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Abstract

Shigella flexneri is a Gram-negative enteropathogen and one of the main causes of
diarrheal diseases. Shigella uses its type three secretion system (T3SS) to secrete effector
proteins into host cells, thus allowing their invasion. Through vacuole rupture, Shigella cells are
transferred into the host cell cytosol whereby eliciting actin-based movement they disseminate
into neighboring cells, a process known as cell-to-cell spread. IcsB is one of the secreted proteins
that is crucial for Shigella to help escaping the vacuole formed during cell-to-cell spread.
Recently, it was proven that IcsB has acyltransferase activity that is essential to vacuole escape.
Surprisingly, using a bioinformatic approach, we were able to identify proteins that share
homology with IcsB when we queried against the catalytic domain. Those proteins have high
homology with IcsB that is limited in most cases to a central segment of their primary structure
that corresponds to the catalytic domain. Furthermore, the three catalytic residues Histidine 145,
Aspartate 195 and Cystine 306 are completely conserved in all homologous proteins.
Interestingly, most of those homologs have not been studied yet. Thus, we hypothesized that
these proteins might be forming an IcsB-like acyltransferase family. Based on previous findings
that IcsB expression is toxic in budding yeast, we established a yeast cytotoxicity to test whether
the putative IcsB homologs triggered the same phenotype. The results demonstrated that seven
out of 11proteins were toxic to yeast. Mutating the catalytic histidine rescued the toxicity
observed in their wildtype counterpart. The results in this thesis are the first step toward
confirming the relation between IcsB and the homologous proteins we discovered. Additional
experiments from our lab spurred by my data have confirmed that several of the toxic homologs
are acyl transferase, while those that were not toxic are not. Future work needs to be conducted

to determine whether the acylation activity of these proteins contributes to pathogenesis.
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Chapter I Introduction

According to the World Health Organization (WHO), diarrheal diseases were collectively
the 5t most frequent causes of deaths worldwide in 2016 (WHO, 2018). There are various
causative agents of diarrhea, such as viral, parasitic, and bacterial infections. One of the main
cause of bacteria-induced diarrhea is infection of the large intestine by Shigella flexneri. It is a
Gram-negative enteropathogenic bacteria that causes gastroenteritis or so-called shigellosis. Its
infection starts by invading and replicating on the lining, also called the mucosae, of the large
intestine. It is characterized by dysentery a form of diarrhea containing mucus and also quite
frequently blood; this main symptom is also often accompanied by nausea, fever, and abdominal
cramps (CDC, 2019). Shigella is responsible for 164.7 million cases worldwide, and 1.1 million
deaths annually (Kotloff et al.,1999). The disease is transmitted through the fecal-oral route from
person-to-person or by consuming contaminated food and water, which happens mainly in
developing countries due to the lack of sanitation practices.

Shigella genus belongs to the class of gammaproteobacteria from the Enterobacteriaceae
family, and it is classified into four serogroups based on biochemical characteristics and
antigenic structure. These four species are S. flexneri, S. dysenteriae, S. boydii, and S. sonnei.
The four species are responsible for 69% of diarrheal infection, and 61% rate of death resulted
from shigellosis. The majority of infection caused by shigella occurs in children under five years.
Even though most of Shigella infection found in developing countries due to the lack of
sanitation, Shigella infections are also encountered in developed countries. The average
distribution of Shigella’s isolates in the developed countries gives the highest percentage of 77%

to S. sonnei, while S. flexneri scored 60% in the developing countries (Kotloff et al.,1999).



Due to the excessive usage of antibiotics to treat bacterial infections, many bacteria have
developed high resistance to drugs, thus complicating the treatment of infections. According to
the Center for Disease Control, in most cases Shigella’s infection, on the other hand, can be
treated without the need for antibiotics. Nevertheless, antibiotic drugs, such as azithromycin and
others, are used to treat severe cases in elder, infants and immunosuppressed patients. In other
case, antibiotics treatments were also shown to decrease the disease period and the symptoms
associated with the infection. Shigella similarly to other Enterobacteriaceae has experienced a
dramatic increase in the prevalence of antibiotics resistance to drugs over the years, particularly
since 2013 (CDC, 2019). The World Health Organization has recently included Shigella in the
group of bacteria for which the needs of novel antibiotics are urgent. Pharmaceutical companies
and other stakeholders were asked to prioritize their research objective to find new and effective
antibiotic drugs for antibiotic-resistant bacteria including Pseudomonas aeruginosa,
Staphylococcus aureus, Salmonella spp., Streptococcus pneumoniae, Shigella spp., and others
(WHO, 2017).

