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Abstract
Legionella pneumophila (L. pneumophila) is an opportunistic human pathogen known to cause
severe pneumonia in those infected. It primarily infects human alveolar macrophage cells, altering
vesicular trafficking while evading innate immune response. Once internalized through phagocytosis by
the host macrophage cell, L. pneumophila hijacks the host cell’s signaling and vesicular trafficking
pathways. To accomplish this, L. pneumophila has evolved a type IVB secretion system that is capable of
transporting effector proteins through its inner and outer membranes and through the vacuole into the host
cytoplasm. Once in the cytoplasm, the effector proteins perform post-translational modifications (PTMs)
to the host proteins, altering their functions. The aim of this thesis was to characterize an effector protein
that was identified using the process of “machine learning”, aptly named Lem23 (Legionella effector
identified by machine learning). Using protein crystallography, poorly diffracting Lem23 crystals were
obtained and, subsequently optimized using reductive lysine methylation. The optimized crystals led to a
structure with a resolution of 1.55 Å; further analysis revealed that Lem23 is a Fic protein. Lem23
contains the required 6 α-helices that constitute a Fic core, a slightly modified catalytic loop, and a large
insertion that may be an interaction domain for its target proteins. Using sequence analysis and structural
knowledge the possibility of Lem23 AMPylating its protein target was assessed. AMPylation is a posttranslational modification common to Fic proteins. Finally a HEK293 expression and coimmunoprecipitation procedure was used to pull-down Lem23’s target proteins during host cell infection.
Preliminary mass spectrometry results of co-immunoprecipitated proteins revealed Lem23 interacts with
two proteins involved with the cellular apoptotic pathway. This study provides further information about
one effector protein, Lem23, and its potential importance in the infection process to inhibit the host cells
innate immune response.
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Chapter 1
Introduction

1.1 Legionella pneumophila
1.1.1 Initial human outbreak of Legionnaire’s disease and identification
Legionella pneumophila (L. pneumophila) was first identified as a human pathogenic
bacterium in July of 1976 when an outbreak of a severe case of pneumonia infected the attendees
of a Legion convention in Philadelphia. A total of 182 cases were reported, resulting in the
hospitalization of 147 people and 29 fatalities (Fraser et al., 1977). This specific form of
pneumonia was referred to as Legionnaire’s disease to reflect those infected from the initial
outbreak. Further investigation revealed it was caused by Gram-negative bacillus, which was
aptly named Legionella pneumophila, reflecting both its victims and its effects on them (Brenner
et al., 1979).
Legionnaires’ disease infects immunocompromised and elderly individuals that inhale
water droplets containing the L. pneumophila bacteria, leading to the infection of an individual’s
alveolar macrophage cells. However, it is estimated by the Centers for Disease Control and
Prevention that <5% of individuals that come in contact with the bacteria develop Legionnaires’
disease (Garrison and Kutty, 2015). In our industrialized environment L. pneumophila has been
shown to survive in man-made water sources: air-conditioners, water heaters, humidifiers, and
sewage treatment plants (Palmer et al., 1993).
1

Since the initial identification of L. pneumophila an additional 50 Legionella species have
been identified, with 24 of these being recognized to cause human disease (Newton et al., 2010).
Out of the 24 Legionella species shown to be capable of causing Legionnaires’ disease, L.
pneumophila was identified as being the biggest culprit responsible for >90% of these cases (Yu
et al., 2002). Analysis of clinical and environmental distribution of the Legionella species in
France revealed that L. pneumophila serogroup 1 made up 28% of the Legionella isolates
obtained from the environment, but accounted for 95% of the clinical isolates (Doleans et al.,
2004). This suggests that L. pneumophila serogroup 1 is the most infectious Legionella species.

1.1.2 Life cycle
L. pneumophila has two distinct life cycles: extracellular and intracellular. During the
intracellular part of the life cycle L. pneumophila is capable of hijacking the host-cells’ natural
function, creating a safe place for the bacteria to replicate. The extracellular life cycle of L.
pneumophila can be further broken down into two distinct phases: exponential and stationary.
During the exponential phase, L. pneumophila are said to be in a “replicative form”, while the
stationary phase, often referred to as the post-exponential phase, is known as the “virulent form.”
This virulent form is triggered by the accumulation of the molecular alarmone, ppGpp, a
pheromone that is made during nutrient deprivation (Hammer and Swanson, 1999). The virulent
form is more infectious than the replicative form and is thus alternatively termed the infectious
cyst-like form.
Although L. pneumophila bacteria can replicate in the extracellular environment, they
appear to survive mainly as parasites to single-celled protozoa (Rowbotham, 1986). This may not
only be due to their obligate requirement of L-cysteine, which may not be substituted by the
2

oxidized form of cysteine (cystine) that is more commonly found in aerobic environments
(Garduno et al., 2002). Along with the importance for L-cysteine, the intracellular life cycle may
also protect L. pneumophila from extracellular environmental dangers, such as biocides used to
disinfect water. A study to disinfect nuclear power plant cooling circuits of L. pneumophila and
other bacteria from the Legionella genus used a monochloramine biocide. This biocide proved
extremely effective by reducing Legionella levels by 99% and did not result in more resistant
Legionella strains (Jakubek et al., 2013). It was also noted that low levels of Legionella could be
detected during treatment and rapid re-colonization after ceasing treatment. The Legionella
bacteria were surviving by infecting protozoan hosts that protected them from the harsh
extracellular environment.
The selective pressures against bacteria cells in man-made water supplies have likely
driven L. pneumophila to evolve a dependence on the intracellular life cycle. In other words, the
bacteria cells have not evolved a method to become more tolerant to the biocides, but rather
evolved a mechanism to become more infectious to their protozoan hosts. These natural
protozoan cells that L. pneumophila are capable of infecting share similar proteins and pathways
to those found in human alveolar macrophage cells, and these similarities consequently make
humans susceptible to infection.

1.1.3 Internalization
It is known that the L. pneumophila bacterium has to be internalized into the eukaryotic
cell as a part of its intracellular life cycle. However, it is still debated as to whether the entry into
and exit out of the host cell is pathogen-driven or host-directed (Newton et al., 2010). It has been
generally accepted that L. pneumophila is internalized using phagocytosis, with some groups
3

showing coiling phagocytosis being the main mechanism used (Horwitz, 1984; Bozue and
Johnson, 1996). This mechanism of cellular entry still does not explain the findings that L.
pneumophila is capable of infecting CHO-K1, and HeLa epithelial cells, cell lines not known to
engulf bacteria cells using phagocytosis (Dreyfus, 1987; McCusker et al., 1991). This latter
information supports the view that bacterial uptake is a virulence-directed property of L.
pneumophila (Newton et al., 2010). No matter whether the mechanism of L. pneumophila
internalization is host- or pathogen-dependent, or a mixture of both, it is clear that, once
internalized, the L. pneumophila is capable of manipulating host cell trafficking and signaling
pathways.
Human macrophage cells normally take up nonpathogenic bacterial cells using
phagocytosis and modification of the phagosome (containing the bacterial cell) develops with the
addition of early and then late endosomes. After this phagosome maturation, the vacuole
containing the bacterial cell can then fuse with the lysosome (Luzio et al., 2007) (Figure 1.1A).
Uptake of a pathogenic bacterium, like L. pneumophila, begins through the same pathway;
however instead of the phagosome maturing along the same pathway and fusing with the
lysosome, L. pneumophila causes the phagosome to mature into a “Legionella containing
vacuole” (LCV) (Figure 1.1B).
The LCV is created through the early recruitment of endoplasmic reticulum (ER) vesicles
and mitochondria to the phagosome. Further development leads to the coating of the LCV with
ribosomes to give it a rough ER appearance. This ER-like LCV creates the perfect environment
for L. pneumophila to replicate, and after nutrient deprivation, it lyses the host cell (Isberg et al.,
2009).

4

Although most information is known about changes in vesicular trafficking leading to the
formation of the LCV, L. pneumophila must also evade the host cells immune response, which
means suppressing the apoptotic pathway (Abu-Zant et al., 2007; Isberg et al., 2009). To
manipulate the natural functions of the host cell and create the LCV, L. pneumophila has evolved
a large set of proteins, termed effectors, which are released into the host cell where they perform
post-translational modifications (PTMs) to the host cells proteins and in turn alter their regular
function. These PTMs allow L. pneumophila to alter the host cell’s vesicular trafficking while
simultaneously evading its immune response.

5

Figure 1.1 Intracellular life cycle after phagocytosis of nonpathogenic bacterium and
Legionella pneumophila by a human macrophage cell.
A) The default phagosome maturation pathway that occurs after the uptake of a nonpathogenic
bacterial cell by a human macrophage cell. Fusion of the bacteria-containing phagosome with
early and late endosomes and, eventually, lysosome leads to bacterial cell breakdown. B) The
phagosome maturation pathway undertaken by L. pneumophila after being engulfed by a human
macrophage cell. The Dot/Icm type IVB secretion system is used to release effector proteins into
the host cell, leading to altered host protein functions and resulting in the recruitment of
endoplasmic reticulum (ER) vesicles, mitochondria, and eventually ribosomes. The result is the
creation of the LCV in which the L. pneumophila bacteria replicates until it lyses the macrophage
cell. Adapted from Isberg et al. Nat. Rev. Microbiol. 2009.
6

1.2 Effector proteins
1.2.1 Post-translational modifications
To hijack the human alveolar macrophages cell’s vesicular trafficking, L. pneumophila
has been shown to utilize many different PTMs, including: ubiquitination, phosphorylation,
AMPylation (formerly referred to as adenylation), and phosphocholination (Michard and Doublet,
2015). These PTMs have also been shown to have antagonistic partners that are capable of
reversing the modifications, allowing the internalized L. pneumophila bacteria to adjust the
modifications of host protein function over the course of infection.
With respect to changes in host vesicular trafficking, two proteins are of particular
interest and the most characterized: DrrA and AnkX. Both of these effectors have been shown to
modulate host vesicle trafficking through modifying Rab1, a GTPase responsible for regulating
vesicle trafficking. Interestingly, DrrA has been shown to AMPylate Rab1B at Tyr77, which
corresponds to Tyr80 of Rab1A, and AnkX was shown to phosphocholinate Rab1A at Ser79,
which corresponds to Ser76 of Rab1B (Müller et al., 2010; Mukherjee et al., 2011). Even more
interesting is the fact that these effectors act on adjacent amino acids of the same host protein,
show no preference for significant sequence similarity, and have both been shown to be Fic
(filamentation induced by cAMP) proteins. As well, DrrA and AnkX catalyze two distinct PTMs
using identical catalytic mechanisms (discussed in Chapter 1.4). In order to facilitate these PTMs,
DrrA, AnkX, and other effector proteins must be transported into the host cytosol.
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1.2.2 Effector protein delivery system
When L. pneumophila bacteria are internalized by phagocytosis, they are encircled by the
host’s plasma membrane as it creates the phagosome. To deliver the effector proteins into the host
cytoplasm L. pneumophila has evolved a mechanism capable of exporting the effector proteins
through their inner, outer, and phagosome membranes. The genes encoding the proteins
responsible for the effector protein exportation were discovered by two separate groups around
the same time and identified for two distinct, yet similar, reasons. Ralph Isberg’s group called
these genes defect in organelle trafficking (dot) while Howard Shuman’s group called these genes
intracellular multiplication (icm) (Marra et al., 1992; Berger and Isberg, 1993).
Initially the dot/icm genes were suggested to encode a Type 4 secretion system (T4SS)
due to amino acid similarity with transfer genes of the IncI plasmid (Komano et al., 2000). At the
time, the VirB system from Agrobacterium tumefaciens was viewed as the prototypical T4SS and
the L. pneumophila Dot/Icm secretion system showed a greater deal of complexity in gene
organization, leading to the naming of the Dot/Icm system as a Type IVB secretion system
(T4BSS) to distinguish it from the VirB system (Christie and Vogel, 2000; Sexton and Vogel,
2002).
It was not until a couple years later that the first substrate that was transported in a
dot/icm gene-dependent manner was reported. This group was able to show that a bacterial
guanine nucleotide exchange factor, RalF, was required for the recruitment of ADP ribosylation
factor (ARF) proteins to the LCV (Nagai et al., 2002). This made RalF, not only the first substrate
of the proposed dot/icm secretion system, but also the first identified effector protein. To identify
additional potential substrates of the T4BSS in L. pneumophila, further characterization of RalF
was performed, revealing that the carboxyl-terminus was required for export into the host cell
8

cytoplasm. The addition of an epitope tag to the carboxyl-terminus, or a three amino acid deletion
from this terminus was capable of completely inhibiting RalF translocation (Nagai et al., 2004).

