 function, the
following deletion mutants were constructed missing the following: all five ankyrin
repeats (∆290-454); the carboxy terminal four repeats (∆331-454); the amino-terminal
two repeats (∆290-361); or the two amino-terminal repeats in conjunction with the
ankyrin repeat-like motif (∆264-361) (Figure 9A;B). All deletions demonstrated rescue of
the growth defect caused by LegA7 in yeast (40- to180-fold increase in plating
efficiency). The rescue of the growth defect did not appear to be a result of the LegA7
derivatives being unstable because only the derivative lacking all 5 ankyrin repeats
showed low steady state levels of protein (Figure 9C).
To further characterize residues important for LegA7 function, we performed a
mutagenesis screen. We took the approach of fusing the HIS3 (histidine biosynthesis)
gene to the 3’-end of legA7 in the pYES2/NTA empty vector. This approach of fusing
HIS3 to the legA7 gene allows for selection against the introduction of stop codons or
GAL1 promoter mutations that could cause silencing of this promoter, each of which
would result in rescue of the growth defect caused by LegA7.
A plasmid encoding the legA7-HIS3 fusion was subjected to mutagenesis by
passage within the E. coli mutator strain XL1-Red (Figure 10A; Materials and Methods).
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Figure 9. Importance of the Ankyrin repeats.

A. Based on analysis of secondary protein structure, LegA7 is predicted to have an
ankyrin repeat domain consisting of five ankyrin repeats from residues 290-454. To
demonstrate whether the ankyrin repeat domain is important for LegA7 function, the
entire ankyrin repeat domain (residues 290-454), the four carboxy ankyrin repeats
(residues 331-454), the first two amino-terminal ankyrin repeats (residues 290-361),
or ), the first two amino-terminal ankyrin repeats and an ankyrin-repeat like region
(residues 264-361), were deleted from LegA7. All four deletions demonstrated rescue
of the LegA7 growth defect.
B. Quantitation of yeast sensitivity of various LegA7 point mutants. Strains indicated
were plated on selective plates containing 2% galactose + 0.7M sorbitol.
C. Western blot demonstrating expression of LegA7 and LegA7 truncations. To induce
gene expression in yeast, overnight cultures were back-diluted into medium
containing 2% galactose for 5 hours (Materials and Methods). Lysates were analyzed
by immunoblot with antibodies against the Xpress epitope and PGK for loading
control. The ∆Ank (331-454) protein (partial ankyrin-repeat domain deletion) is
predicted to migrate around 43 kDa. The ∆Ank (290-454) protein (full ankyrin-repeat
domain deletion) is predicted to migrate around 39 kDa.
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Figure 10. Mutagenesis screen to identify residues important for LegA7 function.

A. A mutagenesis screen was performed to identify residues important for LegA7
function. Vector construct containing the legA7 sequence was subject to mutagenesis
by introduction into the E. coli mutator strain XL-1 Red. Mutated plasmids were then
introduced into yeast, which were plated onto selective medium and allowed to grow
for three days. On day three, the wild-type legA7::HIS3 fusion showed little growth
such that colonies were not visible by the naked eye, and therefore, colonies visible to
the naked eye were selected for further analysis.
B. Spotting assay of the growth of LegA7::HIS3 fusion as it compares to LegA7 alone.
C. Schematic of legA7 showing the ankyrin repeat domain containing five repeats, and
the ankyrin repeat-like region. The residues marked with red circles are the residues
that make up a catalytic triad. The blue and dark blue indicate beta turns and alphahelices, respectively. Each ankyrin repeat has a beta turn-alpha helix- beta turn-alpha
helix-beta turn. The mutations indicated below are the mutations found in the
mutagenesis screen to rescue the LegA7 growth defect. The mutations indicated
above are point mutations in the catalytic triad.
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Yeast harboring the legA7::HIS3 construct were even more defective for growth than a
strain harboring only legA7 (Figure 10A), allowing facile identification of strains with
improved growth characteristics. Mutated plasmids were introduced into yeast, plated
onto selective medium and allowed to grow for three days. On day three, the wild-type
legA7::HIS3 fusion showed little growth, and therefore, we screened for colonies that
arose after mutagenesis. Two pools were mutagenized and 58 strains that showed
improved growth characteristics were isolated and plasmids sequenced. Of the 58 strains
sequenced, 36 demonstrated mutations of interest (Table 3). The remaining strains
showed either frameshift mutations which introduced an early stop codon (11 of 58), a
silent mutation (one strain), or no mutation in the legA7 coding region. Of the 36
mutations of interest, mutations fell into two categories: a few were found in the region
surrounding the catalytic triad, but the majority were found in the region just upstream of
the ankyrin repeats and in the two amino-terminal ankyrin repeats. Among the residues
surrounding the catalytic triad, the most notable were H166 and H42. H166 was found to
be mutated in seven of the 36 strains and from the same pool. It is unclear whether these
represent individual mutations that occurred multiple times or were sister plasmids. We
are inclined to believe that at least some represent multiple mutations occurring
independently since only a few mutations were represented multiple times. One site hit 6
times out of the remaining 29 strains was S300, which was found in both mutagenized
pools. There were 17 additional mutations in the two amino-terminal ankyrin repeats and
five mutations in the ankyrin repeat-like domain. These 22 mutations indicate that these
areas are important for LegA7 function. No mutations in the three carboxy terminal
ankyrin repeats were found to rescue the LegA7-induced growth defect.
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Table 3. Mutants identified in mutagenesis screen identify residues important for
LegA7 function.
Clone ID
wt legA7
2-3
2-12
2-11
1-1
2-1
2-9
2-15
2-23
2-28
2-32
2-36
2-10
2-35
1-31
1-34
1-24
2-19
1-23
1-16
1-3
2-5
2-6
2-21
2-26
2-31
1-15
2-14
2-7
1-14
1-27
1-11
1-22
1-12
2-2

Nature of nucleotide change
C124T
G176A
G391A
A398T; G904A
C496T
C496T
C496T
C496T
C496T
C496T
C496T
A548G
A604G
T831C
A835G
T842C
C845T
T850C
T874C
C899T
C899T
C899T
C899T
C899T
C899T
C905T
G916A
T932C
A936G; C994T
G941A
C959T
C959T
C992T
C992T

Nature of aa change
H42Y
G59E
A131T
D133V; A302T
H166Y
H166Y
H166Y
H166Y
H166Y
H166Y
H166Y
Y183C
T202A
L277P
N279D
F281S
P282L
F284L
Y292H
S300F
S300F
S300F
S300F
S300F
S300F
A302V
G306S
V311A
K312K (silent); P332S
C314Y
S320L
S320L
S331L
S331L
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+++
+++
+++
+++
+++
+++
+++
++
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+++
+++
+++
++
++
++
++
++
++
+++
+++
+++
+++
++
++
++
+++
+++
+++
+++
++
+++
++
+++
+++