The pathogenicity of Shigella species relies on a large virulence plasmid (pWRZ100) that
is 200 kb encoding some of the effector proteins secreted by the bacteria and genes that are
essential for its invasion. The virulence plasmid is also found in pathogenic E. coli strain K-12
that is considered to be closely related to the bacteria Shigella (Sansonetti et al., 1983). It was
found that when the virulence plasmid is lost in Shigella spp., the bacteria loses its invasiveness
making the virulence plasmid crucial for its pathogenicity (Maurelli et al., 1985). It was shown
that a segment of 31 kb of the virulence plasmid known as the entry region is critical for the

bacterial uptake by epithelial cell. This is because the components of the type three secretion



system and approximately 25 of its secreted proteins are encoded within the entry region
(Buchrieser et al., 2000).

Shigella as well as other Gram-negative pathogenic bacteria like Salmonella, and
Chlamydia use type three secretion system (T3SS). This T3SS is used by the bacteria to inject
translocator and effector proteins through its needle into the host cell (figure 1.1). These effectors
can modulate host immune response and interrupt the cell cytoskeleton during the infection
(Deng et al., 2017). The core structure of the type 111 secretion system composed of different
protein parts exhibiting in the needle complex, cytoplasmic ring, basal body, and ATPase
complex (Hu et al., 2015 and Campbell-Valois & Pontier, 2016). The expression of the T3SS
components and effectors are mostly regulated at the transcriptional level. The type Il secretion
assembly and expression are regulated by temperature (Maurelli & Sansonetti, 1988). VirB
regulates the transcription of some genes located in the entry region of the virulence plasmid
including MxIE and IpgC, and its expression is regulated in a temperature-dependent manner
(Durand et al., 2000). MxiE gene also regulates transcription of some of Shigella genes, such as
VirA and IpaH9.8 genes (Mavris et al., 2002). In addition, the secretion is also regulated at the
post-translational level by specific T3SS chaperons, and it modulates the effectors that are

expressed before the secretion is activated (Campbell-Valois et al., 2016).



Figure 1.1. Structure of type I11 secretion apparatus.
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The infection cycle of Shigella consists of different steps (figure 1.2). It starts with the
initial uptake of the bacteria by human epithelial cells in a process similar to phagocytosis after
the release of Shigella’s T3S effectors. IcsA protein is responsible of the adhesion of the bacteria
to the host cells. After the bacteria is inside the cell, the lysis of its vacuole is stimulated by
released effectors and translocators. The bacteria in this stage start to replicate in the host
cytoplasm, and its movement is enhanced by the actin comets at one pole induced by the action
of the IcsA protein. This bacterial movement allows Shigella to spread to neighbouring cells. The
cell-to-cell spread is initiated when bacteria inside the host hit the plasma membrane (PM). Thus,
leading to the extension of the PM from the infected cell to the neighbouring cell making the
bacteria trapped in a protrusion. At the stage where the bacteria arrive in the adjacent cell, a
dissemination vacuole is formed, trapping the bacteria inside two membranes. This vacuole is
again ruptured with the help of the released translocators IpaB and IpaC. The process is repeated
all along, leading to progressive invasion of cells in the monolayer or within an infection foci in
vivo (Arena et al., 2015 and Campbell-Valois & Pontier, 2016). IcsB, the protein secreted by the
type 111 secretion system, is crucial for Shigella to escape the dissemination vacuole. It requires
the chaperone IpgA for its production, secretion and stabilization in the bacterial cytosol. Also,
the mutant IpgA strain resulted in a reduction of IcsB secretion (Ogawa et al., 2003).
Furthermore, SicP, a protein from Salmonella, shared homology with IpgA from S. flexneri and
it was found to be necessary for the SptP protein stabilization, and the SicP mutant strain showed
increasing in SptP degradation (Fu & Galan, 1998). The results from Ogawa et al. suggested that
both the T3SS chaperone IpgA and SicP are from the same family (Ogawa et al., 2003).

Another chaperone that shares homology with both IpgA from Shigella and SicP from



Salmonella is the chaperone BicP from Burkholderia. It is required to prevent the degradation of

the effector BopA (Vander Broek & Stevens, 2017).



Figure 1.2. Schematic of the role of IcsB during the infection of Shigella flexneri
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Autophagy is the process in which the degradation of cytoplasmic contents (e.g. proteins
and organelles) occurs in a double membrane compartment. When this is triggered by nutrient or
serum starvation, it is often referred to canonical autophagy. On the other hand, xenoautophagy
is a type of autophagy that targets foreign particles, such as bacteria and viruses, that have
invaded host cells. LC3 is a microtubule-associated protein and a prominent autophagosome
marker in both canonical and xenoautophagy. In its canonical form, autophagy is a process in
which the cellular components are to be recycled following nutrient or growth factor starvation.
Different types of autophagy are responsible for the degradation of different organelles. During
the infection cycle, the marker of autophagosome membranes ATG8/LC3 was found to be
recruited around actively secreting or recently secreted Shigella flexneri during entry and cell-to-
cell spread (Ogawa et al., 2005 and Campbell-Valois et al., 2015).