1.2.3 Characteristics of an effector protein
The carboxyl-terminus of RalF was studied further using X-ray crystallography which
revealed that it was solvent exposed, and either disordered or flexible (Amor et al., 2005), making
it readily accessible to the T4BSS components, even when the protein is folded. This observation
agrees with the idea that proteins identified by a C-terminal signal may only be identified posttranslationally (as proteins are synthesized from the amino- to the carboxyl-terminus and
therefore begin folding before the translation of the carboxyl terminus is complete), and therefore
the protein will be fully folded.
The T4BSS therefore must have evolved a way to transport the fully-folded proteins
through the membranes, or the proteins must be denatured during transport. The Isberg group
(Amyot et al., 2013) looked at the conformational state of the effector proteins during
transportation by adding dihydrofolate reductase or ubiquitin domains that quickly fold and are
very difficult to unfold. They found that these domains were capable of interfering with
translocation and blocking the T4BSS, meaning that these effector proteins must be transported in
an unfolded conformation.
Further study of the Bartonella henselae and A. tumafaciens T4SS also showed a
dependence on a conserved C-terminal signal peptide being required for protein secretion into the
host cell (Schulein et al., 2005; Vergunst et al., 2005). Although with this and other studies trying
to characterize L. pneumophila effector proteins (Kubori et al., 2008; Burstein et al., 2009; Huang
et al., 2011; Lifshitz et al., 2013), a consensus carboxyl-terminal sequence still cannot be
9

Regiona

Validated effectors

Predicted effectors

G+Cb

I
lpg1933–lpg1978 (46/16/7)

lpg1933 (lem15), lpg1947 (lem16), lpg1948 (legLC4), lpg1949 (lem17), lpg1950
(ralF), lpg1953 (legC4), lpg1958 (legL5), lpg1960 (lirA), lpg1962 (lirB), lpg1963
(lirC), lpg1964(lirD), lpg1965 (lirE), lpg1966 (lirF), lpg1969 (lem18), lpg1976 (legG1),
lpg1978 (setA)

lpg1952, lpg1957, lpg1959,
lpg1961, lpg1968, lpg1972,
lpg1975

36.8%

II
lpg2137–lpg2176 (40/9/8)

lpg2137 (legK2), lpg2144 (legAU13/ceg27/ankB), lpg2153 (sdeC), lpg2154 (sde),
lpg2155 (sidJ), lpg2156 (sdeB), lpg2157 (sdeA), lpg2166 (lem19), lpg2176 (legS2),

lpg2143, lpg2147, lpg2148,
lpg2149, lpg2150, lpg2159,
lpg2160, lpg2170

38.1%

III

lpg2391 (sdbC), lpg2400 (legL7), lpg2406 (lem23), lpg2407, lpg2409 (ceg29),

lpg2395, lpg2403, lpg2408,

38.4%

lpg2391–lpg2433 (43/9/8)
lpg2411 (lem24), lpg2422 (lem25), lpg2433 (ceg30)
lpg2414, lpg2416,
deduced,
the current lpg2410
idea (vpdA),
is of
a consensus sequence that contains a lpg2413,
specific
organization of
lpg2424, lpg2425
IV

lpg2504 (ceg32), lpg2508 (sdjA), lpg2509 (sdeD), lpg2510 (sdcA), lpg2511 (sidC),

lpg2505, lpg2518, lpg2519,

37.6%

lpg2504–lpg2529 (26/8/6)
(lem26), lpg2527, lpg2529 (lem27)
lpg2520, lpg2522, lpg2525
small
hydroxyl grouplpg2523
containing
(serine and threonine), negatively charged,
and hydrophobic
a

Number of ORFs in region/validated effectors/predicted effectors.
G+C content of coding regions.

b

doi:10.1371/journal.ppat.1000508.t005
residues
(Figure 1.2).

Figure 4. The putative secretion signal at the C-terminus of effectors. The enrichment and depletion pattern of groups of amino acids within
the 20 C-terminal residues of effectors is shown. Amino acids with aliphatic side-chains bearing a hydroxyl group (S/T) are in red, hydrophobic amino
acids (I/L/V/F) in green, and negatively charged amino acids (E/D) in blue. Statistically significant enrichments or depletions (G-test; p-value,0.01 after
Figure
Analysis
of carboxy-terminal
secretion signal of effector proteins.
Bonferroni1.2
correction)
are marked
with asterisks.
doi:10.1371/journal.ppat.1000508.g004

Amino acid enrichment and depletion of the 20 carboxy-amino acids found in the secretion signal
peptide
of effector proteins. Amino acids containing
aliphatic side
chains are shown in red,
PLoS Pathogens | www.plospathogens.org
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hydrophobic side chains in green, and acidic side chains shown in blue. Asterisks mark positions
with significant (G-test; p-value<0.01 after Bonferroni correction) enrichments or depletions.
From Burstein et al. 2009.
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1.3 Identification of Lem23
With no simple carboxyl-terminal consensus sequence present on all effector proteins
Burstein (Burstein et al., 2009) and colleagues devised a machine-learning approach, using
classification algorithms, to classify the previously unclassified ORFs in the genome L.
pneumophila Philadelphia 1 as coding for effector or non-effector proteins. Using the ~100
verified effector proteins they selected for features to select for in their classification algorithm
that would be used to categorize uncharacterized open reading frames in the L. pneumophila
genome. These features looked at characteristics of taxonomical dispersion, regulatory data,
genomic organization, similarity to eukaryotic proteomes, and similarity to other pathogenic
bacterial effectors. The top ranking predicted effectors were then validated experimentally using a
well-established CyaA translocation assay (Nagai et al., 2002; Liu and Luo, 2007; Zusman et al.,
2007; Altman and Segal, 2008; Kubori et al., 2008). The CyaA gene from Bordetella pertussis
that codes for the catalytic domain of the CyaA toxin was used to create a protein-fusion
expression vector with the predicted effector proteins. The CyaA toxin is capable of converting
ATP to cAMP and exhibits a thousand-fold increase in activity in eukaryotic cells. These vectors
were expressed in both the wild-type and icm/dot mutant, which is incapable of protein
translocation, strains of L. pneumophila. Protein expression was then confirmed by
immunoblotting using an anti-CyaA antibody. Strains expressing the effector-fusion vectors were
incubated with HL-60-derived human macrophage cells. An effector was validated if the levels of
cAMP were greatly elevated only in the wild-type strain, confirming that the predicted effector
was translocated into the eukaryotic cytosol.
This classification method used three distinct phases, with each consecutive phase
incorporating information from the newly validated effectors of the previous phase. This led to an
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increase in Classification cutoff scores in successive phases, and resulted in the successful
identification of 40 new effector proteins. These novel effectors were termed lem, an abbreviation
for Legionella effector identified by machine learning.
Of the newly validated effector proteins our interests were focused on those identified
during the third phase of machine learning. These proteins had the highest Classification cutoff
scores and were discovered using the features from those identified in the previous phases
(meaning they were more likely to be unique to the L. pneumophila genome). We selected
Lem23, lpg2406, for characterization as no biochemical function was known thereof, no
predicted function could be obtained by analyzing the amino acid sequence, and no structural
information was available.

1.4 Fic proteins
The first Fic domain protein was discovered in Escherichia coli (E. coli) and named due
to its involvement in filamentation induced by cAMP (Fic) (Utsumi et al., 1982). Since this initial
discovery, Fic domains have been found in all domains of life, and are present as either singledomain or multi-domain assemblies (Kinch et al., 2009; Garcia-Pino et al., 2014). A minimal Fic
domain is comprised of just 6 α-helices, with more complex Fic proteins containing insertions at
the N- and C-terminus along with insertions in between α-helices 1 and 2 (Figure 1.3). The most
important region of Fic proteins, and the only region that shows conservation between all Fic
proteins is the catalytic loop that is found between α-helices 3 and 4 (Figure 1.3). While the initial
naming of the Fic proteins represent their involvement in cell division, they have since been

12

shown to be involved in many different processes with the most characterized being their roles as
effector proteins.

Figure 1.3 Secondary structure representation of a basic Fic protein.
Cartoon representation of the secondary structure of the 6 α-helices of a minimal Fic domain
(pink), catalytic loop (orange), with known N-terminal insertions (green), C-terminal insertions
(yellow), and α-helix 1-2 loop insertions (blue). 1) IbpA2, 2) AnkX, 3) NmFic, 4) BepA, 5)
NmFic, 6) AnkX, 7) BepA, 8) NmFic, 9) AnkX. (Adapted from Pino et al. 2014.)

The molecular function of these Fic domain proteins was not well understood until the
discovery that the Fic protein VopS from Vibrio parahaemolyticus was able to AMPylate Rho
GTPases to induce the collapse of the actin cytoskeleton of its host cell (Yarbrough et al., 2009).
Since this initial functional identification, Fic proteins have also been demonstrated to possess an
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ability to GMPylate and UMPylate their target proteins, using GTP and UTP as cofactors,
respectively (Mattoo et al., 2011; Feng et al., 2012), leading to the idea that Fic proteins are
NMPylators. However, as mentioned in Chapter 1.2.1, the Fic protein AnkX has been shown to
transfer phosphocholine to its target protein Rab1 (Mukherjee et al., 2011). This further
demonstrates the wide variety of PTMs that can be carried out by Fic enzymes. Despite this
variety, it should be noted that all PTMs performed by Fic proteins to date involve the transfer of
a molecule by its phosphate group through the cleavage of a pyrophosphate bond.
Recently, insights into how these PTMs are carried out have been made possible by highresolution protein structures, revealing the importance of the conserved catalytic loop in
enzymatic function. The first structure of an AMPylator, VopS, illustrated the importance of the
histidine residue in AMPylation, as it is required to deprotonate the incoming threonine residue of
Cdc42, a Rho GTPase (Luong et al., 2010). The threonine side chain is then able to perform a
nucleophilic attack on the α-phosphate of ATP (Figure 1.4) (Luong et al., 2010). The subsequent
steps lead to the addition of an AMP molecule to the threonine residue and release of a
pyrophosphate molecule. The same mechanism is proposed to carry out the phosphocholine
transfer reaction of AnkX, with the main difference being that AnkX uses CDP-choline as a
substrate instead of ATP.
These reaction mechanisms all rely on the conserved histidine residue acting as a general
base and deprotonating the incoming hydroxyl group. A recent bioinformatics analysis of Fic
proteins (sometimes referred to as doc proteins for death on curing) sorted these Fic/doc proteins
based on their catalytic motifs. As anticipated, a majority of these clades contain the catalytic
histidine, while, one clade Fic protein clade, D2, was revealed to contain a conserved glutamine
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residue in place of this histidine (Figure 1.5) (Khater and Mohanty, 2015). As of yet, there has
been no published structure or function deduced for this clade D2 group of Fic proteins.

Figure 1.4 Proposed model for the AMPylation reaction of Cdc42 by VopS.
The incoming side-chain of Cdc42’s threonine is deprotonated by the general base, His348.
This activates the threonine side chain causing it to perform a nucleophilic attack on the αphosphate of ATP. Co-ordination of the ATP molecule and Mg2+ is achieved using Asp352,
Asn354, and Arg356, while Arg299 is proposed to aid in protein substrate binding. (From Luong
et al. 2010.)
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Figure 1.5 Phylogenetic tree of Fic proteins clustered based on catalytic motif sequence.
Different consensus motif sequences are shown for each clade, and no consensus motif could be
determined for clade F6. The catalytic loops shown were gathered from 3D structures of relevant
Fic proteins, if no structure was solved (as in clade D2) one was modelled. From Khater and
Mohanty 2015.
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1.5 Specific aims and summary of this thesis
The bioinformatics approach employed by David Burstein and his colleagues in 2009
characterized 40 ORFs as being effector proteins of L. pneumophila. However, in the nearly six
years since their discovery, no progress has been made in identifying the role that some of these
proteins may play during L. pneumophila infection. The objective of my thesis was to
characterize one of these unknown effector proteins and characterize it with the use of common
structural and cell biology techniques. Lem23 was selected as the effector protein of interest due
to the fact that no function or protein targets could be identified based on its amino acid sequence.
Three specific aims were addressed in the characterization of Lem23:
1) Determine the atomic structure of Lem23
2) Determine a possible function of Lem23 through structural comparison with other
proteins
3) Identify Lem23’s protein targets during host-infection
My studies determined the structure of Lem23 with a resolution of 1.55 Å and illustrated
how reductive lysine methylation can be useful in improving poorly diffracting crystals. After
solving the crystal structure, I was able to show that Lem23 is in fact a Fic domain protein, and
other effector proteins from pathogenic bacteria have this conserved domain (Yarbrough et al.,
2009; Cui et al., 2010). This structural identification suggested that Lem23 could be similar to
other identified pathogenic bacterial effector proteins that AMPylate their host-target proteins
(Kinch et al., 2009). I also examined a common histidine to glutamine mutation found in the
catalytic site of Fic proteins and the effect it may have on the AMPylation mechanism. Lastly, I
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performed interaction studies to determine possible host protein targets of Lem23 and propose a
potential role that Lem23 may have during the infection process.
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Chapter 2
Materials and Methods

2.1 Materials
Two truncations of the lpg2406 gene from Legionella pneumophila – amino acids 38-365
(termed longer construct), and 54-359 (termed shorter construct) of Lem23 – were cloned into a
modified pET32a expression plasmid (Figure 2.1). The vector was transformed into E. coli BL21
(DE3), and B834 (DE3) cells resulting in the expression of a soluble HisTag-ThioredoxinHisTag-TEV_site-Lem23 construct. Protein expression was performed using Luria Broth (LB)
and Isopropyl β-D-1-thiogalactopyranoside (IPTG) from Bioshop Canada. Expression of Lseleno-methionine labeled protein was achieved using M9 SeMET High-Yield Growth Media Kit
from Medicilon (China). The purification process used Ni-NTA (nickel-nitriloacetic acid) resin
supplied by Qiagen, and TEV protease made in-house. Lysine methylation was achieved using
borane dimethylamine complex (Sigma-Aldrich, 97%) and formaldehyde (BDH Chemicals, 3740%). All other chemicals and enzymes used in the purification process were Reagent Grade
acquired from Bioshop Canada.
Crystallization trials used were performed using the AmSO4 suite, Classics suite,
Classics II suite, PEGs I and II, and JCSG Core suites I-IV from Qiagen. Expansion trays and
cryo-protectant solutions were created with ammonium sulfate (Bioshop, BioUltraPure), sodium
fluoride (Bioshop, ACS, Reagent Grade), and glycerol (Bioshop, Reagent Grade).
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Figure 2.1 Fusion constructs used to express and purify Lem23.
Lem23 truncations were cloned into a modified pET32a expression vector, resulting in the
expression of a HisTag-Thioredoxin-HisTag-TEV_Site-Lem23.