2-13
1-7
1-2
1-25
1-29
1-36
2-17
2-20
1-8

C995T
G1022A
242.insT
242.insT
242.insT
242.insT
242.insT
242.insT
899.insT

1-10

899.insT

1-21

899.insT

1-30

899.insT

2-18

899.insT

1-18
1-4
1-5
1-13
1-17
1-19
1-20
1-26
2-16
2-22
2-25

G363A
none
none
none
none
none
none
none
none
none
none

P332L
R341K
Frameshift; 95Stop
Frameshift; 95Stop
Frameshift; 95Stop
Frameshift; 95Stop
Frameshift; 95Stop
Frameshift; 95Stop
Frameshift; S300F, M301H,
A302G, A303S, T304N,
Q305S, G306G, D307Stop
Frameshift; S300F, M301H,
A302G, A303S, T304N,
Q305S, G306G, D307Stop
Frameshift; S300F, M301H,
A302G, A303S, T304N,
Q305S, G306G, D307Stop
Frameshift; S300F, M301H,
A302G, A303S, T304N,
Q305S, G306G, D307Stop
Frameshift; S300F, M301H,
A302G, A303S, T304N,
Q305S, G306G, D307Stop
L121L (silent)
none
none
none
none
none
none
none
none
none
none
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3.3 Discussion
Legionella pneumophila has evolved an arsenal of methods to manipulate host
cell processes in order to survive and replicate intracellularly. To this end,
L. pneumophila secretes hundreds of IDTS proteins into the host cell through a functional
type IVb secretion system, called the Icm/Dot. These substrate proteins have been
difficult to study due to the fact that, in most cases, loss of a single substrate gene, rarely
results in a defect in intracellular growth as compared to the wild-type strain (Bardill et
al. 2005; Habyarimana et al. 2008; Laguna et al. 2006; Liu and Luo 2007). An
explanation for this phenomenon is that there is functional redundancy among multiple L.
pneumophila IDTSs (O'Connor et al. 2012).
In order to identify host pathways targeted by L. pneumophila IDTSs, we
screened a 159-member plasmid bank of Legionella IDTS for proteins that cause
increased activation of the stress-activated MAPK JNK in mammalian cells. Of the
IDTSs screened, 24 showed increased levels of JNK phosphorylation. In order to narrow
down the number of IDTS for further study, we utilized a L. pneumophila IDTS yeast
expression library (Heidtman et al. 2009) to identify IDTS that interfere with the ability
of yeast to adapt to high osmolarity. Under normal conditions, yeast adapt easily to high
osmolarity in the extracellular environment by activating the Hog1 MAPK pathway
(Hohmann 2009). Expression of LegA7 in yeast prevented cells from adapting
appropriately to high osmolarity in the extracellular environment. Further analysis of
LegA7 showed that it causes hyperphosphorylation of JNK when expressed in
mammalian cells.
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To further support the involvement of LegA7 in host MAPK pathway signaling,
we performed a directed screen to determine whether components of the yeast MAPK
pathways could rescue the LegA7 growth defect under conditions of high osmolarity. We
found components from only the HOG pathway could mildly rescue growth. However,
LegA7 is not acting directly on the HOG pathway since we did not see activation of the
MAPK Hog1 via a reporter construct.
We have demonstrated that LegA7 has a catalytic triad required for its function;
the residues that make up this catalytic triad are C61, H166 and E179. The catalytic triad
is similar to those found in a family of bacterial cysteine proteases (Dowen et al. 2009).
LegA7 has weak protein sequence homology to HopN1, a member of this protein family.
Unfortunately, identification of critical residues does not provide information to the
enzymatic function of LegA7 since members of this family contain various functions,
some of which are not known. The defining members of this cysteine protease family are
the Pseudomonas syringae protein AvrPphB and the Yersinia YopT effector (Shao et al.
2002). AvrPphB has protease activity required for proper targeting to the host plasma
membrane (Dowen et al. 2009). YopT cleaves membrane-bound Rho GTPases which
leads to disruption of host actin cytoskeleton (Shao et al. 2002). HopN1, from
Pseudomonas syringae, blocks ROS production and through this, mediates inhibition of
host cell death (Lopez-Solanilla et al. 2004; Rodriguez-Herva et al. 2012).
A mutagenesis screen to identify residues important for LegA7 function provided
additional information about the two domains in LegA7: The catalytic triad domain and
the ankyrin repeat domain. First, rescue of the LegA7 growth defect by the H166Y
mutation supports the hypothesis that LegA7 contains a catalytic triad with the histidine
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at position 166. In addition, the G59 represents a conserved residue among the bacterial
cysteine proteases which further supports the presence of this triad (Shao et al. 2002).
Finally, the mutagenesis screen revealed the importance of the ankyrin repeat domain in
LegA7 function. There were 23 mutations in the first two ankyrin repeat motifs and five
mutations in the amino-terminal ankyrin repeat-like domain, suggesting that these three
regions are important for the integrity of the entire ankyrin repeat domain. Deletion of
only the first two amino-terminal ankyrin repeat motifs was sufficient to rescue the
LegA7 growth defect. Conversely, the three carboxy-terminal ankyrin repeat motifs are
not necessary for LegA7 since no mutations in these areas resulted from the screen.
The importance of residues H42, Y183, and T202 are not understood at this time.
We speculate that H42 may be a second, less-preferred histidine that may act in the
catalytic triad. Tyrosine and threonine residues are the amino acids phosphorylated on
MAPK proteins for activation though these two amino acids are usually only separated
by two positions in a T-X-Y configuration (Widmann et al. 1999). Using NetPhos 2.0, a
web-based phosphorylation site prediction program, showed that Y183 has a high
probably of being a phosphorylation site. We have discussed, in length, how various
bacterial effectors modify host proteins. There are also examples of bacterial effectors
being modified by host proteins. For example, Y474 in the Escherichia coli protein Tir is
phosphorylated and this phosphorylation is required for it to bind to its host target to
cause rearrangement of the host actin cytoskeleton (Gruenheid et al. 2001). A Legionella
IDTS previously characterized by our group, SetA, also shows host cell modification by
ubiquitination (Heidtman et al. 2009). These data leave open the possibility that LegA7
requires modification for its activity.
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In this study, we screened L. pneumophila IDTS yeast expression library and
identified LegA7 as a L. pneumophila IDTS that acts on host cell MAPK pathway
signaling. In yeast, this interaction is likely an indirect interaction since LegA7 did not
activate the high osmolarity glycerol pathway MAPK Hog1. LegA7 contains a catalytic
triad including residues C61, H166 and E179. All three residues are required for LegA7
function. LegA7 also contains an ankyrin repeat domain important for its function.
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Chapter Four:
Further Characterization of LegA7
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4.1 Summary
In this chapter, we discuss experiments performed to further characterize the
Legionella pneumophila IDTS LegA7. We performed yeast two-hybrid screens as well as
suppressor screens with the goal of identifying the host target of LegA7. We screened
two yeast two-hybrid libraries, mouse brain and human universal tissue, to search for an
interacting partner of LegA7. For the suppressor screen, we performed a series of
experiments to optimize the screen and they are all described in this chapter. In addition,
we characterized growth of the legA7 yeast strain in broth culture and performed assays
to determine whether LegA7 caused protein secretory pathway defects. In mammalian
cells, we performed localization studies and performed an experiment to determine
whether LegA7 affects the host cell cycle.
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4.2 Results

4.2.1 Characterization of legA7 strain growth in broth culture
We characterized growth of the legA7 strain in broth culture. See Figure 11.
Overnight cultures of empty vector and legA7 were back-diluted into
CM(galactose)-URA-LEU and growth was monitored by OD600. Both the plegA7 and
empty vector control strain maintained similar OD600 absorbance through 6 hours when
the empty vector strain began to increase in OD600 absorbance. The plegA7 strain
growth in medium using raffinose or galactose as a carbon source, was also
characterized. Overnight cultures of plegA7 strain were back-diluted into medium
containing raffinose or galactose and growth was monitored by OD600. For the cells
back-diluted into raffinose-containing medium, after 2.5 hours, cultures were centrifuged
and resuspended in with CM(raffinose)-URA-LEU or CM(galactose)-URA-LEU, and
OD600 absorbance monitored.

4.2.2 LegA7 localizes to the perinuclear region
We observed that pEGFP-legA7 has a perinuclear localization pattern and appears
to localize to the nuclear envelope. The nuclear envelope of a cell contains an outer and
an inner membrane. The outer membrane is known to be continuous with the rough
endoplasmic reticulum. See Figure 12.
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Figure 11. Growth curves of empty vector and legA7 strains.

(top) Overnight cultures of empty vector and lega7 were back-diluted into
CM(galactose)-URA-LEU and growth was monitored by OD600.
(bottom) Overnight cultures of legA7 strain were back-diluted into raffinose and growth
was monitored by OD600. After 2.5 hours, cultures were centrifuged and resuspended in
with CM(raffinose)-URA-LEU or CM(galactose)-URA-LEU.
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Figure 12. Ectopic expression of LegA7 in mammalian cells.

Ectopic expression of LegA7 in mammalian cells. LegA7 has a perinuclear localization
pattern consistent with localization to the nuclear envelope. EGFP-legA7 was expressed
in HeLa cells by transient transfection. Cells were fixed and mounted for analysis by
microscopy. Green, EGFP-legA7. Red, nuclei.
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4.2.3 LegA7 causes a mild trafficking defect in yeast
Previous studies have shown that MAPKs regulate the secretory pathway (Farhan
et al. 2010; Wang and Lucocq 2007). A screen performed previously in the Isberg
laboratory showed that expression of LegA7 in yeast causes a secretion defect of
carboxypeptidase Y (CPY) but does not cause a secretion defect of alkaline phosphatase
(ALP) (M. Heidtman and R. Isberg, unpublished results). Taken together, this
information leads to the hypothesis that the Legionella effector legA7 may be acting on
the MAPK signaling to manipulate the secretory pathway.
We first verified the result from the screen performed in the Isberg lab that
demonstrated that legA7 causes a secretion defect when expressed in yeast. This was
done by immunoblot. This experiment was performed three times and shown in Figure
13. The processing of the proteins CPY and ALP as they are trafficked from the ER to the
vacuole in yeast is illustrated in Figure 13 (top). CPY and ALP undergo organellespecific post-translational modifications during trafficking from the ER to the Golgi and
finally the vacuole via vesicular intermediates. These modifications alter the molecular
weights of CPY and ALP and enable monitoring of their trafficking by immunoblot. In
addition to LegA7, empty vector was included as a negative control, and LidA was
included as a positive control. LegA12 was also included because it was also shown to
cause a secretion defect of CPY but not of ALP.
Each protein is Xpress-tagged. Immunoblotting for Xpress showed robust
expression of all three proteins: LidA, LegA7, and LegA12. The CPY blots shows that
the positive control LidA has a secretion defect. LegA7 showed a mild defect relative to
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Figure 13. Secretion defect caused by LegA7.

Western blots were performed to determine whether LegA7 causes a secretion defect
when expressed in yeast. Experiment was performed three times and run on the same gel.
(top) Depiction of processing of the proteins carboxypeptidase Y (CPY) and alkaline
phosphatase (ALP) as they are trafficked from the ER to the vacuole in yeast. CPY and
ALP undergo organelle-specific post-translational modifications during trafficking from
the ER to the Golgi and finally the vacuole via vesicular intermediates. These
modifications alter the molecular weights of CPY and ALP and enable monitoring of
their trafficking by immunoblot. In addition to LegA7, empty vector was included as a
negative control, LidA was included as a positive control. LegA12 was also included
because it was also shown to cause a secretion defect. Figure reprinted by permission
from John Wiley and Sons: Cell Microbiol. 2009 Feb;11(2):230-48., copyright (2009).
(middle) CPY blots shows that LegA7 and the positive control LidA has a secretion
defect, but LegA12 did not.
(bottom) Xpress blot to verify expression of Legionella IDTS in yeast (white dots).
Expression of LidA, LegA7 and legA12 was demonstrated in all experiments.
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empty vector and LegA12 did not show a secretion defect of CPY relative to the empty
vector control. The ALP blots do not show a secretion defect (data not shown).