In Shigella, there is evidence of many effectors implicated in the vacuole escape process,
such as IcsB, VirA and IpaH9.8. Guanylate-binding proteins (GBPs), however, play an essential
role in preventing Shigella from spreading to neighbouring cells in the presence of Interferon-
gamma, only. This phenomenon takes place when the recognition of Shigella by GBPs partly or
completely inhbits motility and thus cell-to-cell spread. IpaH9.8, a member of the E3 ubiquitin
ligase family, reverses the host defence action by degrading GBPs, allowing the bacteria to
continue its spreading (Li et al., 2017 and Wandel et al., 2017). In addition, it was suggested that
the role VirA in escape autophagy is by activating the GTPase activity of Rabl. The effect of
VirA on GTPase activity acts against the autophagy defence and ensure the survival of the
intracellular bacteria (Dong et al., 2012).

Furthermore, the outer membrane protein IcsA, also known as VirG, was reported to

trigger the host defence by binding Atg5, a core member of the autophagy machinery. It was



proposed that the binding of IcsA to Atg5 is inhibited when IcsB is secreted since the IcsB
mutant strain resulted in entrapping the bacteria in autophagy vacuole, and therefore blocking
LC3 recruitment (Ogawa et al., 2003 and 2005). Another model, it was suggested that IcsB and
VirA act together in allowing the bacteria to escape its LC3 positive vacuole during the cell-to-
cell spread process. The recruitment of LC3 was found to be much higher in IcsB and VirA
mutant strain (Campbell-Valois et al., 2015).

IcsB, as stated previously, is a protein secreted by the type 111 secretion system
during Shigella’s infection. The protein is 494 amino acids in length and its predicted molecular
weight is approximately 56 kDa. On top of properties descrived above, the ectopic expression of
IcsB inhibits the growth of yeast cells (Slagowski et al., 2008). The use of yeast cells to
understand the function of bacterial effectors is not without precedent and is in fact routinely
used because of the exquisite sensitivity of this organism to cellular stress (Popa et al., 2016).
Furthermore, the study done by Pei & Grishin predicted that IcsB might be functioning as a
protease or an acyltransferase (Pei & Grishin, 2009). Moreover, it was recently proven that IcsB
possesses acyltransferase activity that has a role in the host cell’s cytoskeleton interruption. IcsB
was able to acylate the amine group of lysine residues in the polybasic region. The
acyltransferase activity was diminished when the catalytic triad histidine-145, aspartate-195, and
cysteine-306 (Pei & Grishin, 2009 and Liu et al., 2018) were mutated. It has been demonstrated
that the trafficking proteins Rho-GTPase are targeted by IcsB as well as CHMP5, which is
implicated in the ESCRT-I11 complex. Thus, the acyltransferase activity of IcsB helps Shigella
flexneri to escape the host defence mechanism. Also, in the absence of CHPMS5, no LC3 was

found around Shigella even in the strain of A4 IcsB (Liu et al., 2018). This observation contradicts



with the model suggested by Ogawa in 2005 where they suggested that when IcsA is exposed in
the cytosol, it induces its recognition by the autophagy protein Atgb5.

Furthermore, cell-to-cell spread is encountered in different human pathogens, such as
Listeria monocytogenes and Burkholderia pseudomallei (Sitthidet et al., 2008). As discussed
above, B. pseudomallei secrete a T3SS effector protein, named BopA, that plays a crucial role to
help the bacteria escape its vacuole. Indeed, LC3 was found to be recruited around WT
Burkholderia and BopA mutant cells displayed elevated level of LC3 in their vicinity (Gong et
al., 2011), similarly to what was previously observed in Shigella. In an earlier paper, BopA and
IcsB were shown to share homology with the Rho GTPases inactivation domain (RID) of
MARTX toxins found in Vibrio cholerae and related species (Pei & Grishin, 2009). To our
knowledge, however, there were no other proteins reported to share homology and possess
acyltransferase activities akin to IcsB. Therefore, this observation spurred my thesis work.

In this project, using bioinformatic approaches, 10 uncharacterized proteins from poorly
studied bacteria were found to share homology with IcsB. Aligning the sequences of these 11
proteins revealed that they have conservations especially in a region corresponding to the
catalytic domain of IcsB and BopA. In addition, the catalytic triad of IcsB (Histidine 145,
Aspartic acid 195, and cystine 306) (Pei & Grishin, 2009 and Liu et al., 2018) was found to be
perfectly conserved. We hypothesized that these proteins could be forming an IcsB-like acyl
transferase family. Since IcsB is toxic to yeast cells, yeast cytotoxicity assay was established to
demonstrate if these homologs have the same toxicity phenotype previously observed in IcsB.
Furthermore, seven out of the 11 homologs found to kill yeast cells upon expression and their
expression was detected through western blot. Mutating the histidine catalytic residue of IcsB

and the toxic homologous proteins diminish the toxicity observed in the wild type protein.
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Chapter Il IcsB Homolog Proteins Materials and Methods

2.1 Gathering information and data about IcsB homologs

2.1.1 PSI-BLAST search:

Position-specific Iterated BLAST (PSI-BLAST) uses the regular BLAST search output to make a
profile, called a position-specific scoring matrix, obtained by extracting the sequence

information embedded in multiple sequence alignment of proteins with E-value better than the
fixed threshold. Afterward, this profile is used to initiate a new search to include more
sequences. As the search continues, more and more sequences are added to the profile to expand
the search (Bhagwat & Aravind, 2007).