2.2 Protein expression and purification for initial crystallization
Both Thioredoxin-Lem23 expression vectors were transformed into E. coli B21 (DE3)
cells and grown in LB containing 100 µg/mL ampicillin. Cells were incubated at 37oC with
shaking at 180 rpm. The cultures were induced with 1 mM IPTG when the OD600 reached 0.6-0.8.
The cultures were then left shaking at 20oC overnight. The 1L cultures were harvested by
centrifugation at 4,550 x g rotor for 30 min and resuspended in 25 mL of 50 mM NaH2PO4 pH
8.0, 250 mM NaCl, 5% (w/v) glycerol, 0.1% Triton X-100, and 1 mg/mL lysozyme. The
resuspended cells were then stored at -80oC.
The frozen cells were thawed in water at room temperature. Lysis was performed on ice
using sonication for 2 min using a cycle of 5 s on, 15 s off. Removal of cell debris was achieved
by centrifugation at 30,900 x g for 30 min using a JA 25.50 rotor. The supernatant was incubated
with 2 mL of Ni-NTA resin that had been equilibrated with equilibration buffer (50 mM
NaH2PO4 pH 8.0, 250 mM NaCl, and 5% (w/v) glycerol) for 45-60 min on a rocker at 4°C. The
Ni-NTA resin was collected in a gravity flow column and washed with 30 mL of the equilibration
buffer, followed by equilibration buffer containing 30 mM imidazole (pH 8.0), and finally eluted
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in 10 mL of equilibration buffer with 300 mM imidazole (pH 8.0). The protein concentration was
determined using Bradford reagent and TEV protease (Nuclear Inclusion A protein from tobacco
etch virus) was added to the elution fraction at a 1:50 (mg TEV protease: mg Eluate). The mixture
was then dialyzed overnight into 50 mM NaH2PO4 pH 8.0, 150 mM NaCl, 5% (w/v) glycerol, and
5 mM β-mercaptoethanol. The Ni-NTA resin was re-equilibrated and the dialysis contents were
allowed to bind on a rocker in the cold room for 30-45 min. The resin was collected again in a
gravity flow column and the flow-through was collected and then concentrated using an Ultracel10K (Millipore). Buffer exchange was then performed into 25 mM Tris-HCl pH 8.0, 150 mM
NaCl, 5% glycerol, 2 mM DTT before being purified further over a Superdex 200 column (GE
Healthcare and Life Sciences) using FPLC (Pharmacia AKTÄ FPLC system). The main peak, as
identified by A280, was pooled and concentrated. Typically a 1 L culture yielded 20 mg of purified
protein, as determined by A280.

2.3 Initial crystallization trials
The longer Lem23 construct (amino acids 38-365) was concentrated using an Ultracel10K in 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 5% Glycerol, 2 mM DTT to a final concentration
of ~10 mg/mL. Crystallization condition screening was performed using the following Qiagen
screens: Classics Suite, Classics II Suite, JCSG Core Suites I-IV, PEGs Suite, PEGs II Suite,
PACT Suite, and AmSO4 suite. A Phoenix robot (Art Robbins Instruments) was used to set up
Intelli-Plate 96-2 Shallow Well Low Profile plates (Art Robbins Instruments) with sitting drops
comprised of 0.4 µL protein solution and 0.4 µL of the reservoir solution. The plates allowed for
equilibrium vapour diffusion to occur at room temperature (22oC). Crystals appeared within two
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days and were grown in multiple ammonium sulfate conditions containing various salts; with the
best and most reproducible crystals containing lithium sulfate.
Optimization was performed using the hanging drop method consisting of 2 µL protein
sample and 2 µL reservoir solution. Multiple approaches were attempted to optimize the longer
Lem23 protein crystals: 1) varying ammonium sulfate concentration (1.6-2.6 M); 2) differing
lithium sulfate condition (0.05-1.0 M); 3) altering pH (pH 7.0 – 8.5); 4) incubating the plates at
different temperatures (4oC, 12oC, 20oC, 25oC); 5) setting drops and letting them incubate at 8oC
for 1-24 h before bringing to room temperature (25oC); 6) addition of Hampton Additive screen,
Silver Bullet screen, and detergent screen. However, no crystals with high diffraction quality
were obtained.

2.4 Protein expression and purification for final crystallization
The shorter Thioredoxin-Lem23 fusion construct was expressed in E. coli B834 (DE3)
cells and grown in M9 SeMET High-Yield Growth Media containing 100 µg/mL ampicillin. The
cells were grown and induced as described by the manufacturer’s protocol (Medicilon, China).
Purification was similar to that for the longer construct (Chapter 2.2), however initial buffer
exchange into 50 mM HEPES pH 7.5, and 250 mM NaCl. A Superdex 75 column was used
instead of a Superdex 200 to remove contaminating proteins present after using the Superdex 200
column (Figure 3.3). The main peak was pooled and diluted to less than 1mg/mL in 50 mM
HEPES pH 7.5, and 250 mM NaCl. The lysine methylation was carried out following a
previously reported protocol (Walter et al., 2006) in a fume hood. A 1 M stock of borane
dimethylamine complex and 1 M formaldehyde were made fresh, and stored on ice. Twenty
microliters of the 1 M borane dimethylamine complex and 40 µL of the 1 M formaldehyde were
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added per mL of protein sample. The mixture was inverted three times and incubated on ice.
After 2 h an additional 20 µL of 1 M borane dimethylamine complex and 40 µL of 1 M
formaldehyde were added per mL of protein sample. This was inverted three times and incubated
on ice for an additional 2 h. A final 10 µL of 1 M borane dimethylamine complex was added per
mL of protein sample, inverted and incubated at overnight on ice. Two molar equivalents of 1 M
glycine pH 8.6 were added to quench the reaction. The samples were concentrated using an
Ultracel-10K (Millipore, Canada), buffer exchanged into 25 mM Tris-HCl pH 8.0, 150 mM NaCl,
5% (w/v) glycerol, and 2 mM DTT and rerun over a Superdex 75 column. The peak was pooled
and then concentrated to use in crystal trials. This purification yielded 15 mg of methylated
protein from 1 L of E. coli culture.

2.5 Crystallization
The purified, methylated protein was concentrated to ~10 mg/mL, determined using A280,
in 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 5% (w/v) glycerol, and 2 mM DTT. Trays were set up
using the AmSO4 screen as previously described, however drops consisted of 1 µL protein
sample and 1 µL of reservoir solution. Many crystal hits were observed, however a change in
crystal morphology – compared to un-methylated protein – was observed in 2.2 M ammonium
sulfate, 0.2 M sodium fluoride. Expansions were carried out and optimal crystals were achieved
in 2.0 M ammonium sulfate, 0.2 M sodium fluoride.
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2.6 Microseeding
A crystal cluster formed in 2.0 M ammonium sulfate, 0.2 M sodium fluoride was looped
and washed in 10 µL of the reservoir condition. The crystal was then looped and placed into 100
µL solution of 2.2 M ammonium sulfate, 0.2 M sodium fluoride. The crystal was then crushed a
few hundred times using a Pasteur pipette which had been sealed using a flame. Serial dilutions
of the microseed stock were performed in 2.2 M ammonium sulfate, 0.2 M sodium fluoride (10-110-6 dilution of the original solution). VDX plates (Hampton) were set up keeping sodium
fluoride constant at 0.2 M, varying ammonium sulfate from 1.7-2.0 M in 0.1 M increments.
Hanging drops were created containing 5 µL protein sample, 5 µL reservoir solution, and 2 µL of
the microseed stocks. Single crystals were achieved in drops containing 1.7-1.8 M ammonium
sulfate and 10-1-10-3 microseed stocks.

2.7 Cryo-protection and testing using in-house X-ray
Crystals were looped from the drops, transferred and mixed in cryo-protectant for 10 s,
prior to flash freezing in liquid nitrogen. Cryo-protectants tested included: mineral oil; 2.0 M
ammonium sulfate, 0.2 M sodium fluoride, with either 25%-50% glycerol, glucose, ethylene
glycol, or PEG400. Crystal diffraction patterns in different conditions were tested for cryoprotectants. A cryo-stream at 100K (Oxford cryo-system) using liquid nitrogen was used during
X-ray exposure. X-rays were generated using a Rigaku MicroMax-007 (Rigaku) rotating copper
anode at a single wavelength of 1.54 Å. The crystals were exposed to X-ray for 5-10 min and
oscillated 0.5-1.0o per exposure. Images were collected using a Mar345 (Rayonix) imaging plate.
Diffraction images were analyzed to compare diffraction resolution and quality. After multiple
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tests, 2.0 M ammonium sulfate, 0.2 M sodium fluoride and 30% glycerol was found to be the
optimal cryo-protectant.

2.8 X-ray data collection, processing, and phasing
Seleno-methionine labeled protein crystals were sent for data collection at the 23-ID-B
beam line at Advanced Photon Source (APS) at Argonne National Laboratory in Chicago. To
determine the peak, inflection, and remote wavelengths to use for multi-wavelength anomalous
dispersion (MAD) phasing, a seleno-methionine crystal was mounted and a fluorescence scan
was collected using a Ketek Silicon Drift Detector. A MAD dataset for the seleno-methionine
labeled crystals was collected for 240o in total with a 0.5o oscillation. Crystals were exposed for 1
s per oscillation at each wavelength and data was collected using a MAR 300 CCD detector.
The XDS program package (Kabsch, 2010) was used for data processing and reduction.
The initial space group and unit cell were determined using XDS auto-indexing, and CCP4’s
(Winn et al., 2011) Aimless was used to search for screw axis. After determining the correct
space group, with screw axis, XDS was used to convert the diffraction images into a list of
indexed reflections and their corresponding integrated spot intensities. Subsequent scaling to 1.8
Å resolution was performed with XSCALE in XDS that adjusts each frame to a common scale.
The Friedel mates corresponding to anomalous data were not merged. MATTPROB (Matthews,
1968; Kantardjieff and Rupp, 2003; Weichenberger and Rupp, 2014) was used to estimate the
number of molecules in the asymmetric unit, with the top probability at 99.5% representing one
molecule per asymmetric unit and it would contain a solvent content of 59.6%. The scaled
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reflections for each wavelength (peak, inflection, and remote) were phased and a primary model
was built by PHENIX’s phenix.autosol program (Adams et al., 2010).

2.9 Molecular replacement and structure refinement
The primary model built in phenix.autosol was then used for further model building and
refinement using a 1.55 Å resolution data set, collected on the seleno-methionine peak.
Methylated-lysine residues could be visualized by the presence of two spheres of electron density
on the terminus of the lysine side chain. Using phenix.refine, a part of the PHENIX package
(Adams et al., 2010), lysine residues were removed and replaced by a dimethyl-lysine residue
(MLY) that was added as a small molecule. After correct position of the MLY molecule it was
attached to the peptide backbone using ReadySet (Adams et al., 2010). Multiple rounds of
manually building and iterative refinement using phenix.refine were performed.