4.2.4 LegA7 does not interfere with Hog1 activation in response to stress by Western
blot
To determine whether expression of LegA7 affects the host cell’s ability to
respond to stress in the environment, LegA7 or LegA7∆Ank expression was induced in S.
cerevisiae cells for 4 hours and its effect on the activation of Hog1 MAPK signaling was
analyzed. After the induction period, cells were stressed by addition of NaCl to the
culture medium for 5 minutes. Cells were collected to generate cell lysate samples
subjected to gel electrophoresis and immunoblotting. Expression of legA7 or legA7∆Ank
did not affect Hog1 activation as compared to the empty vector control (Figure 14).
The Hog1 MAPK pathway is a tightly regulated signaling pathway in yeast.
Activation in response to stress is rapid and a dramatic increase in phosphorylated Hog1
levels can be seen within minutes of the stress (Brewster et al. 1993). Once activated, the
cell must be able to turn off this activated pathway. The levels of phosphorylated Hog1
drop significantly 20 minutes after the introduction of the stress (Brewster et al. 1993).
To determine whether LegA7 affects host MAPK signaling over time, a time
course was performed to look at levels of phosphorylated Hog1 over time after stress.
LegA7 expression was induced for five hours in selective media containing galactose.
Cells were then stressed by the addition of NaCl. Cells were collected at 0, 5, 30 and 60
minutes after addition of 0.4M NaCl. Phosphorylated Hog1 levels were determined by
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Figure 14. Western blots to determine whether LegA7 interferes with Hog1
activation.

For detection of Hog1 activation by Western blot, overnight cultures were back-diluted
into selective media containing galactose (CM(galactose)-URA) to induce protein
expression and grown in this medium for 5 hours. After the induction time, cells were
stressed for 5 minutes by addition of NaCl to a final concentration of 0.4M to the
medium. Cell lysates were prepared by cell disruption by glass beads, clarified and boiled
in SDS sample buffer. Samples were run on 12% polyacrylamide gels and transferred to
PVDF membranes. Blots were blocked and probed for phosphorylated Hog1. Blots were
stripped and re-probed for LegA7 expression by detection of Xpress protein tag. Blots
were stripped again and re-probed for PGK expression for loading control.
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densitometry and normalized to PGK levels. The numerical values are listed under their
respective lanes in Figure 15. In Figure 15 (bottom), phosphorylated levels are depicted
as fold increase over the zero time point. Consistent with the previous experiment, LegA7
does not appear to affect host MAPK signaling over time.

4.2.5 A yeast two-hybrid screen to identify interacting partners of LegA7
In order to identify interacting partners of LegA7, a yeast two-hybrid (Y2H)
screen was performed. Wild-type legA7, legA7C61S mutant, legA7∆Ank290 were
inserted into pGBKT7 (TRP3). These strains were tested for toxicity by plating assay
(Figure 16A). The plegA7 strain harboring the wild-type legA7 gene is toxic to yeast
cells. The C61S mutant and the mutant with the ankyrin-repeat domain deletion appear
healthy and grow almost as well as the pGBKT7 empty vector control strain. Protein
expression of each strain was evaluated by immunoblot (Figure 16B). The expression of
LegA7 cannot be demonstrated by immunoblot, whereas expression of the C61S mutant
and the mutant with the ankyrin-repeat domain deletion can be seen. This expression is
lower than the p53 positive control. Strains were also tested for autoactivation by
streaking on high stringency CM(glucose)-LEU-TRP-HIS-ADE plates and found that
they do not autoactivate (Figure 16C). The strain expressing the C61S mutant was
selected as the bait for the Y2H screen.
The Y2H system used is a GAL4/UAS-based assay. The LegA7C61S bait protein
is expressed as a fusion to the Gal4 DNA-binding domain (DNA-BD), while the library
of prey proteins is expressed as fusions to the Gal4 activation domain (AD). When the
bait and library (prey) fusion proteins interact, the DNA-BD and AD are brought into
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Figure 15. LegA7 does not interfere with the ability of yeast to turn off the Hog1
signaling pathway.

To determine whether LegA7 affects host MAPK signaling temporally, a time course was
performed to look at levels of phosphorylated Hog1 over time after stress. LegA7
expression was induced for five hours in selective media containing galactose. Cells were
then stressed by the addition of 0.4M NaCl. Cells were collected at 0, 5, 30 and 60
minutes after addition of 0.4M NaCl.
(top) Western blot showing the amounts of phosphorylated Hog1 levels after introduction
of stress. Numerical values below each lane indicate relative levels of phosphorylated
Hog1 levels normalized to PGK levels.
(bottom) Graph depicting phosphorylated Hog1 levels as fold increase over the zero time
point.
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Figure 16. Testing yeast two-hybrid bait plasmid for toxicity.

(A) Spotting assay to look for toxicity due to expression of wild-type LegA7,
LegA7C61S and LegA7∆Ank290 proteins from bait plasmids. Overnight cultures were
diluted to an A600=1.0 and serially diluted 10-fold. 5µL of each dilution were spotted on
selective media (CM(glucose) -TRP with (right) or without 0.7M sorbitol (left). Growth
was monitored for 45 hours.
(B) Western blot demonstrating expression of wild-type LegA7, LegA7 C61S and
LegA7∆Ank290 proteins from bait plasmids. Expression of p53 was used as a control.
The mutants LegA7 C61S and LegA7∆Ank290 were expressed as was the p53 control.
Expression of wild-type LegA7 was not seen.
(C) Test LegA7C61S for autoactivation.
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proximity to activate transcription of two reporter genes: ADE2 and HIS3. Using the
C61S mutant as bait, we screened two yeast two-hybrid libraries: A mouse brain library
(Clontech) and a human universal tissue library (Clontech). The mouse brain library was
screened once, where the mated culture was plated onto low stringency CM(glucose)LEU-TRP-HIS+ADE plates (Screen 1). The human universal tissue library was screened
twice: One mated culture was plated on low stringency CM(glucose)-LEU-TRPHIS+ADE plates (Screen 2) and a second mated culture was plated onto high stringency
CM(glucose)-LEU-TRP-HIS-ADE plates (Screen 3). A minimum of 106 clones were
screened for each experiment. The numbers of clones screened for experiment is included
in Table 4.
For Screens 1 and 2, each resulting colony was streaked onto both low and high
stringency plates for secondary screening. See Figure 17 for schematic diagram. The
results of Screens 1 and 2 will be separated into two discussions. First, we will discuss
the results when using low stringency plates for secondary screening and then later,
discuss the results of high stringency plates for secondary screening.

4.2.5.1 Screen 1 & 2 (low stringency secondary screening)
Screen 1 resulted in 642 individual colonies. When re-streaked, 558 of the 642
colonies grew on CM(glucose)-LEU-TRP plates selecting only for the plasmids, and not
for interaction. 447 of the 558 grew on low stringency plates. Plasmids were rescued
from 25 strains and were sequenced. Based on the sequencing results, nine plasmids were
eliminated because their sequences did not contain protein coding sequences. Upon re-
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Table 4. Number of clones screen in yeast two-hybrid.

We performed three yeast two-hybrid screens to identify an interacting partner of LegA7.
We screened two different cDNA libraries: Mouse brain and human universal tissue
(Clontech). The recommended minimum number of clones to screen is 106.

Library screened

Stringency on primary screen Number of clones screened

Screen 1

Mouse brain

Low

7.5 x 106

Screen 2

Human universal tissue

Low

2.4 x 106

Screen 3

Human universal tissue

High

4.8 x 106
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Figure 17. Schematic diagram of primary and secondary screening for yeast twohybrid screen.

For screens 1 and 2, the mated cultures were plated on low stringency CM(glucose)LEU-TRP-HIS+ADE plates. Colonies resulting from the screens were streaked on
CM(glucose)-LEU-TRP medium selecting only for the bait and prey plasmids. They were
then re-streaked onto high or low stringency plates, CM(glucose)-LEU-TRP-HIS-ADE or
CM(glucose)-LEU-TRP-HIS+ADE, respectively. Candidates that resulted from the low
stringency secondary screen were called “moderate” interactors. Candidates that resulted
from the high stringency secondary screen were called “strong” interactors.
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transformation of the rescued plasmids, only five of the nine showed true interaction by
yeast growth. Of these five, there are two independent transcripts represented.
The two independent proteins that resulted from the Y2H screen are listed in
Table 5. They are Kif21a and Kif3c. Kif21a, kinesin family member 21A was represented
four times among the 35 samples that were sequenced. The portion of the gene isolated
from the mouse brain library is predicted to make a 93aa protein. Kif3c was only
represented once in the screen. The portion of the gene isolated from the mouse brain
library is predicted to produce a 737aa protein. In order to evaluate whether Kif3c is
represented among the remaining colonies that were isolated from the Y2H screen, we
performed colony PCR to amplify a portion of the Kif3c gene. In the 30 colonies were
screened for Kif3c, Kif3c does not appear to be represented. Upon further analysis, it was
found that both Kif21a and Kif3c are able to autoactivate the HIS3 reporter without the
presence of legA7. See Figure 18 and 19.
Screen 2 resulted in 1588 individual colonies. When re-streaked, 1574 of the 1588
colonies grew on CM(glucose)-LEU-TRP plates selecting only for the plasmids, and not
for interaction. 166 of the 1574 grew on the low stringency secondary screening plates.
Plasmids were rescued from 29 strains and were sequenced. Based on the sequencing
results, only three plasmids contain protein coding sequences. The three independent
proteins that resulted from the Y2H screen are listed in Table 5. They are syntaxin 7,
ribosomal L24 domain containing protein 1, and cardiolipin sythase 1. Upon retransformation of the rescued plasmids, none of the three showed true interaction by yeast
growth. See Figure 20 and 21.
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Table 5. Summary of Screen 1 & 2 (low stringency secondary screening).
Screen 1. The two independent proteins that resulted from the Y2H screen are listed in
lower table. They are Kif21a and Kif3c. Kif21a, kinesin family member 21A was
represented four times among the 35 samples that were sequenced. Kif3c was only
represented once in the screen.
Screen 2. The primary screen resulted in 1588 individual colonies. When re-streaked,
1574 of the 1588 colonies grew on CM(glucose)-LEU-TRP plates selecting only for the
plasmids, and not for interaction. 166 of the 1574 grew on the low stringency secondary
screening plates. Plasmids were rescued from 29 strains and were sequenced. Based on
the sequencing results, only three plasmids contain protein coding sequences. The three
independent proteins that resulted from the Y2H screen are listed in Table 5. They are
syntaxin 7, ribosomal L24 domain containing protein 1, and cardiolipin sythase 1. Upon
re-transformation of the rescued plasmids, none of the three showed true interaction by
yeast growth.