The experimentally determined catalytic domain of IcsB from Shigella flexneri (gi|
32307025), residues 128-319 (Pei & Grishin, 2009), was queried against NCBI non-redundant
protein database (April 20, 2018). After the first iteration, many proteins appeared by PSI-
BLAST using IcsB catalytic domain but only eight were novel. Those eight were picked to
initiate a new search (second iteration). After that, the process was repeated for one last time
(third iteration) including all proteins from first and second rounds before the search stopped.
The algorithm parameters were kept as default (expect threshold: 10, max matches in the query
range: 0, matrix: Blosum62, Gap costs: existence 11 Extension: 1, conditional compositional
score matrix adjustment, PSI BLAST threshold: 0.005, and no filters nor masks were checked),
but for the maximum target sequences which was fixed at 500 to retrieve a higher number of

homologous sequences.
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2.1.2 TXSScan

TXSScan is a computational tool based on MacSyFinder and used to classify and
characterize the type of secretion system encoded by a bacterial genome based on the similarities
between its genes and genes that are typical of the corresponding secretion system. It can be used
for searching known systems. In this case for instance, the TXSScan was set to identify key
components of the type three secretion system (Abby, et al., 2014). These core structural
components of T3SS are SctC, SctF, SctJ, SctN, SctS, SctR, SctQ, SctV, SctU, and SctT (Deng
et al., 2017). SctC is forming the outer membrane ring in the structure, while SctF is the needle
part. StcV, StcU are part of the export apparatus and act respectively as the autoprotease, and the
export gate. StcR, StcS, and StcT are also part of the export apparatus and they act as inner
membrane component. StcQ is the T3SS ATPase which is part of the cytoplasmic ring (Deng et
al., 2017). The full genome sequences were obtained from NCBI or ENSEMBL bacteria
database if it was not found in the former. TXSScan was accessed through Galaxy Pasteur

(https://galaxy.pasteur.fr).

2.1.3 Manual search for homology with T3SS components:

Manual search for homology with type three secretion components was performed
against homolog species that could not be identified by TXSScan using BLAST software. To do
the homology search, different proteins from T3SS structural component of Shigella were
picked. These genes are MxiH, MxiG, MxiD, MxiA, Spa47, Spa33, and IpaB. The protein
sequences were obtained from either the virulence plasmid of Shigella (pWRZ100) or UniProt

website.
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2.1.4 Pairwise sequence alignment and phylogenetic tree:

The full protein coding sequences were obtained from NCBI database and aligned using
Clustal Omega version 1.2.4 (Sievers et al., 2011). After aligning all protein sequences together,
the catalytic residues Histidine 145, Asparagine 195 and Cysteine 306 were highlighted (Liu et
al., 2018). The software identifies fully and semi-conservation of amino acids among the
provided sequences.

In addition, a phylogenetic tree of IcsB homologs was generated from Phylogeny FR
https://www.phylogeny.fr using the catalytic domain of IcsB and its homologs in FASTA
format. The default “One click” mode was used for tree reconstruction. The software uses
different tools to perform the phylogeny analysis, such as multiple sequence analysis, curation,
phylogeny and tree reconstruction. These tools are MUSCLE, Gblocks, PhyML, and TreeDyn.
When providing the sequences in FASTA format, the program starts analyzing and at the end, it
provides a graphical tree image with branch length or branch support values. (Dereeper et al.,
2008). The branch support value indicates the repetition number out of 100 of same branch when

the tree was reconstructed.

2.1.5 Type Three secretion effector protein predictions algorithm:

There are several algorithms used to predict type three secretion effector proteins. In this
case, algorithms picked are pEffect, EffectiveDB, and BEAN. A control test was performed for
accuracy purposes. Two control proteins were used to benchmark each algorithm. First, IpaB
was used as a positive control; it is a translocator protein secreted by Shigella’s T3SS. The
algorithm should be able to identify IpaB as T3SS substrate. Second, RecA, was used a negative

control; it is a protein that plays a role in homologous recombination and DNA repair process in
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E. coli and is not evolutionary related to the T3SS, and thus should not be identified as one of its
substrate.