2.10 Yeast two-hybrid
2.10.1 Cloning and testing for autoactivation
Saccharomyces cerevisiae (S. cerevisiae) strain Y190, which contains two reporter genes,
lacZ and HIS3, downstream of a GAL1 upstream activating sequence (UAS) was obtained. GAL4
binding domain (1-147) and activating domain (768-881) is capable of binding this UAS and
leads to the production of the downstream genes. A “bait” expression vector for the fusion
construct consisting of GAL4 binding domain (amino acids 1-147), c-Myc epitope tag, and
Lem23 (amino acids 38-365) was created for expression in S. cerevisiae in a vector containing a
26

tryptophan cassette (pGBKT7). The vector was transformed into the S. cerevisiae strain Y190 and
selected for on yeast minimal media, tryptophan deficient plates.
Colonies were screened by doing a colony lift with nitrocellulose filter paper the same
size as the tryptophan deficient plates, which was then dipped into liquid nitrogen to lyse the
colonies. The filter paper was incubated in 4 mL of 0.1 M sodium phosphate pH 7.0, 10 mM
potassium chloride, 1 mM magnesium sulfate, 38 mM β-mercaptoethanol, and 1 mg/mL 5bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). This was allowed to incubate in a fume
hood at room temperature overnight before viewing. Colonies that turn blue represent a positive
result for expression of LacZ, meaning the construct auto activates and a new truncation must
created.
After no blue colonies were observed, a colony of the S. cerevisiae strain Y190
transformed with the previously described Lem23-fusion vector was picked, and grown in 5 mL
of yeast minimal media lacking only tryptophan (Bioshop). The culture was grown using 180 rpm
shaker at 30°C overnight. The following morning a 1 mL sample was taken of the culture and
harvested at 21,000 x g for 5 min. The supernatant was discarded and the pellet resuspended in 65
µL of 2X SDS-loading dye before being boiled for 10 min. A 10 µL sample was loaded and
resolved using 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The gel was then
transferred to nitrocellulose paper for western blot analysis. The blot was incubated on a rocking
platform for 1 h in the cold room with 100 mL of blocking solution: 20 mM Tris-HCl pH 7.4, 150
mM sodium chloride, 0.05% Tween-20, and 5% (w/v) skim milk. The blocking solution was
discarded and the blot washed twice in 100 mL of 20 mM Tris-HCl pH 7.4, 150 mM sodium
chloride, and 0.05% Tween-20. After discarding the wash solutions, the blot was incubated in the
cold room on a rotating platform overnight in a 20 mL solution containing a 1:1000 dilution of
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anti-c-Myc antibody (Santa Cruz, USA) in 20 mM Tris-HCl pH 7.4, 150 mM sodium chloride,
0.05% Tween-20, 1% (w/v) skim milk. The following morning, this solution was removed and
two 20 min washes were performed using the previously described wash solution. The secondary
antibody solution contained rabbit anti-mouse HRP at a 1:5000 dilution in 20 mL: 20 mM TrisHCl pH 7.4, 150 mM sodium chloride, 0.05% Tween-20, 1% (w/v) skim milk. After 1 h
incubation with rocking, in the cold room the blot was washed 3 times for 5 min in the previously
described wash solution. The rabbit anti-mouse HRP was then activated using Luminata Forte
Western HRP Substrate (Millipore, USA) as per manufacturer’s instructions. The blot was
exposed for 10 s using X-ray film (Mandel, Canada) and developed using a Kodak developer.

2.10.2 Mating bait (Lem23) and cDNA library
A normalized human cDNA library was obtained from Clonetech (USA) and consisted of
a vector containing a leucine cassette, the fusion protein, called the “prey”, consisted of the GAL4
activating domain (amino acids 768-881), HA epitope-tag, and random cDNA fragments. This
library came as a highly concentrated 1 mL sample and was mated with the Y190 strain according
to manufacturer’s protocol.
The samples were plated on yeast minimal media plates lacking tryptophan, leucine,
histidine; these plates also contained 25 mM 3-amino-1,2,4-triazole (3-AT). This ensured that
both the bait and prey vectors were present and that the interaction of the two cause histidine
biosynthesis. The 3-AT is a competitive inhibitor of a product formed after the expression of the
HIS3 gene, and was used to control for leaky HIS3 expression. The plates were incubated at 30°C
for two weeks and colonies that grew were double patched (patched onto two plates in the same
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location, i.e. a grid pattern) onto yeast minimal media plates that were tryptophan and leucine
deficient.
The plates containing the double patched colonies were grown for an additional 2 days at
30°C. Following this a nitrocellulose lift, lysis, and incubation of the colonies was performed in
the same method previously described to one of the patched plates (Chapter 2.10.1). Blue
colonies from these plates represent successful expression of LacZ due to bait and prey
intereaction.

2.10.3 Isolating cDNA
The following day, the colonies on the second patched plate that corresponded to those
that turned blue were used to inoculate 5 mL cultures of minimal yeast media that lacks leucine.
This was rotated at 150 rpm at 30°C overnight. A 1 mL sample of the culture was taken and
vortexed at 21,000 x g for 1 min. The pellet was resuspended in 100 uL of 67 mM
monopotassium phosphate pH 7.5, followed by the addition of 10 µL Zymolase solution (25
µg/µL in 10 mM sodium phosphate dibasic, 50% (v/v) glycerol) was added. The mixture was
incubated at 37°C for 1 h, following this an E. coli miniplasmid kit (ThermoScientific, USA) was
used as described for E. coli plasmid purification.
The purified plasmids were then transformed into E. coli Top10 cells and selected for on
LB plates containing 100 µg/mL ampicillin. Colonies were picked and 5 mL LB cultures
containing 100 µg/mL ampicillin were grown overnight at 37°C. The cells were pelleted and
another plasmid miniprep was performed using the ThermoScientific miniprep kit as per
manufacturer’s instructions.
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2.10.4 Eliminating false cDNA positives
The unknown cDNA clones were then co-transformed with a blank pGBKT7 vector and
plated on yeast minimal media plates lacking tryptophan and leucine. A nitrocellulose lift, lysis,
and incubation with X-gal solution were performed as described (Chapter 2.10.1). Blue colonies
at this point suggest the prey is capable of expressing LacZ without an interacting partner.

2.11 HEK293-6E expression and co-immunoprecipitation
2.11.1 Plasmid design and preparation
A FLAGM2-tag (DYKDDDDK) and Lem23 (amino acids 25-365) fusion was created in
the pcDNA3.1+ expression vector. The plasmid was transformed into E. coli Top10 cells and a
50 mL culture was grown overnight. A midiprep was performed using a kit from
ThermoScientific and followed their protocol. The only exception was the DNA was eluted in
water instead of the elution buffer provided. The DNA was concentrated using a vacuum
concentrator. Once all the water had evaporated the DNA was resuspended into 50 µL water.

2.11.2 Small scale expression trials
HEK293-6E cells at a concentration of 7.5x105 cells/mL resuspended in Dublecco’s
Modified Eagles Medium (DMEM) from Sigma-Aldrich were used to seed 6-well plates. Each
well received 1 mL of the HEK293-6E cell solution and 1 mL of DMEM. The cells were then
allowed to attach to the plate overnight. The purified plasmid was then used for a transfection
using lipofectamine 3000 (Sigma-Aldrich) as described in the manufacturer’s protocol.
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The cells were allowed to grow in the presence of the plasmid for 4 days, after which,
the media was aspirated and cells were washed twice with 1 mL PBS. The cells were then scraped
off the hydrophobic surface and resuspended in 400 µL of solubilization buffer: 50 mM HEPEs
pH 7.4, 150 mM sodium chloride, 0.5% (v/v) TritonX-100, 1 mM sodium fluoride, 1 mM EDTA,
0.5 mM PMSF, and EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) (1/2 tablet) for
mammalian tissues per 50 mL. Passing the cell samples through a 20 gauge blunt-end needle six
times lysed cells. Lysates were clarified by centrifugation at 21,000 x g for 10 min at 4°C. The
supernatant was collected and mixed in a 1:1 ratio with 2X SDS-loading dye and an aliquot was
run using SDS-PAGE (10 µL of the mixture) followed by western blot analysis using the
procedure in Chapter 2.10.1. The blot was probed using an anti-FLAGM2 antibody (Agilent,
USA) and detected as previously described.

2.11.3 Lem23 expression in HEK293 and co-immunoprecipitation
The transfection described in Chapter 2.11.2 was scaled up to a T75 (TPP tissue culture
flask) and the higher concentration of lipofectamine 3000 described by the manufacturer’s
protocol was used. All values were scaled up proportionally to the increase in surface area. After
transfection the cells grew for two days before being harvested in 1 mL of the solubilization
buffer as described in Chapter 2.11.2.
After centrifugation, the supernatant was incubated with 30 µL of FLAG-agarose that
was pre-equilibrated with the wash buffer (the solubilization buffer described in Chapter 2.11.2
without the PMSF and Protease Inhibitor Cocktail). The supernatant and FLAG-agarose were
rocked at 4°C for two h. The resin was pelleted at 1,000 x g for 1 min in the cold room and
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supernatant decanted. The resin was resuspended in 500 µL of the wash buffer. This process was
repeated two more times. The resin was washed twice in PBS in a similar manner. Finally the
resin was resuspended in 60 µL of 2X non-reducing SDS loading dye. A 20 µL sample of the
agarose mixtures was resolved using 12.5% SDS-PAGE. Protein was detected using the
ProteoSilver Silver Staining Kit (Sigma). Bands were then cut out of the gel and sent for mass
spectrometry analysis. The LC-MS was carried out using a Thermo Fisher Orbitrap Velos Pro,
and samples were digested using Trypsin and prepared using a previously established protocol
designed for silver stained gels (Shevchenko et al., 2006).
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Chapter 3
Results

3.1 Initial purification, crystallization, cryo-protection, and X-ray diffraction
experiments
3.1.1 Purification of Lem23
The thioredoxin-Lem23 (amino acids 38-365) fusion was expressed and purified
following the protocol described in Chapter 2. Subsequent cleavage of the fusion protein and
Nickel-resin was used to remove the thioredoxin-tag and TEV protease, which yielded fairly pure
Lem23 (amino acids 38-365) protein. This was further purified using size exclusion
chromatography on a Superdex 200 column (Figure 3.1A). The elution profile revealed a single,
large and distinct peak. The fractions corresponding to this peak were then pooled, concentrated
to ~10 mg/mL, and purity was analyzed using a 12.5% SDS-polyacrylamide gel electrophoresis
stained with Coomassie Blue (Figure3.1B). The most prominent band appeared just below the 37
kDa protein marker (Figure 3.1B), which closely agrees with the predicted molecular weight of
37.8 kDa from the amino acid sequence. A small contaminant protein band that is ~45 kDa in size
was also present in the pooled mixture (Figure 3.1B). The protein was nearly homogenous and
crystallization trials were conducted.
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Figure 3.1 Purification of Lem23 protein (amino acids 38-365) by size exclusion.
A) Lem23 protein was purified on a Superdex 200 HiLoad 16/60 column using a ÄKTA FPLC
system. B) The peak (78-94mL) was collected, concentrated to 10 mg/mL, and 5 µL of protein
was run on a 12.5% SDS-polyacrylamide gel. The protein was visualized using Coomassie Blue
staining. The asterisk marks the ~45 kDa protein contaminant.

3.1.2 Crystallization
Initial protein crystal hits were obtained only in crystallization conditions containing
ammonium sulfate. Crystals were verified to be of protein by imaging with UV light; this
technique can differentiate protein from salt crystals because the tryptophan residues found in the
protein crystals will absorb the UV light and this energy absorption is then emitted as
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fluorescence. Many different salts and additives were tried in the crystallization conditions,
however only lithium appeared to influence crystal nucleation.
The best crystallization condition after optimization (0.1M Tris-HCl pH 7.5, 2M
(NH4)2SO4, 0.2M Li2SO4) yielded protein crystals after 2 days at room temperature (20°C). The
crystals grew as plate clusters and typically nucleated at the surface and edges of the drops
(Figure 3.2).

Figure 3.2 Plate clusters of Lem23 (amino acids 38-365).
Crystals were grown in 0.1 M Tris-HCl pH 7.5, 2 M (NH4)2SO4, 0.2 M Li2SO4 with the average
crystal plate size being a size of 0.4 mm x 0.1 mm x 0.01 mm. The crystals were imaged both
under visible light (left) and UV light (right).

3.1.3 Cryo-protection
Cryo-cooling was used to protect the crystals from exposure to the X-rays. Cryoprotectant conditions tested were similar to the well condition (0.1 M Tris-HCl pH 7.5, 2 M
(NH4)2SO4, 0.2 M Li2SO4) with the addition of 25-50% of either PEG 400, polyethylene glycol,
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glucose, or glycerol. The cryo-protectant containing 30% glycerol was the best as it did not cause
formation of ammonium sulfate crystals too quickly during looping, did not cause visible damage
to the crystals, and also had the best resolution of diffraction reaching 3.5 Å using our home
source X-ray beam.

3.1.4 Seleno-methionine crystal data collection and processing
Seleno-methionine labeled protein was expressed, purified, and crystallized as previously
described. The seleno-methionine labeled protein crystals were sent to a synchrotron facility
(Advanced Photon Source) for X-ray data collection using the selenium peak wavelength.
Multiple data sets of the seleno-methionine labeled Lem23 (amino acids 38-365) crystals were
collected with diffraction reaching 3.1 Å. The crystals belong to the space group of C2 with the
unit cell dimensions: a= 177.8 Å, b= 124.1 Å, c= 95.0 Å and α=90.0°, β=121.6°, γ=90.0°. The
processed data contained an insufficient amount of anomalous signal and had high Rmerge (Table
3.1). It was then not successful to phase the data off of the selenium heavy-metals.