1° Screen Number of colonies from Y2H
Verify growth (without selection for interaction)
2° Screen Verify growth (verify moderate interaction)
Plasmid rescued
Sequences analysed to date
Inserts included protein coding region
Verify interaction by transformation of rescued plasmid
# of independent transcripts represented
Screen 1 (mouse brain)
Gene Name Description
Kif21a
Kinesin-like protein KIF21A
Kif3c
Kinesin-like protein KIF3C
Screen 2 (human universal)
Gene Name Description
Stx7
Syntaxin 7
RSL24D1
Ribosomal L24 domain containing 1
CRLS1
Cardiolipin synthase 1

Screen 1
642
558
447
46
25
16
5
2

Screen 2
1588
1574
166
48
29
3
n/d
3

-LEU -TRP -HIS +Ade
-LEU -TRP
-LEU -TRP -HIS +Ade
moderate interactors
moderate interactors
moderate interactors
moderate interactors
moderate interactors

Function
kinesin motor protein
kinesin motor protein
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Function
Endocytic trafficking to late endosomes
Function unknown (ribosome biogenesis?)
Cardiolipin makes up 20% of inner
mitochondrial membrane lipids

Figure 18-22. Verification of candidates from yeast two-hybrid screen. In order to
verify the interaction of the candidates and LegA7, plasmids were rescued and
reintroduced into the legA7 strain.

Figure 18. Kif21A shows autoactivation.
Kif21A shows autoactivation on CM(glucose) -LEU-TRP-HIS+Ade plates and do not
grow on either CM(glucose) -LEU-TRP-HIS-Ade or CM(glucose) -LEU-TRP-Ade
plates.
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Figure 19. Kif3C shows autoactivation
Kif3C shows autoactivation on CM(glucose) -LEU-TRP-HIS+Ade plates and do not
grow on either CM(glucose) -LEU-TRP-HIS-Ade or CM(glucose) -LEU-TRP-Ade
plates.
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Figure 20. Syntaxin7 shows autoactivation.
Syntaxin7 shows autoactivation on both CM(glucose) -LEU-TRP-HIS+Ade plates and
CM(glucose) -LEU-TRP-HIS-Ade.

119

120

Figure 21. RSL24D1 shows autoactivation.
RSL24D1 shows autoactivation on both CM(glucose) -LEU-TRP-HIS+Ade plates and
CM(glucose) -LEU-TRP-HIS-Ade.
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4.2.5.2 Screen 1 & 2 (high stringency secondary screening)
Screen 1 resulted in 642 individual colonies. When re-streaked, 558 of the 642
colonies grew on CM(glucose)-LEU-TRP plates selecting only for the plasmids. 10 of the
558 grew on high stringency plates. Plasmids were rescued from all 10 strains and
sequenced. Based on the sequencing results, five plasmids were eliminated because their
sequences did not contain protein coding regions. Upon re-transformation of the rescued
plasmids, only two of the five showed true interaction by yeast growth. All five of these
plasmids were the same transcript, Urgcp, upregulator of cell proliferation. The portion of
the transcript that was pulled from the screen is predicted to produce a 236aa protein.
Urgcp showed the ability to interact with legA7 via yeast two-hybrid (Figure 22A), and
this interaction was not dependent on the ankyrin-repeat domain (Figure 22B).
Screen 2 resulted in 1588 individual colonies. When re-streaked, 1574 of the 1588
colonies grew on CM(glucose)-LEU-TRP plates selecting only for the plasmids. 13 of the
1574 grew on high stringency plates. Plasmids from all 13 strains were rescued and
sequenced. Based on the sequencing results, 11 plasmids contain protein coding
sequences. There were two independent proteins represented and they are listed in Table
6. They are adaptor-related protein complex 4, sigma 1 subunit and syntaxin 7. Upon retransformation of the rescued plasmids, none showed true interaction by yeast growth.
Syntaxin 7 was also identified in the low stringency secondary screening which also
showed that syntaxin 7 was not a true interacting partner of legA7 (Figure 20).
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Figure 22. Verification of interaction of LegA7 and Urgcp by yeast two-hybrid.
(A) Urgcp shows autoactivation on CM(glucose) -LEU-TRP-HIS+Ade plates, but
specific interaction on CM(glucose) -LEU-TRP-HIS-Ade and CM(glucose) -LEU-TRPAde plates. (B) The interaction of Urgcp is not dependent on the ankyrin-repeat domain
of LegA7.
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Table 6. Summary of Screen 1 & 2 (high stringency secondary screening).
Screen 1. The primary screen resulted in 642 individual colonies. When re-streaked, 558
of the 642 colonies grew on CM(glucose)-LEU-TRP plates selecting only for the
plasmids. 10 of the 558 grew on high stringency plates. Plasmids were rescued from all
10 strains and sequenced. Based on the sequencing results, five plasmids were eliminated
because their sequences did not contain protein coding regions. Upon re-transformation
of the rescued plasmids, only two of the five showed true interaction by yeast growth. All
five of these plasmids were the same transcript, Urgcp, upregulator of cell proliferation.
Screen 2. The primary screen resulted in 1588 individual colonies. When re-streaked,
1574 of the 1588 colonies grew on CM(glucose)-LEU-TRP plates selecting only for the
plasmids. 13 of the 1574 grew on high stringency plates. Plasmids from all 13 strains
were rescued and sequenced. Based on the sequencing results, 11 plasmids contain
protein coding sequences. There were two independent proteins represented and they are
listed in Table 6. They are adaptor-related protein complex 4, sigma 1 subunit and
syntaxin 7. Upon re-transformation of the rescued plasmids, none showed true interaction
by yeast growth.

1° Screen Number of colonies from Y2H
Verify growth (without selection for interaction)
2° Screen Look for strong interactions
Plasmid rescued
Submitted for sequencing
Inserts included protein coding region
Verify interaction by transformation of rescued plasmid
# of independent transcripts represented

Screen 1 (mouse brain)
Urgcp
Upregulator of cell proliferation
Screen 2 (human universal)
Gene Name Description
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Stx7
Syntaxin 7
AP4S1
Adaptor-related protein complex 4, sigma 1 subunit

Screen 1
642
558
10
10
10
5
2
1

Screen 2
1588
1574
13
13
13
11
n/d
2

-LEU -TRP -HIS +Ade
-LEU -TRP
-LEU -TRP -HIS -Ade
strong interactors
strong interactors
strong interactors
strong interactors
strong interactors

Function unknown
Function
Endocytic trafficking to late endosomes
Trans-Golgi network to the endosomallysosomal trafficking

4.2.5.3 Screen 3 (high stringency)
We performed a single high stringency screen of the human universal tissue yeast
two-hybrid library looking for an interacting partner of LegA7. Only two candidates
resulted from that screen and they were identified in the low stringency screen previously
performed. They were syntaxin 7 and adaptor-related protein complex 4, sigma 1 subunit
(see Table 7). These were already demonstrated to cause autoactivation of the HIS3
reporter and were discarded as potential interacting partners of LegA7.
In summary, the only potential interacting partner that resulted from the three
Y2H screens is Urgcp, upregulator of cell proliferation. To verify the interaction of legA7
with Urgcp, we ectopically expressed both legA7 and Urgcp in mammalian cells to
demonstrate the interaction via coimmunoprecipitation assay. We could not conclusively
demonstrate this interaction due to background levels of Urgcp or legA7 bound to the
agarose beads used in the immunoprecipitation. The EGFP-legA7C61S fusion came
down with anti-HA resin under conditions where no HA-Urgcp was expressed (Figure
23). In addition, we performed the same experiment using 3xFLAG-tagged LegA7. The
HA-Urgcp binds to the anti-FLAG resin when no 3xFLAG-legA7 is expressed (data not
shown). Various conditions have been attempted to eliminate background by using
different and varying amounts of detergent, different amounts of DNA in transfection
and/or more stringent washing conditions. See Table 8.

3.2.6 Does LegA7 act on the host cell cycle?
Based on the preliminary analysis of candidates from the yeast two-hybrid screen,
we selected Urgcp, upregulator of cell proliferation, for further analysis. Expression has
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Table 7. Summary of Screen 3 (high stringency).
We performed a single high stringency screen of the human universal tissue yeast twohybrid library looking for an interacting partner of LegA7. Only two candidates resulted
from that screen and they were identified in the low stringency screen previously
performed (Table 5). They were syntaxin 7 and adaptor-related protein complex 4, sigma
1 subunit.