The prediction done using pEffect software (https:/rostlab.org/services/peffect/) actually
combines both PSI-BLAST search and de novo prediction using machine learning technique to
predicts T3SS effectors (Goldberg, et al., 2016). Furthermore, it provides a score for each
predicted query. The higher score the more likely to be a type three secretion effector.

In addition, Bacterial Effector Analyzer (BEAN) software
(http://systbio.cau.edu.cn/bean/) and EffectiveDB software (https://effectors.csh.univie.ac.at) are
also a machine learning based algorithm that predict effectors released by the type three secretion
system. They have similar working method in which BEAN uses the secretion signals from
known type three secretion effector proteins to apply it on the provided sequence and tells if the
protein is predicted as type three secretion effector or if the protein is considered as non-effector
(Dong, et al., 2015). Similarly, EffectiveDB based on the N- terminal signal identification of the
query protein in comparison with known type 111 secretion effectors using machine learning tools
(Eichinger et al., 2015). Furthermore, the software provides prediction score to indicate the

protein possibilities of being type 111 secretion effector.
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Chapter Il Results

2.2 search results:

2.2.1 Sequence similarity searches for IcsB catalytic domain

The initial attempts to identifying homologs of IcsB in the database by Psi-BLAST using
the full protein coding sequence of IcsB as query failed. Therefore, we decided to use only the
catalytic domain of IcsB as query (Pei & Grishin, 2009), which immediately appeared more
promising. After the first iteration of PSI-BLAST, more than two hundred hits were retrieved.
Hits that showed identity between 20% and 75% were selected to perform the second round of
PSI-BLAST. The reason for multiple iterations was to expand the search to obtain as many
sequences as possible. The hits showed up from the second iteration were mostly proteins with
sequence identity lower than 20% in addition to many MARTX toxins. The search was initiated
for a third time, and MARTX toxins from Vibrio cholerae and related species came out as
predominant new hits in this round. Interestingly, a recent study demonstrated that MARTX
toxins possess fatty acylation activity of Rho GTPases proteins (Zhou et al., 2017) similarly to
IcsB. Nonetheless, because MARTX toxins sequence identity with 1csB ranges between 15-19%
and are not associated with the T3SS (Boardman & Fullner Satchell, 2004), we stopped the Psi-
BLAST at the third iteration and discarded the MARTX toxins from our study. Despite this, our
search revealed more than 200 proteins sharing homology with the catalytic domain of IcsB.
Some proteins were redundant, like in the case of IcsB, there were more than 10 proteins
annotated as IcsB with almost 100% sequence identity. By excluding proteins sharing homology
above 75% and lower than 20% with IcsB and one another, 11 homolog proteins, including
BopA, were selected for further study (table 2.1). Nonetheless, after obtaining the full sequences

of the new homologs, BLAST was run for each one of the proteins against the full length IcsB
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(table 2.1). Consequently, Pairwise-BLAST was used to identify regions of homology that could
indicate functional similarity between different bacterial species.

For practical reasons, we renamed arbitrarily the homologous proteins H1 to H11
(presented in table 2.1). As for the sequence identity between IcsB and each homolog (table 2.1),
it is noteworthy to mention that BLAST sequence identity represents the percentage of shared
homology between two sequences excluding the non-shared parts. These proteins are BopA from
Burkholderia pseudomallei (H1), and it scored 31% identity with IcsB. A hypothetical protein
from Escherichia marmotae (H2) that scored 53% identity when queried against IcsB and it is
the highest among the group. A hypothetical protein from Chromobacterium sp. LK11 (H3) that
showed 31% sequence identity with IcsB. A protein annotated as the BopA from Achromobacter
arsenitoxydans SY8 (H4), which showed 27% identity with IcsB. Putative IcsB-like invasion
protein from Sodalis praecaptivus (H5) that scored 27% identity with IcsB. A hypothetical
protein from Achromobacter sp. Rta (H6) that showed 26% sequence identity with IcsB. A
hypothetical protein from Endozoicomonas montiporae (H7) that showed 25% identity with
IcsB. A hypothetical protein from Robbsia andropogonis (H8) which scored 22% sequence
identity with IcsB. A hypothetical protein from Achromobacter denitrificans (H9) showed 25%
identity with IcsB. A hypothetical protein from Desulfonatronospira thiodismutans (H10) scored
28% identity with IcsB. Finally, a hypothetical protein from Ideonella sakaiensis (H11) that

showed 24% sequence identity when queried against IcsB.
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Table 2.1. Information about bacterial species harboring IcsB homologs.

Identity demonstrates the homology percentage between IcsB and each homolog protein

separately. Phylum section identify the class of proteobacteria. Isolation describes the source in

which the bacteria was isolated from.