3.2 Shorter Lem23 construct purification, and crystallization
3.2.1 Purification of the shorter Lem23 construct
The shorter Lem23 truncation (amino acids 54-359) was expressed as a thioredoxin
fusion and purified in the same manner as described in Chapter 3.1.1. Size exclusion using a
Superdex 200 column yielded a single large peak (Figure 3.3A). The elution profile revealed that
this shorter construct eluted slightly earlier (2 mL sooner) than the larger one. This is not what
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would be predicted when using size exclusion chromatography, however slight run-to-run
variations, less than 5 mL, are not uncommon. Fractions 40-47, which correspond to the large
peak, were resolved using a 12.5% SDS-PAGE (Figure 3.3B). Many contaminant proteins were
observed, however fractions 42-46 appeared sufficiently pure for crystallization. These fractions
were pooled and concentrated to ~10 mg/mL for crystallization trials.

Figure 3.3 Purification of Lem23 protein (amino acids 54-359) by size exclusion.
A) Lem23 protein was purified on a Superdex 200 HiLoad 16/60 column using an ÄKTA FPLC
system. B) 5 µL of protein from each fraction (40-47, corresponding to 80-96mL) was run on a
12.5% SDS-polyacrylamide gel. The protein was visualized using Coomassie Blue staining.

3.2.2 Crystallization
Protein crystals grew within 2-4 days in conditions containing ammonium sulfate.
Crystals grew mainly as plate clusters, as seen before (Chapter 3.1.2); however, there were more
apparent nucleation events (Figure 3.4). The crystals were not ideal for X-ray diffraction, as they
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were difficult to break from their respective clusters and were extremely fragile. Further
optimization did not yield any useable crystals.

Figure 3.4 Lem23 (amino acids 54-365) crystals obtained from different crystallization
conditions.
All conditions contained ammonium sulfate with different salts or buffers. A) tri-potassium
citrate. B) sodium chloride. C) ammonium chloride. D) HEPES pH 7.0. E) lithium acetate. F)
glycerol.
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3.3 Lem23 sequence analysis
3.3.1 XtalPred secondary structure prediction
The amino acid sequence of full-length Lem23 was analyzed using the XtalPred server
(Slabinski et al., 2007). This was used to look at the predicted secondary structure based on the
amino acid sequence, which could be used to determine any large disordered regions in the
protein (Figure 3.5). The N- and C-terminus had predicted disorder, which is not unusual. The
smallest truncation (amino acids 54-359) had already removed these areas. There did not appear
to be any other areas that were of concern to impair protein crystallization. It was noticed, at this
point, that Lem23 contains many lysine residues (9.3% of the protein) some of which are
clustered (Figure 3.5).
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Figure 3.5 Predicted secondary structure of Lem23 based on amino acid composition.
Xtalpred server was used to predict the secondary structure of the Lem23 protein. Red represents
predicted α-helices, blue represents β-strands, and underlined regions represent disorder. The rest
of the sequence is predicted loop regions. All 34 lysine residues (K) are highlighted in yellow.

3.3.2 High lysine content
Sequence composition analysis revealed that lysine residues accounted for 9.3% (34 total
lysine residues) of the amino acids in the full-length Lem23 protein. These residues, being large
with charged hydrophilic side chains, are often surface exposed, while commonly crystal contacts
are formed between hydrophobic patches on the surface of proteins. The lysine side chains are
also flexible and high in entropy, making them even less likely to participate in crystal contacts.
Two methods were explored to deal with the high lysine content: site-directed mutagenesis, or
chemical methylation of the lysine side-chains.
Site-directed mutagenesis was explored to convert areas concentrated with lysine residues
into hydrophobic residues that may be useful in creating new crystal contacts. This process would
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ensure a consistent homogenous mixture, but may mutate lysine residues that are essential in saltbridge formation. It is also a costly and a lengthy process to complete, particularly given the
number of lysine residues in the cast of Lem23.
Lysine methylation was also considered, as it is a faster and more cost-effective approach
to modifying the protein. It would ensure that only the surface exposed lysine residues are
affected, would not completely inhibit salt-bridge formation, and was cost- and time-effective.
However, it poses a risk to decrease protein solubility by increasing surface hydrophobicity, and
there is no guarantee of a homogenous mixture (i.e. not consistent methylation).

3.4 Final purification, methylation, crystallization, and X-ray diffraction
experiments
3.4.1 Purification of Lem23 for lysine methylation
The thioredoxin-Lem23 (amino acids 54-359) was purified as described in Chapter 3.2.1.
Slight changes in buffer had to be used, i.e. HEPES instead of Tris-HCl, as the amine group in the
Tris-HCl buffer would interfere in the lysine methylation. As well, a Superdex 75 column was
used to increase the purity of the Lem23 (amino acids 54-359) due to the amount of protein
contaminants seen after the Superdex 200 (Figure 3.3B). The protein eluted in as a sharp single
peak (Figure 3.6A) and was noticeably purer when examined using 12.5% SDS-PAGE (Figure
3.6B).
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3.4.2 Lysine methylation
The fractions corresponding to the peak were pooled and diluted to less than 1 mg/mL.
The chemical methylation was then carried out as described in Chapter 2.4.. Re-running the
methylated protein on the Superdex 75 resulted in an earlier elution, which suggested an increase
in the molecular weight (Figure 3.6A). The peak was also lower in height than that seen prior to
the methylation and can be accounted for by the protein that precipitated. The increase in
molecular weight was also verified using 12.5% SDS-PAGE (Figure 3.6B). The Lem23
truncation used contains 27 lysine residues. Under the assumption that all lysine residues present
were mutated we would expect the molecular weight to increase by 756 Da. However, to reveal
the exact number modified we would need to perform mass-spectrometry before and after
methylation.
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Figure 3.6 Purification of Lem23 (amino acids 54-359) by size exclusion.
A) Lem23 protein was purified on a Superdex 75 HiLoad 16/60 column using an ÄKTA FPLC
system. The protein was ran over the column before and after the methylation procedure. The
buffer for the unmethylated protein was 50 mM HEPES pH 7.5, 250 mM NaCl. The methylated
protein was then purified in 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 5% (w/v) glycerol, and 2
mM DTT. B) To ensure the methylation protocol was successful 4 µg of unmethylated and
methylated protein were run on a 12.5% SDS-polyacrylamide. The protein was visualized using
Coomassie Blue staining.

3.4.3 Crystallization
The AmSO4 suite from Qiagen was selected for initial crystallization as all previous
protein crystals of Lem23 grew in ammonium sulfate. Crystals appeared in 4-6 days as either
plate clusters, needle clusters, or a new morphology of stacked plate clusters (Figure 3.7A). The
methylated protein created these stacked plate clusters only in conditions that had a pH close to
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6.0 and contained sodium ions. An optimized crystallization condition of 2 M ammonium sulfate,
0.2 M sodium fluoride was able to produce crystals stacks containing two separate crystal lattices
(Figure 3.7B). Seleno-methionine labeled protein was then used for further crystallization trials.

Figure 3.7 New crystal morphology obtained using methylated-protein.
A) Stacked plate cluster morphology obtained in 2.2 M ammonium sulfate and 0.2 M sodium
fluoride. B) Two crystal plates stacked in the centre, and stacked plate clusters obtained in 2.0 M
ammonium sulfate 0.2 M sodium fluoride.

3.4.4 Microseeding
Microseed stocks of native crystals were created as described in Chapter 2. Mixing of
seleno-methionine labeled protein solution, seed stocks, and crystallization condition containing
less precipitant allowed for crystal growth without spontaneous nucleation events. Seed stocks
that were diluted 10-1-10-3-fold yielded single crystals in 1.7 M ammonium sulfate and 0.2 M
sodium fluoride (Figure 3.8). These single crystals were harvested and sent for X-ray data
collection.
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Figure 3.8 Single seleno-methionine labeled protein crystal obtained from microseeding.
Single crystals were obtained in 1.7 M ammonium sulfate and 0.2 M sodium fluoride using seed
stocks that were diluted 10-1 to 10-3-fold. The crystal pictured is ~ 0.3 mm x 0.15 mm x 0.03 mm.

3.4.5 Seleno-methionine data collection and processing
Single seleno-methionine labeled crystals were sent for synchrotron X-ray data collection
at the Advanced Photon Source. A low-quality crystal was selected for a fluorescence scan, which
was used to determine the peak, inflection, and remote wavelength to collect the crystal data. This
would then be used in multi-wavelength anomalous dispersion phasing. Initial processing of
diffraction data indicated the crystals grew to a new space group, P-2-2-2. Data was collected at
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the three different wavelengths over 240° of the crystal, using 0.5° oscillations. Diffraction for
most crystals reached 1.8-1.7 Å with a few reaching the 1.5-1.4 Å range.
The data was initially processed to the P-2-2-2 space group and Aimless (CCP4) (Winn et
al., 2011), was used to determine if the presence of a screw axis. The space group was determined
to be P-21-21-2 with unit cell dimensions: a= 83.5 Å, b= 109.2 Å, c= 49.4 Å, and α=90.0°,
β=90.0°, γ=90.0°. The X-ray diffraction data corresponding to the peak, inflection, and remote
wavelengths were indexed using XDS (Kabsch, 2010). All diffraction data collected at different
wavelengths were then scaled to the peak diffraction data set. The diffraction data of all
wavelengths was cut to 1.8 Å to be used in phasing. The data collected on the peak wavelength
was shown to have sufficient anomalous data for phasing and a much-improved Rmerge (Table
3.1).

3.5 MAD phasing and initial model building
Using MATTPROB (Matthews, 1968; Kantardjieff and Rupp, 2003; Weichenberger and
Rupp, 2014) we were able to determine that there should be 1 molecule per asymmetric unit, with
a VM of 3.13 Å3/Da, which is in the acceptable VM range of 1.68 – 3.53 Å3/Da. MATTPROB
ranked this with a probability of 98.9%. This meant that we should see only one copy of our
protein in the asymmetric unit cell. Since it contained 3 methionine residues we would be looking
for three selenium atoms during the heavy atom search. It was also important to remember that
normally the seleno-methionine that starts translation is not found in the heavy atom search.
However, since our sequence started as a fusion and was cleaved none of the methionine residues
were on the N-terminus, meaning we could look for three selenium atoms.
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Autosol, a program of the PHENIX package (Adams et al., 2010), was used to find the
heavy-atom sites, phase the data, and create a preliminary model. Autosol first uses Xtriage to
check the data for any potential problems, such as: twinning, translational pseudo-symmetry, or
weak anomalous signal. Next Autosol searches for the heavy-atom sites and chooses the most
likely coordinates for further calculations. SOLVE is then used to phase the data followed by
density modifications performed by RESOLVE. A preliminary structure was then made using
RESOLVE, which was able to build 94.7% of the protein model (placed 290/306 amino acids).
The model was comprised of three separate fragments and had an R-work of 19.8% and R-free of
21.9%.

3.6 Model Refinement
Another seleno-methionine crystal data set collected on the peak wavelength was
processed using XDS to 1.55 Å (Table 3.1). The resulting reflection map was molecular replaced
using the preliminary structure from Chapter 3.5.
The first step in this refinement was to replace the lysine residues with dimethyl lysine
residues. Although, it could be assumed that almost all of the lysine residues were methylated due
to the increase in molecular weight (Figure 3.6 A and B), only the lysine residues that had density
representing the methyl groups were modified (Figure 3.9). To modify the lysine residues in Coot
(Emsley et al., 2010) the original lysine amino acid had to be removed, and dimethyl lysine was
placed in the density. ReadySet (Adams et al., 2010) was used to create the peptide bonds. In total
only 6/27 lysine residues were modified based on electron density.
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After all the dimethyl lysine residues had been created, Coot was used to extend the Nterminus, and connect two of the three fragments, which were not completed by Autosol.
Unfortunately there was insufficient electron density for only three amino acids, causing a small
gap in the protein structure. Multiple rounds of refinement were undergone to ensure that the
backbone was correctly placed, side chains were adjusted and those lacking density were
removed. The waters were then added, refined and the resulting structure had an R-work = 16.9%
and R-free = 18.7% (Table 3.1).