Stringent Screen
1° Screen Number of colonies from Y2H
Verify growth (without selection for interaction)
2° Screen Look for strong interactions
Plasmid rescued
Submitted for sequencing
Inserts included protein coding region
Verify interaction by transformation of rescued plasmid
# of independent transcripts represented

Screen 1 (mouse brain)
Urgcp
Upregulator of cell proliferation
Screen 2 (human universal)
Gene Name Description
Stx7
Syntaxin 7
AP4S1
Adaptor-related protein complex 4, sigma 1 subunit
Screen 3 (human universal)
Gene Name Description
Stx7
Syntaxin 7
AP4S1
Adaptor-related protein complex 4, sigma 1 subunit
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Screen 3
2
2
2
2
2
2
2
2

-LEU -TRP -HIS -Ade
-LEU -TRP
-LEU -TRP -HIS -Ade
strong interactors
strong interactors
strong interactors
strong interactors
strong interactors

Function unknown
Function
Endocytic trafficking to late endosomes
Trans-Golgi network to the endosomallysosomal trafficking
Function
Endocytic trafficking to late endosomes
Trans-Golgi network to the endosomallysosomal trafficking

Figure 23. Coimmunoprecipitation assay to verify the interaction of LegA7 and
Urgcp.
Immunoprecipitation of GFP-legA7 when co-transfected with either HA-tagged human
Urgcp or HA-tagged mouse Urgcp. The LegA7C61S mutant was cloned into the pEGFP
vector which generates GFP-legA7 fusion in which the GFP is located at the N-terminal
end of LegA7. HA-tagged human Urgcp or HA-tagged mouse Urgcp was cloned into the
pcDNA3.1 vector. The first four lanes are the input lanes and are labeled with constructs
that were co-transfected into HEK293T cells. These are: empty pcDNA + empty pEGFP,
empty pcDNA + GFP-C61S-legA7, HA-tagged human Urgcp + GFP-C61S-legA7, and
HA-tagged mouse Urgcp + GFP-C61S-legA7. The next eight lanes are samples subjected
to immunoprecipitation by anti-HA antibody. The first four lanes of the
immunoprecipitation lanes were subjected to a final wash of wash buffer containing 0.1%
SDS while the last four lanes of the immunoprecipitation lanes were subjected to a final
wash of wash buffer containing 1M NaCl. Samples were then run on 10% SDS-PAGE
gels and subjected to immunoblotting as indicated on the right side of each blot.
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Table 8. Summary of conditions tested in coimmunoprecipitation assay of LegA7 and Urgcp.
Date
3/3/2012
3/14/2012
3/14/2012
4/2/2012
4/2/2012
4/10/2012
4/18/2012
4/18/2012
5/4/2012
5/4/2012
5/4/2012
5/4/2012
5/12/2012
5/12/2012
5/12/2012
5/12/2012
7/10/2012
7/16/2012
7/17/2012
7/19/2012*
7/23/2012*

legA7
3xFLAG-wt
3xFLAG-wt
3xFLAG-wt
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S
3xFLAG-C61S

How long IP performed?
3hrs
1hr
24hrs
1hr
24hrs
3hrs
1hr
1hr
1hr
1hr
1hr
1hr
3hrs
3hrs
3hrs
3hrs
1hr
1hr
1hr
1hr
1hr

Lysis buffer
1% Triton X-100
1% NP-40
1% NP-40
1% NP-40
1% NP-40
1% NP-40
1% NP-40
1% NP-40
1% Triton X-100
1% Triton X-100
1% NP-40
1% NP-40
1% Triton X-100
1% Triton X-100
1% NP-40
1% NP-40
1% Triton X-100
1% Triton X-100
1% Triton X-100
1% Triton X-100
1% Triton X-100
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Wash buffer (3 washes)
1% Triton X-100
1% NP-40
1% NP-40
0.1% NP-40
0.1% NP-40
0.1% NP-40
0.1% NP-40; 4th with 0.1% SDS
0.1% NP-40; 4th with 1M NaCl
0.1% Triton X-100
0.1% Triton X-100; 4th with 1M NaCl
0.1% NP-40
0.1% NP-40; 4th with 1M NaCl
0.1% Triton X-100
0.1% Triton X-100; 4th with 1M NaCl
0.1% NP-40
0.1% NP-40; 4th with 1M NaCl
0.1% Triton X-100
1% Triton X-100
1% Triton X-100; 4th with 1M NaCl
1% or 2% Triton X-100
1% Triton X-100

Results
No
No
No
Weak signal
Weak signal
see pull-down in empty vector
see pull-down in empty vector
see pull-down in empty vector
No
No
No
No

legA7-3xFLAG binding HA beads
HA-URGCP binding FLAG beads
legA7-3xFLAG binding HA beads
HA-URGCP binding FLAG beads
HA-URGCP binding FLAG beads

been demonstrated in the lung, heart, brain, liver, skeletal muscle, kidney, pancreas,
spleen, testis, and ovary (Nagase et al. 2000). Its expression is also found in human
hepatocellular carcinoma and human gastric cancer tissues (Song et al. 2006; Tufan
et al. 2002). Cell lines ectopically expressing Urgcp showed an increase in Cyclin
D1 protein expression, an increase in the proportion of cells in S-phase and an
increase in proliferative capacity. Down-regulation of Urgcp expression by siRNA in
gastric cancer cell lines showed a decrease in the proportion of cells in S-phase and
an increase of cells in G1. These cells also demonstrate a decrease in proliferative
capacity. We hypothesized that LegA7 may be inactivating Urgcp and therefore,
inhibiting Urgcp-dependent upregulation of Cyclin D1 (Figure 24). Cyclin D1 is a
cell cycle regulator that is required for G1 to S-phase transition, and therefore,
promotes cellular proliferation.
Our lab has shown that Legionella preferentially infects host cells in the G1
or G2-phase of cell cycle. S-phase appears toxic to Legionella (unpublished data by
D. de Jesus-Diaz and R. Isberg). Since it has been shown that cells expressing Urgcp
ectopically have an increase in Cyclin D1, a cell cycle regulator required for G1 to
S-phase transition, which promotes cellular proliferation, it is hypothesized that
LegA7 might be interacting with Urgcp to inhibit its activity which in turn, prevents
CyclinD1 activity inhibiting the transition from G1 to S-phase in the cell cycle.
In order to study this, legA7 was expressed in two mammalian cell lines,
293T and HeLa and cells were analyzed for phase in cell cyle. In order to monitor
expression, legA7, legA7C61S and legA7∆Ank290 were inserted into pEGFP_C1 to

Figure 24. Model of how LegA7 may be interacting with Urgcp.

Urgcp (upregulator of cell proliferation) through an unknown mechanism increases
Cyclin D1 expression and progression through the cell cycle. We hypothesized that
LegA7 may be inactivating Urgcp and therefore, inhibiting Urgcp-dependent
upregulation of Cyclin D1. Cyclin D1 is a cell cycle regulator that is required for G1
to S-phase transition, and therefore, promotes cellular proliferation. (Figure adapted
with permission from Macmillan Publishers Ltd: Nat Rev Mol Cell Biol. 2007
Aug;8(8):667-70, copyright (2007).)
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Upon infection, Legionella
pneumophila secretes legA7
into the host cytoplasm

legA7

URGCP
Unknown
Mechanism
↑CyclinD1

Adapted from Nature Reviews Molecular Cell Biology 8, 667-670
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generate EGFP-legA7, EGFP- legA7C61S, and EGFP-legA7∆Ank290 fusion
constructs. The empty vector pEGFP_C1 was used as a negative control. In both cell
lines, expression of LegA7 does not appear to affect the cell cycle. See Figure 25.

4.2.7 Suppressor screens to identify genes that complement growth defect caused
by L. pneumophila genes
Four strains from the L. pneumophila yeast expression library (legA10, sdbA,
sdbB, and lpg0944) were selected for the screen. These four strains have a severe
growth defect phenotype and were good candidates for a suppressor screen.
Screening with the 2J351 yeast expression library, transformation of psdbA strain
resulted in two potential suppressors and transformation of the plegA10 strain
resulted in one. No potential suppressors resulted from screening the psdbB or
plpg0944 strains (see Table 9). Resulting colonies were re-streaked onto selective
CM(galactose)-URA-LEU plates to verify that growth. Plasmids were rescued and
re-transformed into their respective starting strains (i.e. psdbA or plegA10) to verify
that the gene(s) encoded on the plasmid could confer suppression of the growth
defect. None of these candidates showed suppression of the growth defects upon reintroduction of the plasmids. There are several explanations for these false positives,
including but not limited to the following. The expression plasmid for the L.
pneumophila IDTS pYES2/NTA may have acquired a mutation(s) during
transformation preventing expression of the L. pneumophila IDTS; the yeast
chromosome may have acquired a mutation(s), conferring resistance to L.
pneumophila IDTS; ectopic expression of L. pneumophila IDTS is too high such that
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Figure 25. Effect of ectopic LegA7 expression on mammalian cell cycle.

LegA7 was ectopically expressed in two mammalian cell lines, HEK293T and HeLa
for 40 hours. Cells were analyzed for phase in cell cyle. In order to monitor
expression, legA7, legA7C61S and legA7∆Ank290 were inserted into pEGFP_C1 to
generate EGFP-legA7, EGFP- legA7C61S, and EGFP-legA7∆Ank290 fusion
constructs. The empty vector pEGFP_C1 was used as a negative control. In both cell
lines, expression of LegA7 does not appear to affect the cell cycle.
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Table 9. Summary of suppressor screen with the random yeast expression
library.