Protein Gene Id Species or genus  Identity Phylum Isolation
H1 53722545 Burkholderia 31% Beta Soil
pseudomallei
H2 740535360 Escherichia marmotae 53%  Gamma Faecal samples of
Marmota himalayana
in China
H3 860401851 Chromobacterium sp. 30% Beta Plant
LK11
H4 359363722 Achromobacter 27% Beta Soil in pig farm
arsenitoxydans “arsenic-
contaminated”
H5 573023760 Sodalis praecaptivus 27%  Gamma Human wound
H6 759857519 Achromobacter sp. Rta  26% Beta Termite gut
H7 736879821 Endozoicomonas 25%  Gamma  Sea water of Taiwan
montiporae coast
H8 640442335 Robbsia andropogonis 22% Beta Soil bacteria “plant”
H9 1209943465 Achromobacter 25% Beta Soil and water
denitrificans
H10 496145519 Desulfonatronospira 28% Delta Sediment lake in
thiodismutans Russia
H11l 928997844 Ideonella sakaiensis 24% Beta Sediment “plastic

recycling facility”
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The 11 proteins found in the database seem to be interesting in the sense that their sequence
identity with IcsB varies, and they originate from different species. Therefore, after obtaining the
name of the bacterial species implicated in expressing the homologous proteins, | mined the
databases to discover more about their source of isolation, their environment, and evaluate their
pathogenicity. In addition to that, we used in silico method to mine their genome for evidence of
functional type three secretion system components. Hence, if T3SS is present, it will add to data
found in the literature.

TXSScan is a computational tool used to identify secretion system in bacteria using
sequence similarity using Hidden Markov Model (HMM) protein profile. For type three
secretion system, the search was done against each bacterial genome for homology with SctC,
SctF, SctJ, SctN, SctS, StcR, StcQ, StcV, StcU, and StcT genes. These genes are from different
parts of type three secretion core structure. SctC is part of the basal body and function as secretin
and outer membrane ring and SctF is the needle. StcV, StcU, StcR, StcS, and StcT are in the
export apparatus and act respectively as the autoportease, the second as an export gate, and inner
membrane component for the latter three. StcQ is part of the cytoplasmic ring and is the T3SS
ATPase (Deng et al., 2017). The exciting feature of TXSScan is that it searches for all these gene
at once and it gives a full report when the search ends. All protein sequences of the full genome
were obtained from NCBI database or in case the full genome sequence was not found or
incomplete, genome sequences from ENSEMBL bacteria database was used (table 2.2) and the
results are shown in (table 2.3).

Furthermore, NCBI database was used to look for the taxonomy for each bacterium.
Species expressing homologs H1, H4, H6, H8, H9, and H11 are betaproteobacteria belonging to

the order Burkholderiales. Specie expressing H3 is also a betaproteobacteria, but it belongs to the
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order Neisseriales. Species expressing homologs H2, and H5 are gammaproteobacteria
belonging to the order Enterobacterales. Specie expressing H7 is gammaproteobacteria, but it
belongs to the order Oceanospirillales. Finally, the specie expressing H10 is a
deltaproteobacteria belonging to the order Desulfovibrionales.

Nevertheless, many of these bacterial species are not well-studied. A search concerning
evidences about the possibilities of being capable to infect or act as commensal bacteria. Search
revealed that Burkholderia pseudomallei (H1) was isolated from soil, and it is responsible of
causing melioidosis, fatal in some cases, in human and animals (Gong et al., 2011). B.
pseudomallei was known previously to express a protein named BopA and known to be IcsB
homolog. When the B. pseudomallei is inside the host cell, it uses BopA protein to escape from
autophagy and spread to the neighboring cells in a similar manner to IcsB (Cullinane et al.,
2008). B. pseudomallei is the only bacteria that have been studied the most in the group of
homologs. Also, using chromosomal protein sequence, the software was able to predict three
clusters for type three secretion and score nine out of nine for the presence of mandatory genes

with no forbidden genes identified.

Achromobacter arsenitoxydans SY8 (H4) was isolated from arsenic-contaminated soil in
a pig farm (Li et al., 2012). Thirty genes of the type three secretion system were found in the
genome. This may indicate the possibility that this specie may be an opportunistic pathogen of
pigs and maybe other animals (L1, et al., 2013). Unlike other Achromobacter species, A.
arsenitoxydans was never reported in clinical isolates from patients with respiratory disease.
Besides, the full genome sequence was not found in the NCBI database. The shotgun sequences

found in NCBI were not complete and not enough for the software to be able to detect any T3SS
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homology. Furthermore, A genome sequence obtained from ENSEMBL bacteria database used
to search for homology using TXSScan. One cluster of T3SS was found with nine mandatory

genes identified and no forbidden genes found.

Achromobacter sp. Rta (H6) was isolated from Termite gut according to the data found in
NCBI database (gi| 687281538). The search about A. sp. Rta revealed no studies nor information
to be found. In addition, the full genome sequence was not found in NCBI database. Instead, a
shotgun sequence was used for the TXSScan search. One cluster for type 111 secretion was

identified having nine of the mandatory genes and no forbidden genes identified.