Table 3.1 X-ray diffraction and refinement statistics
Data Collection
Space group
Cell dimensions
a, b, c (Å)

Lem23a
(amino acids 38-365)

Lem23b
(amino acids 54-359)

Lem23c
(amino acids 54-359)

C2

P21212

P21212

200.3, 94.7, 123.4

83.5, 109.2, 49.4

Wavelength
Resolution

0.9793
10 - 3.25
(3.3 - 3.25)

Peak
0.9793
10 - 1.8
(1.9 - 1.8)

Rmerge
I/σI
Completeness (%)
Redundancy

11.1 (68.1)
8.48 (1.54)
98.3 (100.1)
2.8 (2.9)

5.7 (57.0)
11.66 (1.91)
99.3 (99.5)
2.5 (2.5)

Refinement
Resolution (Å)
No. Reflections
Rwork/Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s deviations
Bond lengths (Å)
Bond angles (°)

83.4, 108.1,49.7

Inflection
0.9797
10 - 1.8
(1.9 - 1.8)

Remote
0.9494
10 - 1.8
(1.9 - 1.8)

0.9793
10 - 1.55
(1.6 - 1.55)

6.7 (80.3)
11.01 (1.37)
99.4 (99.6)
2.6 (2.5)

10.0 (143.7)
8.78 (0.78)
99.4 (99.6)
2.6 (2.5)

5.1 (69.4)
11.09 (1.76)
97.3 (97.1)
2.4 (2.4)

3.25
29,110
0.255/0.329
(0.326/0.410)

1.55
122586
0.169/0.187
(0.283/0.342)

9560
0
0

2402
32
465

83.4
0
0

24.9
46.3
37.7

0.014
1.63

0.011
1.25

* values in parentheses are for highest-resolution shell.
a
Unmethelyated Lem23 crystals structure only partially refined to show crystal contacts.
b
Data collection statistics for the methylated crystal used in MAD phasing.
c
Data collection and refinement statistics for the methylated crystal that was used to solve the
final Lem23 structure.
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Figure 3.9 Electron density and difference maps with initially built model.
The blue mesh represents the electron density map, the yellow sticks represent the Lem23 protein
in the asymmetric unit, the red sticks represents a symmetry related molecule, and the green mesh
represents the difference map. Green mesh refers to electron density that is present but is not
represented by our current model (3σ). This green density represents methyl-groups on the lysine
residue’s ε-amino group.

3.7 Structure of Lem23
Amino acids 58-177 and 181-358, inclusively, were successfully placed in the observed
electron density. No density could be found for the first 4 amino acids on the N-terminus (DSSK)
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and the last amino acid of the C-terminus (N). Amino acids 124-126 (EAE) also lacked density.
The resulting structure is mainly α-helical (67%) with some β-strands (13%) (Figure 3.10). In
total there are 12 α-helices and 7 β-strands, with 5 of the β-strands coming together to form a
large β-sheet. The protein is globular in shape with a crevasse that roughly splits the protein into
two halves. Within this crevasse, a sulfate ion was found coordinated by the Arg298 and Ser301
side chains and the protein backbone between Arg298 and Ser301 (Figure 3.11). The final
structure contains Lem23 protein, 2 glycerol molecules, 4 sulfate ions, and 465 water molecules.

Figure 3.10 Structure of Lem23 (amino acids 54-359).
The Lem23 protein is mainly α-helical (red), with some β-strands (yellow) forming a large βsheet. The sulfate ion (magenta) is present in the crevasse that divides the globular protein in two.
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Figure 3.11 Lem23 coordination of sulfate ion.
Arg298 and Ser301 side chains coordinate the sulfate ion. The amide groups of Ser301 and
Gly299, a part of the protein backbone, also aid in the sulfate coordination.
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3.8 Secondary structure similarity search
Initially, no obvious function could be concluded from the Lem23 structure. The sulfate
ion found may suggest a potential involvement of a nucleotide, based on the similarity between
sulfate and phosphate ions. The Dali server (Holm and Rosenström, 2010) was used to compare
coordinates of our newly-solved protein structure with those previously discovered in the PDB,
allowing us to discover biological similarities that were not possible through sequence
comparison. The server then ranks the structural similarity using a Z-score, and scores above 2
represent significantly similar structures. The Dali server ranked the results based on Z-score and
it was noticed that all proteins listed (Figure 3.12) were Fic-domain containing proteins, leading
us to believe that Lem23 is likely a Fic domain-containing protein, and may function similarly to
previously discovered Fic proteins.
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Figure 3.12 Dali-server structural similarity search results.
The results show the PDB file that matches Lem23 under Chain, ranked Z-score under. It also
shows the rmsd (Å) of the alignment (rmsd), number of aligned residues (lali), number of
residues in the solved PDB (nres), the percent structural sequence identity (%id), and a
description of the protein.

3.9 Structural overlap of Lem23 with AvrB
The top hit from the DALI server search was found to be AvrB. Thus, to understand
where the structure similarity occurred between Lem23 and AvrB, initially a sequence alignment
was performed; however no significant sequence similarity could be found purely based on
sequence. This meant that the similarities are purely structural. As such, the super align routine in
PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC.) was used
to alignα-carbons in chain A of AvrB to those of Lem23. The resulting overlap was a little messy,
as there were large areas that did not show structural similarity (Figure 3.13).
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To analyze the extent of overlap, PyMOL scripts provided by Dr. Robert Campbell were
used. The B-factors were set to 0 and new B-factors were generated for Lem23 using rmsd
calculations that compared similar α-carbons from the alignment (Figure 3.14). Blue represents
areas with a low rmsd and therefore better alignment, while red represented those with a larger
rmsd and subsequently a worse alignment.
Analysis of the very similar structure was important, as it is likely the region of most
importance due to evolutionary conservation. This region, shown as blue (Figure 3.14), consisted
of two α-helices connected by a looped region found in the core of the protein. The looped region
connecting the two α-helices was of particular interest, as this is the region shown to contain the
catalytic motif in Fic domain containing proteins with enzymatic function.
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Figure 3.13 Alignment of Lem23 with AvrB (PDB 2NUD Chain A).
Alignment (PyMOL) of Lem23, pink, with AvrB, blue.
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Figure 3.14 Lem23 coloured based on rmsd of an α-carbon alignment with AvrB (2NUD).
Lem23 coloured based on rmsd of each α-carbon from the alignment in Figure 3.13 (blue, green,
yellow, orange, and red – lowest to highest rmsd) and residues that could not be aligned are
coloured grey.
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3.10 Lem23 as a possible AMPylator
To date, a majority of Fic domain proteins have been shown to be AMPylators, leading
us to explore the possibility that Lem23 may function to AMPylate its host protein-target, thus
modifying its native activity. For this to be possible the Fic protein had to be able to
accommodate an ATP molecule.
To address whether Lem23 could accommodate an ATP molecule, Lem23 was overlayed
with Vbht Fic protein from Bartonella schoenbuchensis. This protein was chosen, as it ranked 5th
on the Dali server search (Figure 3.12), was a proven AMPylator, and had also had its structure
solved by soaking with ATP, meaning that binding of ATP did not result in a significant
structural changes. The resulting overlap revealed that there is sufficient room to accommodate
the nucleoside group and the γ-phosphate overlaps with the sulfate found in our structure (Figure
3.15).
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Figure 3.15 Lem23 with ATP from an alignment with VBHT (PDB 3ZC7).
The Lem23 structure is shown in pink, with the sulfate ion found during model refinement in
black, and the ATP molecule from the VBHT structure is shown in blue.
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3.11 Identification of host-protein target
Traditionally identifying protein target(s) of post-translational modification enzymes
have proven to be an extremely difficult task. For this reason we employed two different
techniques to increase our likelihood of success: 1) the yeast two-hybrid, and 2) expression and
co-immunoprecipitation of Lem23 using HEK293-6E cells.

3.11.1 Yeast two-hybrid
To perform the yeast two-hybrid interaction of Lem23 with a human protein, we first
obtained the S. cerevisiae strain Y190, which contains two reporter genes, lacZ and HIS3,
downstream of a GAL1 upstream activating sequence (UAS). GAL4 protein is capable of binding
this UAS and leads to the production of the downstream genes.
An expression vector for the fusion construct consisting of GAL4 binding domain
(amino acids 1-147), c-myc epitope tag, and Lem23 (amino acids 38-365) was created for
expression in S. cerevisiae (Figure 3.16A). The vector was transformed into the S. cerevisiae
strain Y190 and selected for using tryptophan deficient plates. To ensure the fusion protein was
not capable of inducing lacZ gene expression we performed a nitrocellulose lift of transformed
yeast colonies and incubated them with X-gal. The lacZ gene codes for β-galactosidase, which
when expressed, hydrolyzes X-gal and creates a blue pigmentation. After confirming our fusion
protein did not self-activate by the absence of blue pigmentation, expression of the fusion was
confirmed using an immunoblot using anti-c-myc antibody (figure 3.16B).
A normalized human cDNA library was created by Clonetech (USA) in another fusion
protein expression vector containing the GAL4 activating domain (amino acids 768-881), HA
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epitope-tag, and random cDNA fragments. This library was provided in the S. cerevisiae strain
Y187, which contains only the lacZ reporter gene. If the Lem23 protein interacts with a particular
cDNA clone then the GAL4 binding and activating domain should come in close enough
proximity to activate the expression of the lacZ and HIS3.
To co-express the two vectors together the Y190 strain containing Lem23-fusion and
Y187 strain containing cDNA-fusion proteins were mated together. The offspring of the mating
were then selected for on tryptophan, leucine, and histidine deficient plates. The mated cells were
then plated on 55 separate plates, a positive control sample was diluted 1/60 and plated on a
tryptophan and leucine deficient plate. The positive control plate had a total of ~1250 colonies
growing on it. We then could use this information, along with the dilution, and total number of
plates screened to estimate (1250 potential colonies x 60 to account for the dilution x 55 for the
total number of plates screened) that we screened ~ 4,125,000 different cDNA clones.
The plates were allowed to grow for two weeks and, in total, 27 colonies grew. Clones
were cloned and double patched onto tryptophan and leucine deficient plates in identical
positions. One plate is used to perform the nitrocellulose lift to check for β-galactosidase and the
other is to keep the same colonies to perform plasmid minipreps to determine the cDNA
nucleotide sequence. The Lem23-fusion vector and cDNA-fusion vector could be distinguished as
they contain a kanamycin resistance and ampicillin resistance cassette, respectively.
The nitrocellulose lift revealed that 5/27 colonies turned dark blue (Figure 3.16C).
Making them potential targets for interaction with Lem23. Isolation of the cDNA-GAL4
activating domain fusion was performed, to verify that these cDNA fusions are not false
positives, they were retransformed with an empty GAL4 binding domain vector and lacZ
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expression was tested. Unfortunately all positive identifications also produced β-galactosidase
without the GAL4-Lem23 fusion, meaning they were all false positives.

Figure 3.16 Yeast two-hybrid expression construct, immunoblot, and positive colonies.
A) The fusion construct that was created for expression in Y190 yeast cells. It consisted of the
GAL4 DNA-binding domain (amino acids 1-147), a small linker region containing the c-myc
epitope tag, and Lem23 (amino acids 38-365) and had an expected molecular weight of 60 kDa.
B) Immunoblot using the anti-c-myc antibody to ensure that the fusion construct was being
expressed in Saccharomyces cerevisiae. An asterisk marks the band that has a molecular weight
corresponding to that expected of the fusion construct. C) Nitrocellulose lift of all the colonies
that were double-patched onto -Trp, -Leu plates. Blue represents colonies that are expressing βgalactosidase and are capable of hydrolyzing X-gal.
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3.11.2 Lem23 expression in HEK293-6E and co-IP
The human expression vector pcDNA3.1+ was used to express a FLAG-Lem23 fusion
protein. The FLAG-tag is comprised of 8 amino acids (DYKDDDDK) and was added to the Nterminus of the Lem23 truncations (Figure 3.17A). Initially two fusion expression vectors,
containing different Lem23 truncations, were transfected into HEK293-6E cells in a small-scale
test, using 10 cm2 wells. To ensure expression of the fusions, an anti-FLAG M2 antibody was
used to perform an immunoblot. This revealed that only the smaller of the two Lem23 truncations
successfully expressed, was soluble, and allowed us to optimize the amount of lipofectamine
3000 used. The band appeared at ~40 kDa, the expected molecular weight of this construct
(Figure 3.17B).
The shorter construct, that expressed, was then used to do a large-scale transfection, in a
75 cm2 plate. In total, 3 different plates were used: a negative control that received no
lipofectamine and no vector, a positive control that contained lipofectamine and an eYFP-N1
vector that makes enhanced yellow fluorescent protein (eYFP), and our experimental plate
containing lipofectamine 3000 and our FLAG-Lem23 fusion vector. Viewing eYFP treated cells
under a microscope and exciting it with wavelengths around 488 nm and detecting emissions at
509 nm confirmed cells were making eYFP, indicating a successful transformation. After
confirmation the cells were harvested, lysed, and the supernatant was incubated with 30 µL of
pre-washed anti-FLAG M2 affinity gel. The affinity gel was washed a total of 5 times, 3 times in
500 µL of the resuspension buffer and 2 times in 500 µL of PBS. The affinity gel resin was then
resuspended in non-reducing SDS loading buffer and boiled for 5 min.
The resin in SDS loading buffer was then resolved using SDS-PAGE and bands were
checked using silver staining. To find probable Lem23 interacting partners we looked for bands
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that were present in our Lem23 experimental lane, but not in either the positive or negative
control lanes. In total three bands were present in the Lem23 lane that was absent in the other two
(Figure 3.17C). Bands 1 and 3 were excised and sent for mass spectrometry; band 2 had a size
corresponding to our FLAG-Lem23 fusion. The LC-MS was carried out using a Thermo Fisher
Orbitrap Velos Pro, and samples were digested using Trypsin and prepared using a previously
established protocol designed for silver stained gels (Shevchenko et al., 2006). Preliminary mass
spectrometry results revealed that band 1 corresponded to paraneoplastic antigen-like 5
(PNMA5), a 49.9 kDa protein that is thought to regulate apoptosis positively due to structural
similarity with Modulator of Apoptosis 1 (MOAP1). Band 3 corresponded to serine (cysteine)
protease inhibitor clade B, member 3 (serpinB3), which has been shown to suppress MAPK8
activity, which also promotes apoptosis. The peptide coverage for both proteins was just under
10%, however this is not uncommon with a low amount of protein sample represented by very
faint bands.