Four strains from the L. pneumophila yeast expression library (legA10, sdbA, sdbB,
and lpg0944) were selected for the screen. These four strains have a severe growth
defect phenotype and were good candidates for a suppressor screen. Screening with
the 2J351 yeast expression library, transformation of psdbA strain resulted in two
potential suppressors and transformation of the plegA10 strain resulted in one. No
potential suppressors resulted from screening the psdbB or plpg0944 strains.
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the yeast cannot overcome; although the transformation efficiency may not be
optimized; problem inherent to the 2J351 yeast genomic expression library (random
library) and amplification of starting material (Materials and Methods).
In order to address the issue of the yeast genomic expression library, our
laboratory has acquired the Yeast FLEXGene Collection (Hu et al. 2007). This is a
directed bank of >5000 yeast ORF arrayed in 61 x 96-well plates. In order to reduce
the number of transformations to be performed, the library was pooled into 10
fractions. This library is expressed in the pBY011 vector which contains the URA3
selection marker. The L. pneumophila yeast expression library was made in the
pYES2/NTA vector (also URA- marked). In order to make this library compatible
with the FLEXGene Collection, the selection marker of each strain was converted
from URA3 to LEU2 via homologous recombination in yeast. The LEU2 gene was
amplified from the pYEp351 plasmid with 54bp overhangs that were homologous to
the flanking regions of URA3 in pYES2/NT (see Figure 26).
Before performing the screen, a pilot screen was performed to determine
whether suppressors can be visualized in suppressor screen (Figure 27, top). This
was to address whether the suppressor screen that was designed is sensitive enough
to distinguish potential suppressors from non-suppressors. In order to address this,
the plegA7 strain was mixed with the empty vector strain in a ratio of 100:1 and
plated on medium containing sorbitol (stress condition) to determine whether these
two strains could be visually distinguished (Figure 27, top). By visual inspection, the
plegA7 strain can be distinguished from the empty vector strain.
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Figure 26. Strategy for Converting URA3 Gene to LEU2 Gene.

In order to convert pYES2/NT from the URA3 selection marker to LEU2 selection
marker, homologous recombination in yeast was employed. The LEU2 gene was
amplified using pRS425 as a template with primers that had 54bp of homology to the
flanking regions of URA3 on the pYES2/NT vector. The gapped pYES2/NTA
plasmid was co-transformed with the LEU2 amplicon into wild-type BY4741 S.
cerevisiae.
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In order to determine the optimal plating density for Saccharomyces
cerevisiae, serial dilutions of yeast harboring the pYES2/NTA-leu empty vector
were plated on selective media (CM -LEU) containing glucose, galactose or
galactose with sorbitol (Figure 27, bottom). When yeast are plated at a high density,
the colonies are smaller and appear to inhibit the growth of neighboring colonies. In
a screen looking for suppression of a growth defect, plating at high density may
interfere with the detection of suppressors of growth defects. The table in Figure 27
(bottom) shows the number of colonies formed at each dilution plated. When plating
up to 1800 colonies, colonies grow at expected numbers. For the suppressor screen,
transformations were plated at this density or lower.
For the suppressor screen, each pool of the 10 pools was transformed into the
plegA7 strain (LEU2-marked). In order to address the issue of low plating efficiency
when screening strains with severe growth defects, conditions for the screen were
optimized by adding a recovery step. After transformation step, cells were grown in
media containing raffinose without selection (CM(raffinose) all amino acids) for two
hours. Cells were then either plated on inductive selective plates (CM(galactose)URA-LEU) or grown in liquid media without selection under inducing conditions
(CM(galactose) all amino acids). In the case of plating on inducing conditions,
transformants were plated on media with or without sorbitol (stress condition). In the
case where cells were grown in liquid media under inducing conditions, cells were
grown in media for two hours and then plated on solid selective media containing
galactose (CM(galactose)-URA-LEU) with or without sorbitol. The plates were
incubated for 7 days at 30ºC and monitored for growth of colonies.
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Figure 27. A pilot experiment to determine whether suppression is visible by
naked eye.
(top) Before performing the screen, a pilot screen was performed to determine
whether suppressors can be visualized in suppressor screen. This was to address
whether the suppressor screen that was designed is sensitive enough to distinguish
potential suppressors from non-suppressors. In order to address this, the plegA7
strain was the empty vector in a ratio of 100:1 and plated on medium containing
sorbitol (stress condition) to determine whether these two strains could be visually
distinguished . (bottom) In order to determine the optimal plating density for S.
cerevisiae, serial dilutions of yeast harboring the pYES2/NTA-leu empty vector
were plated on selective media (CM -LEU) containing glucose, galactose or
galactose with sorbitol. When yeast are plated at a high density, the colonies are
smaller and appear to inhibit the growth of neighboring colonies. In a screen looking
for suppression of a growth defect, plating at high density may interfere with the
detection of suppressors of growth defects. The lower table shows the number of
colonies formed at each dilution plated. When plating up to 1800 colonies, colonies
grow at expected numbers.
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There was a fair level of background transformants (transformation of
pBY011 empty vector) in this screen which made for the case that resulting
transformants that were larger than those on the background plate could be potential
suppressors. In Table 10, the number of transformants plated per 10-cm plate, total
number of transformants plated (on 20-22 plates), the fold coverage of that pool and
the transformation efficiency. A transformation efficiency of 106 transformants/µg
DNA/108 cells) is considered optimal. The fold coverage was calculated by dividing
the total number of transformants by the number of clones represented in that pool.
For Pools 1-9, there are approximately 600 clones. For Pool 10, there are
approximately 700 clones.
Colonies were visible by three days after transformation. Since there were so
many colonies, we decided to perform a high frequency transformation in order to
obtain a pool of DNA that is enriched for suppressors. Using this pool of enriched
suppressors, plegA7 would then again be screened for suppressors. Please see Figure
28 for experimental flow chart. Colonies were collected by scraping and total yeast
DNA was isolated by phenol/chloroform extraction. This yeast DNA prep should
contain chromosomal yeast DNA, the legA7 plasmid (LEU2-marked), and any
potential suppressors from the FLEXGene library (URA3-marked). Both the legA7
plasmid and the FLEXGene library plasmids are AmpR for E. coli selection. This
DNA mixture was transformed into E. coli and transformants were selected by
ampicillin-resistance. Transformants were pooled and plasmid DNA isolated by
Qiagen MidiPrep. Both the FLEXGene library plasmid and the legA7 plasmid
harbor ampicillin-resistance for selection in E. coli and could not distinguish at this
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Table 10. Summary of suppressor screen with FLEXGene library.

Table summarizes the total number of transformants plated and screened per pool.
The fold coverage of each pool and the transformation efficiency were also
calculated. A transformation efficiency of 106 transformants/µg DNA/108 cells) is
considered optimal. The fold coverage was calculated by dividing the total number
of transformants by the number of clones represented in that pool. For Pools 1-9,
there are approximately 600 clones. For Pool 10, there are approximately 700 clones.
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Figure 28. Experimental flow chart for high frequency transformation.
Suppressor screen was performed as described in Figure 2. Each potential suppressor
should harbor two plasmids: 1) legA7 plasmid (LEU2-marked) and 2) FLEXGene
plasmid (URA3-marked) expressing the suppressor gene. For the high frequency
transformation, all potential suppressors were pooled and total DNA was isolated by
phenol/chloroform extraction. This yeast DNA prep should contain chromosomal
yeast DNA, the legA7 plasmid (LEU2-marked), and any potential suppressors from
the FLEXGene library (URA3-marked). Both the legA7 plasmid and the FLEXGene
library plasmids are AmpR. This DNA mixture was transformed into E. coli and
transformants were selected by ampicillin-resistance. Transformants were pooled
and plasmid DNA isolated by MidiPrep. Because both the FLEXGene library
plasmid and the legA7 plasmid harbor ampicillin-resistance, the plasmids harboring
suppressor genes could not be isolated separately from the legA7 plasmid. To select
for the FLEXGene library plasmids, another transformation was performed. The
MidiPrep DNA was transformed into wild type yeast and selected for yeast able to
grow on selective medium without uracil. These transformants were pooled and total
DNA was isolated by phenol/chloroform extraction. This yeast DNA prep should
contain chromosomal yeast DNA and plasmids from the FLEXGene library (URA3marked). DNA mixture was transformed into E. coli and transformants were selected
by ampicillin-resistance. The transformants were pooled and DNA was isolated. This
DNA, in theory, should be a pool of plasmid DNA enriched for suppressors of the
growth defect caused by legA7 expressed in yeast. I repeated the screen with these
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pools and looked for enrichment of suppressors of the growth defect caused by
LegA7.
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step. To specifically select for the FLEXGene library plasmids, this mixed DNA
prep was transformed into wild-type BY4741 S. cerevisiae and selection made for by
growth on selective medium CM(glucose)-URA. These transformants were pooled
and total DNA was isolated by phenol/chloroform extraction. This yeast DNA prep
should contain chromosomal yeast DNA and plasmids from the FLEXGene library
(URA3-marked). DNA mixture was transformed into E. coli and transformants were
selected by ampicillin-resistance. The transformants were pooled and DNA was
isolated. This DNA, in theory, should be a pool of plasmid DNA enriched for
suppressors of the growth defect caused by LegA7 expressed in yeast. Using this
DNA pool, the plegA7 strain was transformed and any suppressors of the growth
defect caused by LegA7.
We selected 30 colonies randomly from five different plates and re-streaked
onto non-inducing plates (CM(glucose)-URA-LEU). After allowing these colonies
to grow for two days, these were then streaked on inducing conditions
(CM(galactose)-URA-LEU) with sorbitol or non-inducing conditions (CM(glucose)URA-LEU) without sorbitol. From the 30 colonies selected, only 13 plasmids were
rescued. Four were identical and identified as the LEU2 gene which encodes an
enzyme required for leucine biosynthesis. When characterizing these four strains,
they grew better on medium containing galactose (compared to glucose) as a carbon
source. Generally, yeast prefers glucose as a carbon source and do not grow as well
on galactose as they would on glucose. These four strains had the opposite
phenotype. The other nine candidates from the suppressor screen are listed in Table
11.
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To verify the results from the suppressor screen, the plegA7 strain was
transformed with the plasmid containing candidate suppressor. These strains were
assayed for ability to grow by spotting assay (see Figure 29). From this experiment,
MRPL8, MET8 and LEU2 were identified as suppressors of the LegA7 growth
defect. API2, YIL024C AND SYF1 showed mild suppression while RPL11A,
Table 11. Candidate suppressors of the LegA7 growth defect.
We performed a suppressor screen to identify host pathways modulated by LegA7.
We selected 30 colonies randomly from five different plates and re-streaked onto
non-inducing plates (CM(glucose)-URA-LEU). After allowing these colonies to
grow for two days, these were then streaked on inducing conditions (CM(galactose)URA-LEU) with sorbitol or non-inducing conditions (CM(glucose)-URA-LEU)
without sorbitol. From the 30 colonies selected, only 13 plasmids were rescued. Four
were identical and identified as the LEU2 gene which encodes an enzyme required
for leucine biosynthesis. When characterizing these four strains, they grew better on
medium containing galactose (compared to glucose) as a carbon source. Generally,
yeast prefers glucose as a carbon source and do not grow as well on galactose as they
would on glucose. These four strains had the opposite phenotype. The other nine
candidates from the suppressor screen are listed in the table.
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Figure 29. Verification of results from suppressor screen.