Robbsia andropogonis (H8), which was previously named Burkholderia andropogonis
(Lopes-Santos et al., 2017), was isolated from plant soil. It was found to infect jojoba plants
causing necrotic spots on leaves (Cother, et al., 2004). Another case reported on R. andropogonis
was on Loropetalum chinense plant. The infected shrub found to show symptoms as dark spots
on leaf immersed with water. When the infection spread, the infected leaf become heavy and fall
off (Conner, et al., 2019). However, information on how does R. andropogonis cause the disease
has not been found. Besides, the full genome sequence was not found in NCBI database. Instead,
a shotgun sequence was used. One cluster of T3SS was identified having seven of the nine

mandatory genes. None of the forbidden genes were found in the cluster.

Achromobacter denitrificans (H9) was originally isolated from soil and water. Although
the genus of Achromobacter have many species considered as non-pathogenic, A. denitrificans

has been clinically isolated from patients having pneumonia, cystic fibrosis and some other non-
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respiratory diseases. The paper suggested that these isolates of A. denitrificans might be
associated to cause more diseases in patients who have other respiratory and non-respiratory
illnesses (Swenson & Sadikot, 2015). Also, the full genome sequence was not found in NCBI
database. Instead, a shotgun sequence was used. One cluster of T3SS was identified with eight of

the mandatory genes found. Also, none of the forbidden genes were identified.

Desulfonatronospira thiodismutans (H10) was isolated from Sediment of a soda lake in
Russia. These soda lakes are characterized by a high level of carbonate alkalinity along with high
sulfate concentration, which makes it an appropriate habitat for strains like D. thiodismutans that
utilizes organic and inorganic compounds for metabolic processes. The optimum growth
condition for this strain is at pH 10 and 1.0- 2.0 M Na-+ (Sorokin et al., 2008). This strain of
bacteria was found to be able to reduce the sulfur compounds found in such lakes (Sorokin et al.,
2011). Nonetheless, there was no evidence for D. thiodismutans of becoming a pathogenic
bacterium and its requirement for growth makes it unlikely.

Chromobacterium sp. LK11 (H3) was isolated from plant according to the information
found in NCBI database (gi| 857313621). There was not much information found about C. sp.
LK11. The fact that it has not been attributed a systematic species name is a testament to this
observation. However, another specie from Chromobacterium genus dubbed Chromobacterium
violaceum was found to be pathogenic and possess a type three secretion system. It is known to
cause a fatal infection called septicaemia that infects both humans and animals (Miki et al.,
2010). Furthermore, C. violaceum is known to be resistant to a wide range of antibiotic drugs
which makes the infection difficult to treat (Fantinatti-Garboggini et al., 2004). We do not know

the level of similarities between C. violaceum and C. sp. LK11.
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Escherichia marmotae (H2) was isolated from faecal samples of Marmota himalayana in
China. It was recently proven that E. marmotae shared homology with type three secretion
system and its effectors. It also carries the identical O antigen gene cluster found in Shigella
dysenteriae type 8. The strain also shares some virulence genes found in pathogenic E. coli.
Additionally, the strain showed the capability of becoming invasive and it was able to invade
human epithelial cells-2 (HEp-2) (Liu et al., 2019).

Sodalis praecaptivus (H5) was isolated from human wound of a man who pierced himself
while manipulating tree branches (Yong, 2017). Genus of Sodalis are known to share symbiotic
relationships with insects, such as weevils and hemipteran (Santos-Garcia, et al., 2017). It
releases insecticidal toxins to mediate host infection. It was also proven that S. praecaptivus uses
guorum sensing system to maintain and persistent infection period in weevil (Enomoto, et Al.,
2017). Furthermore, another Sodalis specie dubbed Sodalis glossinidius was found to act as a
commensal in the vector of sleeping sickness, the tsetse fly (Maltz, et al., 2012). It was found to
use type three secretion components to help in the invasion process (Dale et al., 2001).

Endozoicomonas montiporae (H7) was isolated from sea water in Taiwan. Genus of
Endozoicomonas is normally found in corals, and also it acts as endosymbiont. According to
Ding, more than 200 proteins were expressed by E. montiporae are predicted to be type three
secretion effectors. It is also suggested that the bacteria use type three secretion system for their
interaction with their hosts, in addition to delivering effector proteins to modulate infection
(Ding, et al., 2016).