63

Figure 3.17 Expression and co-immunoprecipitation of Lem23 in HEK293-6E cells.
A) Fusion construct consisting of an 8 amino acid FLAG M2 tag fused to the Lem23 truncated
derivative (amino acids 25-365) and inserted into the pcDNA3.1+ vector. B) Immunoblot using
the anti-FLAG M2 antibody to confirm expression of a FLAG-Lem23 (amino acids 1-365) and
FLAG-Lem23 (amino acids 25-365). Cells were lysed and soluble and pelleted fractions run
separately to ensure the expressed construct is soluble. C) The protein bound to FLAG M2 resin
was run using SDS-PAGE and viewed using silver staining. Bands labeled 1, 2, and 3 in the
middle lane represent proteins only present in the Lem23 transfected cells.
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Chapter 4
Discussion
In this work, I was able to take an uncharacterized Legionella pneumophila effector
protein, Lem23, and apply structural and cell biology techniques to shed light on its function
during L. pneumophila infection. This study has also supported findings that reductive lysine
methylation has the potential to create new crystal contacts (Sledz et al., 2010) leading to
improved crystal morphology and X-ray diffraction data. I was also able to successfully identify
Lem23 as a Fic protein, a family of proteins shown to be primarily composed of AMPylators.
Lastly, potential targets of Lem23 during infection of human alveolar macrophage cells and
garnering further insight into the infection mechanism of L. pneumophila.

4.1 Lysine methylation
4.1.1 Common techniques to improve probability of crystallization
To solve a protein structure using X-ray crystallography, one must first be able to
express, purify, and crystallize the protein of interest. Rounds of crystal optimization then follow
until crystals that diffract to high resolution are obtained. The biggest bottleneck occurs at the
step of achieving protein crystals. Many different techniques have been developed and employed
to increase the probability and quality of protein crystals, including: chemical modifications,
limited proteolysis, antibody-mediated crystallization, carrier-protein fusions, and surface entropy
reduction (reviewed (Moon et al., 2010)).
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No matter what the technique is applied, the protein is the most important variable (Dale
et al., 2003) in the crystallization process , with the important considerations being placed on the
protein’s purity, solubility, and stability. Many of the techniques previously mentioned aid in the
crystallization process by improving the target protein’s stability and solubility, but these may
decrease the protein’s conformational homogeneity. For crystallization, the purity of the protein
encompasses two main facts - how chemically pure and how “conformationally pure” the protein
sample is (the latter referring to structural homogeneity in solution). However, all the mentioned
techniques have their benefits and drawbacks, and given that the protein is the biggest variable in
crystallization, they are all case dependent.

4.1.2 Selection of lysine methylation as a means to improve Lem23 crystallization
To improve the crystal quality of the original construct of Lem23 (amino acids 38-365)
many techniques had been implemented, such as: varying initial hit conditions, temperature,
concentration, micro- and macro-seeding, crystallization methods (vapor and liquid diffusion),
and addition of crystallization additives. Since none of these well-established optimization
techniques altered the crystal morphology or improved the X-ray diffraction, other methods had
to be pursued. Altering the purification protocol and even generating a different protein construct
were attempted to increase crystal quality, to no avail. Interestingly the shorter construct (amino
acids 54-359) was capable of crystallizing in many more ammonium sulfate conditions, but did
not show any improved morphology or useable crystals.
The techniques described in Chapter 4.1.1 were investigated further to determine if it
would be possible to alter the crystal packing, morphology, and ultimately improve the
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diffraction. A carrier-protein fusion was not considered, as the Lem23 protein was already stable,
soluble, and readily formed crystals. Antibody-mediated crystallization was also out of the
question as no antibody had yet been made for Lem23 and would be a timely and costly
endeavour for us to explore. Analysis of the Lem23 sequence (Figure 3.5) revealed that limitedproteolysis and surface entropy reduction would be unmanageable due to the high lysine content
(9.3%). This would mean that limited-proteolysis with trypsin would have the possibility of
generating many fragments yielding a severely heterogeneous protein sample. While surface
entropy reduction would require site-directed mutagenesis of many lysine residues, which is both
costly and time consuming.
A literature search revealed a simple chemical reaction which could manage our high
lysine composition (Walter et al., 2006). This method also appeared advantageous for multiple
reasons: 1) no re-cloning, expression, and purification were required; 2) modifying the mature
protein may avoid the possibility of mutated protein misfolding during expression; 3) will only
modify surface exposed lysine side chains. While this protocol appears advantageous in theory, in
practice it has been shown to decrease protein solubility (Kim et al., 2008). In addition, since it is
a chemical modification it does not guarantee protein homogeneity.
Modifying surface lysine residues has also been shown to play a larger role in the protein
crystallization process, but no mechanism for how methylated lysine residues improve
crystallization has been established (Sledz et al., 2010). It is known that methylated lysine side
chains alter the protein’s properties (pI, solubility, and hydropathy) (reviewed in (Kim et al.,
2008)) which in turn affects protein crystallization. The addition of two methyl groups to the
lysine side chain is capable of increasing its interaction radius by 1-1.2 Å which may lead to
stronger intra- and intermolecular interactions (Kim et al., 2008).
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4.1.3 Altering Lem23 purification
Performing the lysine methylation protocol described in Walter et al (Walter et al., 2006)
required that the Tris-HCl buffer initially used be changed to a HEPES buffer, as Tris-HCl is an
amine like the lysine side chain and would interfere with the reaction. In fact Tris-HCl is
commonly used to quench the formaldehyde in solutions, which is a main chemical component in
this reaction.

4.1.4 Confirmation of lysine dimethylation
The chemical reaction used is capable of creating monomethylated and dimethylated
lysine residues, however the former is extremely rare since a monomethylated lysine is more
reactive than a normal lysine residue (Sledz et al., 2010). The reaction was also performed in an
excess of chemical reagent and therefore it was assumed that little or no monomethylated lysine
residues should be present. The addition of a single methyl group (-CH3) would increase the
molecular weight of the protein by 14 Da (15 Da for the methyl group subtracting 1 Da to
represent the hydrogen that is removed). If all 27 lysine residues present in the Lem23 truncation
(amino acids 54-359) were methylated, we should see a 756 Da increase in the proteins molecular
weight.
Ideally to check how many lysine residues are modified, samples before and after the
methylation procedure would be sent for mass spectrometry. However since we were not
interested in how many residues were modified, but rather if the reaction was complete and the
protein sample homogenous, we opted for a quicker and more cost-effective approach. Firstly the
methylated protein sample was exchanged into the Tris-HCl buffer used in the initial
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crystallization trials, which was done to quench any remaining formaldehyde and also chosen as
it would allow a direct comparison to crystallization trials of the unmethylated protein. The
protein samples were subjected to SDS-PAGE to ensure the reaction did not create protein
subspecies of different sizes.
The Superdex 75 profile of the methylated protein was compared to the profile prior to
methylation (Figure 3.6A). The peak profiles were similar, the decrease in mAU for the
methylated protein can be attributed to a loss in protein caused by the extra steps implemented in
the lysine methylation protocol. The peak shift of the methylated protein eluting ~5 mL earlier
than the unmethylated sample could be partially attributed to a change in buffer, but is more
likely the result of an increase in molecular weight. This increase is also supported by the
increase in molecular weight observed by SDS-PAGE (Figure 3.6B).

4.1.5 Effect on crystal packing
Only the lysine residues showing density for the two methyl groups were modelled as
dimethyl lysines, although it could be argued that most of them are in fact dimethylated in light of
the increase in molecule weight of Lem23 (Chapter 4.1.4) but could not be modelled due to
disordering. In total six-dimethyl lysine residues were modelled, and five of these six were found
at crystal contact points with symmetry related molecules (Figure 4.1A). The last dimethyl lysine
was found partially buried near the Lem23 core, and is likely stabilizing the protein using
intermolecular contacts.
The structure of the longer, unmethylated Lem23 was determined using molecular
replacement and refined to R-work = 25.5% and R-free=32.9%. The dimethyl lysine residues
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were mutated back to normal lysine residues and their positions in the crystal packing were
observed (Figure 4.1B). It was noticed that some of the lysine residues in the unmethylated
crystals were still found at crystal contacts, like in the methylated construct. However, there were
also many lysine residues that were solvent exposed and found near any crystal contacts in the
methylated crystals. It should also be noted that, even though some of the lysine residues in the
unmethylated crystals were found near crystal contacts, these contacts (positions on each crystal)
were different than those in the methylated construct. This result supports the information
previously discovered that lysine methylation helps crystal formation through the creation of
additional crystal contacts (Sledz et al., 2010).
The methylated structure was aligned to chain A of the unmethylated structure to identify
whether any local changes in structure had occurred. The structures were viewed as ribbons to
observe the backbone (Figure 4.2). The alignment was also performed to chains B, C, and D of
the unmethylated crystals and no differences in the structures were observed. We could then
conclude from this that the methylation did not lead to any crystallization artifacts that would
have altered the crystal structure.
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A

B

Figure 4.1 Protein packing of Lem23 in methylated and unmethylated protein crystals.
A) The methylated construct is shown with symmetry related molecules in green, and the one
Lem23 molecule in the asymmetric unit is shown in magenta and the dimethyl lysines shown as
sticks in blue. B) The four unmethylated Lem23 molecules per asymmetric unit are shown in red
with its symmetry related molecules in green. The lysine residues correspond to the dimethyl
lysines in A are shown as sticks in blue.
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Figure 4.2 Alignment of the methylated and unmethylated Lem23 structures.
Alignment (PyMOL) of the methylated Lem23 structure in blue with the unmethylated structure
in red.
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4.2 Lem23 as a Fic protein
4.2.1 Structural analysis
The solved structure revealed that Lem23 is mainly α-helical and contains one large βsheet (Figure 4.2). The structure also contained a sulfate ion present in a crevasse that splits the
protein almost evenly into half. Coordination of the sulfate ion is achieved through Arg298 and
Ser301 side chains, along with amine groups of the protein backbone (Figure 3.11). It should be
noted that there was no clue regarding the function of this protein based on sequence analyses.
Once the structure was determined we could then search for proteins with similar threedimensional structure using the DALI server (Holm and Rosenström, 2010).
All of the proteins identified in the DALI server search were shown to be Fic proteins. A
Fic core that is comprised of six α-helices characterizes this group of proteins, with the most basic
Fic domain identified coming from P1 bacteriophage Doc toxin (Garcia-Pino et al., 2014). Lem23
is shown to contain the six α-helices found in the Fic protein and an alignment shows a similar
arrangement of these helices (Figure 4.3). The biggest difference is a bending in the second αhelix of the Fic fold in Lem23 relative to that found in other Fic proteins. This bending could be
attributed to the addition of an amino-terminal extension, and the insertions found in between αhelices one and two (Figure 4.3).
The amino terminal extension found in Lem23 appears to be made up of a small and large
α-helix connected by a looped region. Although this insertion seems small in the solved structure
it must also be remembered that the structure starts at amino acid 58, meaning 57 amino-terminal
amino acids are missing; in reality, this insertion is much larger. We cannot conclude whether
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these missing amino acids will be ordered or not and, if ordered, how so as the amino-terminus of
full-length Lem23 degraded during the purification process.
The largest difference in structure between Lem23 and other Fic domains comes from the
insertion that occurs between α-helices one and two of the Fic core. The insertion consists of 131
amino acids that create two α-helices and five β-strands that make up a large β-sheet. The lower
two strands creating the β-sheet were shown to align with those of AvrB (Figures 3.13 and 3.14);
however the upper three β-strands and the loops closer to α-helix two of the Fic core showed no
similarity. Since this region is unique to Lem23 we believe that is likely responsible for the
targeting of host-cell proteins.
The structure did not reveal any major insertions on the carboxy-terminus and all amino
acids except the last six were modelled. This is not surprising though as the carboxy-terminus
likely contains the exportation sequence and previous cases have noted that this peptide is
disordered or flexible (Amor et al., 2005). The last important region is the looped region between
the Fic-fold α-helices three and four; this area was shown to have an extremely similar structure
to that of AvrB (Figures 3.13 and 3.14), but this region will be discussed in greater detail later on.
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α1

α2
α4
α3
α6
α5

α2

α1
α4
α3

α6
α5
Figure 4.3 The Fic core and Lem23’s functional extensions.
The six α-helices that make up the Fic core are coloured blue and numbered according to their
position. The amino-terminal extension is coloured red, and the α1- α2 insertion is coloured
green. The catalytic loop in Lem23 is coloured in orange, while the carboxy terminus and small
looped regions are coloured black.
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4.2.2 Fic protein functions
Fic proteins were originally identified for their ability to cause filamentous growth of E.
coli in the presence of cAMP (Utsumi et al., 1982). However, within the past decade these Fic
proteins have been found in humans, and also demonstrated to be effector proteins of pathogenic
bacteria that interfere with host cell signaling. The two most characterized Fic proteins
characterized, IbpA and Vops, have both been shown to AMPylate Rho family GTPases
(reviewed (Engel et al., 2012)). They have since been termed AMPylators and along with others
make up a group of proteins known to add an AMP moiety onto the hydroxyl group of serine,
threonine, or tyrosine residues. With the use of crystal structures in the presence of target
proteins/peptides and ATP (and derivatives) the mechanism of AMPylation has been identified
(Luong et al., 2010; Xiao et al., 2010). The mechanisms proposed rely on a conserved histidine
residue found on the “catalytic loop” with the sequence of HXFX(D/E)GN(G/K)R (Garcia-Pino
et al., 2014).