In order to verify the results of the suppressor screen, the spotting assay was
performed. The empty vector, pBY011, was used as a control for the candidate
suppressor protein expressing strains. The empty vector, pYES2, was used as the
control for the legA7 expressing plasmid. Yeast harboring pBY011 and pYES2 grow
similarly on inducing conditions with or without sorbitol. Expression of LegA7 (in
the presence of pBY011) causes a growth defect under inducing conditions. This
growth defect is worse under stress conditions (sorbitol). None of the candidate
suppressors cause a growth defect in yeast when expressed alone (no LegA7
expression). Under inducing conditions (with or without stress), expression of the
MRPL8, MET8 and LEU2 suppressed the growth defect caused by legA7. RPL11A,
API2, YIL024C, PDB1, NMD2, ERP6 and SYF1 expression in yeast do not
suppress the LegA7 growth defects.
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PDB1, NMD2 and ERP6 did not suppress the growth defect. LEU2 is likely a false
positive result from my screen as expression of LEU2 allows for loss of the plasmid
expressing LegA7 which contains the LEU2 gene for selection. To verify that the
MRPL8/LegA7 and MET8/LegA7 strains are expressing the correct plasmids, the
plasmids from these strains were rescued and submitted for sequencing. The results
of the sequencing show that these strains are in fact expressing the correct plasmids.

4.3 Discussion
In this chapter, we perform a series of experiments to further characterize
LegA7.

4.3.1 Characterization of LegA7 in yeast
Expression of LegA7 causes growth defect in yeast plated on solid medium.
We also analyzed the growth of yeast in liquid medium when expressing LegA7.
Yeast growing in medium containing galactose as a carbon source grow slower than
in medium containing the non-inducing raffinose as a carbon source. The legA7
strain grows similarly to the strain harboring the empty vector in galactosecontaining medium. This analysis provided us the basis for selecting five hours in
galactose-containing medium for inducing conditions.
We previously described a reporter assay to determine whether the Hog1
MAPK is activated in the legA7 strain under high osmotic conditions (Chapter 3).
We also wanted to evaluate whether LegA7 affects Hog1 phosphorylation by
analyzing proteins levels and over time. LegA7 does not appear to affect the
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expression levels of phosphorylated Hog1 in response to stress. We recognize that
phosphorylation of Hog1 is a transient event and may be difficult to capture. It is
however consistent with our results from the Hog1 reporter assay and supports the
hypothesis that LegA7 does not affect Hog1 activation directly.
Localization studies show LegA7 in a perinuclear distribution. LegA7
localization to this region could mean that LegA7 is acting at the nuclear membrane
and/or where the ER meets the nuclear membrane. LegA7 also caused a mild
secretion defect in trafficking from the ER to Golgi. Further studies analyzing
whether LegA7 colocalizes with ER proteins could indicate that LegA7 is acting on
the ER to cause this defect in secretion.

4.3.2 Results of suppressor screens
We performed a series of experiments to set up and validate a suppressor
screen to identify host pathways targeted by LegA7. The screen conditions that were
tested demonstrated that a recovery step without selection improved plating
efficiency after transformation. We screened the FLEXGene yeast expression
library. The candidate suppressors from the screen included MRPL8, a
mitochondrial ribosomal protein; RPL11A, a ribosomal protein of the large subunit;
PDB1, pyruvate dehydrogenase beta subunit; NMD2, protein involved in telomere
maintenance; ERP6, Emp24p-related protein (ER to Golgi transport); SYF1, protein
required for splicing; two amino acid biosynthesis genes, MET8 and LEU2; and two
uncharacterized ORF. Upon verification, the two biosynthesis genes, MET8 and
LEU2 rescued the LegA7 growth defect in yeast. In addition, one other protein,
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MRPL8 also rescued the growth phenotype. Identifying LEU2 demonstrated that the
suppressor screen is likely working correctly. If yeast expressing LegA7 which is
LEU2-marked, acquired another plasmid with the leu2 gene, then it could tolerate
loss of the plasmid encoding legA7 (LEU2-marked). Although there does not appear
to be cross-talk between the methionine and leucine biosynthesis pathways, we
suspect a similar phenomenon is occurring with MET8 expression. Finally, MRPL8
is a mitochondrial ribosomal protein and provides yeast cells with protection from
environmental insults (Mira et al. 2010; Zhou et al. 2009). MRPL8 is likely acting
on a different pathway from LegA7 to rescue the growth defect. The candidate
pathways which resulted from this suppressor screen were unrelated pathways from
the MAPK pathway signaling that we are interested in. We decided not to pursue
these candidate pathways at this time, but rather perform yeast two-hybrid screens as
an alternative approach to identifying an interacting partner for LegA7.

4.3.3 Results of yeast two-hybrid screens
We performed three yeast two-hybrid screens which yielded over 2000
candidate interactors, however, most of these candidates were false positives and
were able to auto-activate the yeast two-hybrid system employed. Of the three
screens performed, two used low stringency conditions for the primary screen
utilizing only the HIS3 reporter gene to screen two different cDNA libraries (mouse
brain and human universal tissue), rather than both the HIS3 and ADE2 reporter
genes. The one screen performed on high stringency conditions yielded significantly
less candidate interacting proteins with only two candidates. However, they were the
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same two resulting proteins as when the screen was performed under low stringency
and subjected to a high stringency secondary screen, Syntaxin 7 and AP4S1 (Table
7). When the low stringency primary screen was subjected to a low stringency
secondary screen, other candidate proteins were revealed. Unfortunately, most of the
candidates verified in the secondary screen were able to auto-activate the yeast twohybrid system suggesting they are not true interacting partners with LegA7.
Of note, a known issue for yeast two-hybrid screens is that acidic
amphipathic helices can cause autoactivation of the reporter system (Ruden 1992;
Ruden et al. 1991). LegA7 contains an ankyrin repeat domain which contains many
alpha-helices which could prove to be amphipathic. In order to address this, we also
generated a legA7 ankyrin repeat domain deletion bait strain, called legA7∆Ank290
to test whether the ankyrin repeat domain affected activation of the reporter in our
yeast two-hybrid system. The legA7∆Ank290 was able to equally interact with Urgcp
(Figure 22) as well as other candidate proteins that were identified in the screen (data
not show).
Upon further characterization and verification, the interaction of only one
candidate protein, Urgcp, could be demonstrated above background levels in the
yeast two-hybrid system. To independently verify the interaction, we made several
attempts to coimmunoprecipitate LegA7 and Urgcp in a mammalian expression
system. This proved to be quite difficult. In the case of pulling down HA-tagged
Urgcp with anti-HA resin, we would find that there would be a basal level of
interaction between the 3xFLAG-tagged LegA7 and the anti-HA resin when no HAtagged Urgcp was expressed. The converse was also true. We found interaction
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between the HA-tagged Urgcp and the anti-FLAG resin when no 3xFLAG-tagged
LegA7 was expressed. We tried to solve this by adding a fourth wash (three washes
is our standard protocol) and increasing the stringency conditions in the fourth wash
to decrease the background. We also added a pre-clearing step by pre-incubating the
cleared cell lysate with non-specific resin. We also tried two different detergents in
the wash buffers, Triton X-100 and NP-40, as well as varying the incubation time of
the resin with the cleared cell lysate. Finally, we also tried blocking the beads with
BSA before incubating the resin with the clear cell lysate.
In order to address these issues, polyacrylamide-based beads or magnetic
beads could be used instead of the agarose beads currently employed. For the wash
steps, we could try to increase the stringency of wash buffer at each wash, try
different nonionic detergent, Tween-20, or adding the blocking agent to the wash
buffer. We could also increase the number of washes or prolong each wash step.
As a potential interacting partner of LegA7, we decided to further analyze the
role of Urgcp in the host cell and how LegA7 may be affecting it. Urgcp is the
upregulator of cell proliferation and is normally widely expressed in lung, heart,
brain, liver, skeletal muscle, kidney, pancreas, spleen, testis, and ovary (Nagase et al.
2000). It is also expressed in human hepatocellular carcinoma and human gastric
cancer tissues (Song et al. 2006; Tufan et al. 2002). Mammalian cells ectopically
expressing Urgcp showed an increase in Cyclin D1 protein expression, an increase in
the proportion of cells in S-phase and an increase in proliferative capacity. Finally,
downregulation of Urgcp expression by siRNA in gastric cancer cell lines showed a
decrease in the proportion of cells in S-phase and an increase of cells in G1; and a
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decrease in proliferative capacity (Song et al. 2006). It appears that Urgcp is
somehow acting on the cell cycle and promotes cellular proliferation, possibly by
blocking the activity of the cell cycle regulator, Cyclin D1, which is required for G1
to S-phase transition. The effect of Urgcp on the mammalian cell is interesting
because our laboratory has shown that L. pneumophila preferentially infects cells in
G1 or G2-phase of cell cycle. S-phase appears toxic to L. pneumophila (unpublished
data by D. de Jesus-Diaz and R. Isberg). Based on this, we predicted that LegA7
may be acting on Urgcp to inactivate it and prevent cell cycle progression (Figure
24). To this end, we decided to evaluate whether ectopic expression of Urgcp
affected mammalian cell cycle. In HEK293T cells, Urgcp appeared to have a small
effect on cell cycle progression. In HeLa cells, a better model cell line for cell cycle
analysis, Urgcp does not appear to have any effect on cell cycle.
In this chapter, we performed several screens to identify an interacting
partner or target pathway for LegA7 activity. The yeast two-hybrid screen is a potent
genetic tool for identifying targets or substrates for proteins with unknown function,
such as LegA7. Although we have a candidate interacting partner of LegA7, its
interaction could not be independently verified in a coimmunoprecipitation assay.
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Chapter Five:
Discussion and Future Directions
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5.1 Summary
In summary, we performed a genetic screen to identify host cell pathways
targeted by Legionella pneumophila that have not been easily identified using
traditional strategies of analyzing membrane trafficking and kinase networks during
intracellular growth. We used yeast as a model organism of the host cell. We
identified the L. pneumophila IDTS LegA7 as modulating the host MAPK signaling
pathway. LegA7 has a catalytic triad that is important for its function. The catalytic
triad has sequence homology to a family of bacterial cysteine proteases. LegA7 also
has an ankyrin repeat domain which is also necessary for its function. We also
performed yeast two-hybrid screens to identify the host target for LegA7; Urgcp is a
candidate interacting partner but this has not been independently verified yet. Yeast
is an effective gene discovery tool which allows for a powerful, genetic approach to
both the identification of virulence factors and the study of their function.

5.2 Future Directions

5.2.1 Are ankyrin repeat proteins in L. pneumophila of an ancestral origin?
Pathogenic bacteria have evolved to manipulate biological processes in their
target host cells. L. pneumophila has 15 ankyrin repeat genes that are predicted to
have a total of 46 ankyrin repeat motifs. Ankyrin repeat proteins have typically been
considered a eukaryotic domain based on phyletic distribution analysis (Ponting et
al. 1999). It has been widely viewed that bacterial acquisition of ankyrin repeat
proteins has resulted from horizontal gene transfer (Bork 1993). Considering L.
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pneumophila’s intracellular lifestyle and relationship with its host cells, this is a
reasonable assessment. However, recent sequence analysis of some archaea genomes
suggests that the presence of ankyrin repeat proteins in eukaryota and bacteria could
be of ancient origin. It would be interesting to perform phylogenetic analysis of L.
pneumophila’s ankyrin repeat motifs to identify any gene duplication events or
points of divergence. In addition, it would be interesting to analyze the protein
sequences of the L. pneumophila ankyrin repeat motifs to determine whether there is
a L. pneumophila-specific ankyrin repeat consensus sequence. L. pneumophila
contains ankyrin repeat motifs that contain the consensus sequence for eukaryotic
ankyrin repeat motifs; however, the first ankyrin repeat motif in LegA7 does not
have the consensus sequence but is important for LegA7 function.

5.2.2 Is L. pneumophila manipulating the host MAPK signaling pathway to
prevent an immune response?
The pathogenicity of L. pneumophila is partially attributed to its ability to
evade the host immune system. In this work, we show that the L. pneumophila IDTS
LegA7 modulates host cell responses to high osmolarity in the extracellular
environment. L. pneumophila may do this to prevent the cell from activating the host
immune system. It has been shown that activation of the yeast Hog1 pathway primes
other pathways for activation. L. pneumophila may be targeting host MAPK
pathway signaling to prevent priming of other pathways.

5.2.3 How does L. pneumophila affect the host cell cycle?
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It is known that activation of the Hog1 MAPK pathway can modulate yeast
cell cycle progression. Our laboratory has also found that L. pneumophila prefers to
infect host cells in the G1-phase of the cell cycle. Although uptake into host cells
occurs before Legionella IDTSs could affect the cell cycle, L. pneumophila could
manipulate cell cycle progression once it is inside the host cell. Other pathogens
have effectors that arrest cell cycle (Jubelin et al. 2009; Nougayrede et al. 2005).
Although we found that LegA7 does not modulate mammalian cell cycle, it would
not be surprising to find a L. pneumophila IDTS with this activity.

5.2.4 What are the activity and host target of LegA7?
The molecular activity and host target of LegA7 are still unknown. In order
to identify the host target, an unbiased coimmunoprecipitation assay may be
performed in mammalian cells. This approach has been used previously to identify
L. pneumophila IDTS (Heidtman et al. 2009). Additionally, another genetic
approach to identifying host pathways affected by LegA7 is to screen a yeast
deletion strain library (Kramer et al. 2007). Identification of the host target would
provide some insight on the function of LegA7 during Legionella infection.

5.2.5 Is LegA7 expression temporal during Legionella infection?
Many Legionella IDTS have the highest expression at late log- to earlystationary phase when the bacteria are preparing themselves for lysis of the host cell
for further rounds of infection of new host cells. It would be interesting to know
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whether legA7 also follows this pattern of mRNA expression and what are the
expression levels during different growth phases.

5.2.6 Is LegA7 required for intracellular growth?
Another aspect of Legionella biology to examine is whether the deletion of legA7
from the genome affects the ability of the organism to infect and replicate in the host
cell. No ∆legA7 strain is available currently. Study of this strain would be most
relevant in a mammalian cell relevant to human disease as well as the natural
reservoir for Legionella. The Isberg laboratory employs murine bone marrow
macrophages as a model host cell for Legionella infection. We also utilize two
amoebae species, Dictyostelium discoideum and Acanthamoeba castellanii, to study
Legionella pathogenesis in its natural host. There is also an animal model for
Legionella infection (Shin et al. 2008). However, as discussed previously, studying
Legionella biology can be difficult due to the fact that loss of one gene from the
Legionella genome does not result in a phenotype. It is very likely that ∆legA7 strain
would grow similarly to its wild-type control.

5.2.7 Does Legionella affect the host vasculature?
Patients infected with L. pneumophila often test positive for the bacterium in
their urine, suggesting that Legionella is able to cross the endothelial cell layer of the
vasculature. Whether this is an active process such that Legionella can infect and
replicate within endothelial cells or has specific bacterial factors to facilitate this
activity versus a passive process such that the infection and resulting inflammation
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permit the vasculature to be leaky and allow Legionella to enter the bloodstream.
Because endothelial cells are similar to macrophages (both are derived from
monocytes), I suspect that Legionella is able to infect endothelial cells and grow to
similar levels as they would in macrophages.

The work described in this thesis has focused on identifying and
characterizing a bacterial factor important for Legionella pneumophila virulence. We
identified the IDTS LegA7 as playing a role in modifying the host response to L.
pneumophila infection. Specifically, LegA7 acts to inhibit the cell’s ability to adapt
to high osmolarity in the extracellular environment, suggesting that Legionella
pneumophila modulates host cell MAPK pathway signaling through LegA7 activity.
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Appendix A. Identification of Icm/Dot translocated substrates that result in
increased phospho-JNK levels in mammalian cells
Lpg number

Gene

Relative JNK
Activation

MAD Score

lpg0234

sidE

15.00

48.60

lpg2157

sdeA

5.61

15.65

lpg2156

sdeB

5.19

14.18

lpg0059

ceg2

4.87

13.05

lpg1701

legC3

4.00

10.00

lpg2831

vipD

3.34

7.68

lpg0695

legA8

3.30

7.54

lpg0080

ceg3

3.00

6.49

2.76

5.65

lpg2207
lpg1960

lirA

2.63

5.19

lpg2147

mavC

2.50

4.74

lpg2153

sdeC

2.50

4.74

lpg1752

mavB

2.40

4.39

lpg0240

ceg8

2.36

4.25

lpg2148

mvcA (mavC paralog)

2.35

4.21

lpg2498

mavJ

2.34

4.18

lpg2456

legA15

2.33

4.14

lpg0160

ravD

2.32

4.11

2.24

3.82

lpg1961
lpg2862

legC8

2.24

3.82

lpg0403

legA7

2.23

3.79

lpg1488

legC5

2.22

3.75

2.20

3.68

2.20

3.68

lpg2420
lpg2327

ceg6

Listed are L. pneumophila genes that, when ectopically expressed from the
pDEST53 plasmid, result in enhanced JNK phosphorylation relative to empty vector
control, using the median absolute deviation (MAD) score > 3.5 as a cutoff for
increased JNK phosphorylation relative to wild type control.
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