4.2.3 Lem23 as an AMPylator
We first identified Lem23 as a Fic protein based on a structural alignment with the AvrB
protein (Figure 3.13). This alignment revealed structural conservation, specifically in α-helices 3
and 4 and the conserved catalytic loop. A sequence alignment was then attempted to see if the
structural similarity was a result of a similar amino acid sequence. However, this was not
expected as we chose Lem23 as a target due to the fact no function could be identified purely
based on its amino acid sequence. Unfortunately AvrB has not been shown yet to be an
AMPylator and no function has been identified. We then aligned Lem23 with Vbht, which was
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the next closest structural homolog of Lem23 (Figure 3.12). Vbht is a known AMPylator and had
a structure solved with an ATP molecule bound (Goepfert et al., 2013).
An overlap of the Vbht ATP molecule with Lem23 revealed that the active site of Lem23
is large enough to accommodate the ATP molecule and, most interestingly, that the γ-phosphate
of the ATP molecule directly overlaps with the sulfate ion that was crystallized. As such, it
appears that the Lem23 protein would be able to coordinate the γ-phosphate using the Arg298 and
Ser301 side chains, along with the amine groups from the protein backbone. We then examined
whether Lem23 contained all the necessary residues to facilitate the AMPylation reaction. At this
point it was noted that Lem23 lacked the conserved histidine residue [HXFX(D/E)GN(G/K)R] in
its catalytic motif that was required to deprotonate the incoming hydroxyl group; rather, it
contained a glutamine residue at this position (QPVGRGNSAI) (reviewed in Chapter 1.4),
suggesting that Lem23 would be incapable of AMPylating a protein target using the currently
proven reaction mechanism.

4.2.4 Is Lem23 catalytically active?
An in silico investigation of AMPylating proteins (Khater and Mohanty, 2015) examined
Fic proteins and the evolutionary divergence of their catalytic motifs through bioinformatics.
Interestingly, this group was able to identify a new group of catalytic motifs, named clade D2 and
found that all of the members contained a glutamine in place of the commonly conserved
histidine residue. This evolutionary conservation of a glutamine residue suggests that it is not a
deleterious mutation, but rather one that is functionally relevant. However, no Fic proteins in
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clade D2 have been experimentally validated to catalyze an AMPylation reaction. Lastly, it
should also be noted that their in silico approach did not identify Lem23 as a Fic protein.
Fic proteins, being enzymes, need some form of regulation. Engel et al. (Engel et al.,
2012) were able to show that Fic AMPylators can be inhibited by a conserved α-helix containing
a conserved (S/T)XXXE(G/N) motif; inhibition is achieved by the glutamate residue competing
for the γ-phosphate binding side of ATP. This conserved α-helical inhibitor motif can be found on
either the amino- or carboxy-terminus of Fic proteins, or even on a different protein, termed as an
antitoxin. Interestingly, Lem23 contains a TKGKEN (amino acids 11-16) sequence on its aminoterminus, which could be an inhibitory α-helix motif. The presence of the inhibitory α-helix
suggests that it is conserved and would regulate the Lem23 catalytic activity by competing with
ATP for the active site, meaning that this is still likely a functionally active enzyme. If there was
no enzymatic activity, there would be no need to evolve an inhibitory motif.

4.2.5 Glutamine as a potential catalytic group
Glutamine is similar to histidine in its hydrophilic characteristics (Wolfenden et al.,
1981), size, and capacity to form hydrogen bonds (Ehrig et al., 1991), with the only major
difference being that histidine is able to accept/donate protons. Although glutamine would be
capable of making the similar interactions with substrate as the histidine, it would require a
different reaction mechanism to perform AMPylation or a related PTM. This altered reaction
mechanism may rely on the glutamine residue stabilizing the incoming hydroxyl group, which
may allow another histidine residue not found on the catalytic loop to deprotonate the incoming
hydroxyl group.
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Taken together, the potential ability of Lem23 to accommodate an ATP molecule, the
conservation of glutamine in the clade D2 Fic proteins, and the presence of an inhibitory α-helix
support the idea that Lem23 may be an active AMPylator. Currently no other group has a
published structure of glutamine containing Fic protein, giving our group the opportunity to
characterize a likely member of the clade D2 family.

4.2.6 A conserved histidine residue near the active site
AvrB from Pseudomonas syrigae (P. syringae), the protein identified as having the
greatest structural similarity to Lem23 (Chapter 3.8), contains a methionine residue in place of the
histidine residue commonly found in the catalytic motif. During infection of Arabidopsis thaliana
(A. thaliana) by P. syringae AvrB has been shown to be needed for the phosphorylation of RIN4
(Mackey et al., 2002). The phosphorylation of RIN4 then leads to the activation of RPM1 in vivo,
resulting in the initiation of the A. thaliana immune response (Desveaux et al., 2007).
Crystallization of AvrB with a RIN4 peptide and ADP revealed key residues for ADP and RIN4
peptide binding, and these residues (ADP and RIN4 binding residues) are required for RPM1
activation (Desveaux et al., 2007). Unfortunately no in vitro kinase activity of AvrB could be
detected and it was concluded that AvrB must interact with unknown A. thaliana protein(s) to
cause RIN4 phosphorylation (Desveaux et al., 2007).
The in vitro experiments performed by Desveaux and colleagues were also performed in
the presence of plant extracts from A. thaliana (Desveaux et al., 2007). The method used lysed
the cell and removed the larger cell debris before adding the extracts in the reaction. One problem
with this methodology arises from the fact that AvrB has been shown to be myristoylated to target
79

it to the plasma membrane (Nimchuk et al., 2000), and that the Desveaux method removed the
larger cell debris (plasma membrane and associated proteins). The second problem with their
methodology is that full length AvrB was used for these in vitro kinase assays and this contains
an inhibitory α-helix that would negatively affect kinase activity (Reviewed in Chapter 4.2.4).
Desveaux et al. (Desveaux et al., 2007) noted in their structure of AvrB with the RIN4
peptide (2NUD) that T125 of RIN4 was in close enough proximity to hydrogen bond with H217
of AvrB. We aligned the AvrB structure that contained the RIN4 peptide (2NUD) with the AvrB
structure bound to ADP (2NUN) to look at the distance between T125 of RIN4 with the βphosphate of ADP (Figure 4.4). This distance is only 5.5 Å and would be even shorter if the ATP
were bound to AvrB. It should be mentioned that phosphorylation is known to occur using Fic
proteins and is a result of and inverted nucleotide-binding site (Castro-Roa et al., 2013), like the
one seen in AvrB. It then seems possible that AvrB may phosphorylate RIN4 using an almost
identical mechanism as other Fic proteins, with the biggest variance being in the location of the
histidine residue.
Under the assumption that AvrB is capable of phosphorylating RIN4, we aligned the αcarbons of Lem23 with those of AvrB to see if Lem23 contained a conserved histidine residue
(Figure 4.5). Interestingly Lem23 contains a histidine at this location and is shifted only 2 Å in
the Lem23 structure (H237). The presence of a histidine residue being conserved in the same
location in both Lem23 and AvrB suggests that it is evolutionary important and possibly
responsible for the catalytic activity.
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5.5 Å
4.1 Å

Figure 4.4 Alignment (PyMOL) of AvrB bound to ADP (2NUN) with AvrB bound to RIN4
(2NUD).
AvrB bound to ADP is represented in cyan, and RIN4 peptide in purple, two histidine residues
are shown as sticks, one from the structure bound to ADP (cyan) and the other for the structure
bound to RIN4 (purple), revealing the slight structural variations.
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5.5 Å

4.1 Å
2.0 Å

Figure 4.5 Alignment (PyMOL) of AvrB bound to ADP (2NUN), AvrB bound to RIN4
(2NUD), and Lem23.
AvrB bound to ADP is represented in cyan, and RIN4 peptide in purple, two histidine residues
are shown as sticks, one from the structure bound to ADP (cyan) and the other for the structure
bound to RIN4 (purple), revealing the slight structural variations. Lem23 is shown in green and
H237 is shown as sticks.
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4.2.7 Possible target proteins
Mass spectrometry results showed that the unknown protein bands 1 and 3 described in
Chapter 3.11.2 to be paraneoplastic antigen-like protein 5 and serine (cysteine) proteinase
inhibitor clade B member 3, respectively. SerpinB3 has been shown to inhibit UV-induced
apoptosis (Zheng et al., 2009). PNMA5 has not directly been investigated, but shows significant
sequence similarity to MOAP1, a protein that has been directly linked to apoptosis (Baksh et al.,
2005). Unfortunately, these two proteins do not share any sequence similarity so no insight as to
how Lem23 could target these proteins could be determined. Further investigation of these
proteins, their ability to interact with Lem23, and their functional implications need to be
performed.
Although mass spectrometry results point to Lem23 being involved in regulating the host
cells immune response, we need also consider the possibility that Lem23 may target GTPases. A
majority of Fic proteins target GTPases, including VopS from Vibrio parahaemolyticus, IbpA
from Histophilus somni, DrrA and AnkX from L. pneumophila (Reviewed in Chapter 1.2.1 and
(Garcia-Pino et al., 2014)). Along with these Fic effector proteins targeting GTPases the only
known Fic protein from Homo sapiens, Huntingtin yeast partner E (HYPE) or commonly referred
to as adenosine monophosphate-transferase FicD, has also been shown to target GTPases (Worby
et al., 2009). There is a possibility that Lem23 would compete with FicD during the course of L.
pneumophila infection. If that is the case, it is then possible that Lem23 may not have the activity
and/or required specificity as FicD does for human GTPases. As a result, through competition
Lem23 would therefore prevent FicD from modifying human GTPases.
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4.3 Conclusions and future directions
Lem23 was initially identified as an effector protein in 2009 (Burstein et al., 2009) and
since then no future progress has been made to discover its role during L. pneumophila infection.
In my work we were able to generate a soluble and stable Lem23 construct that could be purified
to near homogeneity and readily crystallized. We also confirmed findings by Sledz et al.(Sledz et
al., 2010) that reductive lysine methylation was capable of creating new surface contacts, leading
to improved crystal morphology and in turn better diffraction. After solving the protein crystal I
successfully identified it as a Fic protein with the potential to be an AMPylator. Finally I was able
to express Lem23 in HEK293 cells and co-immunoprecipitate two potential Lem23 binding
partners/potential substrates.
Since solving the protein structure, determining it is a Fic protein, and identifying two
potential targets future research will be directed at:
-

Repeating the HEK293-6E expression and co-IP to confirm protein targets

-

Use an anti-AMP antibody to perform a co-immunoprecipitation after transfecting Lem23
in HEK293-6E cells to help identify a potential substrate

-

Cloning and expressing the two potential targets for AMPylation reactions

-

Obtaining peptides for AMPylation reaction (if we can identify them by massspectrometry)

-

Mutate the Gln in the catalytic motif to a His to see its effect on activity

-

Compare activity in truncations with and without the inhibitory motif

-

Crystallize Lem23 with ATP, AMPPNP, or AMPCPP and also the target peptides/protein
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-

Generate inactive Lem23 (mutate H237 and Q294) to perform human cell lysate pulldowns

-

Express Lem23 in Dictyostelium, an amoebae that is easy to genetically modify and can
be infected by L. pneumophila, to asses the effects of Lem23 during infection

-

Incubate purified Lem23 with HEK293-6E cell extracts and compare it to an extract not
treated with Lem23 using two-dimensional difference gel electrophoresis (Viswanathan
et al., 2006)

-

Express and purify Rho GTPases to use as possible substrates of Lem23 in AMPylation
reactions
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Appendix A
Isothermal calorimetry of Lem23 with an ADP/ATP mixture

Figure A. Isothermal calorimetry of Lem23 (amino acids 38-359) with an ADP/ATP
mixture.
ITC titration of 400 µM ADP and 400 µM ATP into 68 µM Lem23 protein using 10 µL injections
of the ADP/ATP mixture every 6 min. Both the ADP/ATP mixture and Lem23 protein solutions
were in 20 mM HEPES pH 7.0, 100 mM NaCl, 10 mM MgCl2.
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