Ideonella sakaiensis (H11) was isolated from sediment from plastic recycling facility.
The strain was found to produce enzymes to degrade Polyethylene terephthalate (PET), the

polymer used in making plastics, into smaller compartments and use it as a carbon source for
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growth. (Yoshida et al., 2016). Also, the full genome was not found in NCBI database. A
shotgun sequence was used. As for the results obtained from TXSScan, no type 111 secretion
clusters were found. In addition, a full genome sequence was found in ENSEMBL bacteria
database, and it used to search for the presence of any of the T3SS, T4SS, and T6SS. The results
show that it does not have Type Il nor type VI secretion systems. As for type IV search, the
results showed two out of three of the mandatory genes, as well as 11 out of 20 accessory genes
were found in 1. sakaiensis.

For Chromobacterium sp. LK11 (H3), the whole genome sequence was not found.
Instead, a shotgun sequence was used. One cluster of T3SS was found and nine of the mandatory
genes are present with no forbidden genes identified.

For E. marmotae (H2), using the plasmid pEM148 sequence, one cluster was identified
for type three secretion system and scored nine out of nine for mandatory gene presence with no
forbidden gene identified.

For S. praecaptivus (H5), using the chromosomal protein sequence, the software
identified three clusters of type Il secretion system. Two of these three clusters have nine of the
mandatory genes, and the other cluster scored eight out of the nine mandatory genes found with
no forbidden genes identified in all cases.

For E. montiporae (H7), a protein chromosomal sequence used. The result revealed one
cluster of the type 11 secretion system identified having 8 of the 9 mandatory genes. None of the
forbidden genes were identified.

For D. thiodismutans (H10), a full genome sequence was obtained from ENSEMBL

bacteria database and used to search for homology using TXSScan. None of the genes of type IlI,
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IV, VI were found. Moreover, when looking for type X secretion system, one out of eight

mandatory genes was found.
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Table 2.2. Reference sequence used for TXSScan.

Protein Species or genus Sequence type NCBI Reference Ensembl Genome
Sequence assembly number
H1 Burkholderia Chromosome NC_006351.1* BP_3921¢g
pseudomallei
H2 Escherichia marmotae Plasmid NZ_CP025980.1* NA
H3 Chromobacterium sp. Shotgun NZ_LDUR01000009.1* ASM104370v1
LK11
H4 Achromobacter Chromosome NZ_AGUF01000055.1 ASM23678v2*
arsenitoxydans SY8
H5 Sodalis praecaptivus Chromosome NZ_CP006569.1* ASM51742v1
H6 Achromobacter sp. Rta Shotgun NZ_JPY001000036.1* ACRTA
H7 Endozoicomonas Chromosome NZ CP013251.1* ASM72256v1
montiporae
H8 Robbsia andropogonis Shotgun NZ_LAQUO01000001.1* ASM97034v1
H9 Achromobacter Shotgun NZ_CP020917.1* NA
denitrificans
H10 Desulfonatronospira Chromosome  NZ_ACJN02000001.1 ASM17443v1*
thiodismutans
H11 Ideonella sakaiensis Chromosome NZ BBYR01000069.1 ASM129352v1*

* This symbol indicates the sequence used for the prediction method. Generally, we used

NCBI, unless it yielded a blank result. The latter stemming probably from annotation issue was

resolved by using the data from ENSEMBL bacteria.
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Table 2.3. TXSScan search results.

Reference numbers used for these predictions are listed in the previous table (2.2)

Protein Number of Validation of homology number of
T3SS mandatory and forbidden genes
H1 3 9/9 0/3
H2 1 9/9 0/3
H3 1 8/9 0/3
H4 1 8/9 0/3
H5 3 9/9 0/3
H6 1 9/9 0/3
H7 1 8/9 0/3
H8 1 7/9 0/3
H9 1 8/9 0/3
H10 - 0/9 0/3
H11 - 0/9 0/3




Although the search with TXSScan successfully identified most of the core components
of the T3SS in most bacterial species of interest, it was not able identify similar features within
the genome of bacteria expressing the proteins H10 and H11. There was some evidence of the
presence of a T4SS in the specie expression H10. Consequently, we decided to perform a manual
search for similarities with T3SS components. These genes are MxiH, MxiG, MxiD, MxIiA,
Spa47, Spa33, and IpaB. From the export apparatus MxiA, from the basal bodies’ components
MxiD, MxiH, and MxiG, from the cytoplasmic compartment Spa33, from ATPase complex
components Spa47, and from translocator proteins IpaB (Deng et al., 2017). Therefore, results of
homology identity and the coverage percentages were collected in (table 2.4).

When queried against D. thiodismutans (H10) genome, the results showed homology of
34% and 97% coverage with MxiA, homology of 19% and 52% coverage with MxiD, homology
of 41% and 98% coverage with Spa47, homology of 41% and 26% coverage with MxiH,
homology of 26% and 12% coverage with IpaB, and no homology with Spa33 and MxiG
proteins found in D. thiodismutans. In addition, the BLAST search against I. sakaiensis (H11)
genome, the results showed homology of 32% and 97% coverage with MxiA, homology of 47%
and 90% coverage with MxiD, homology of 39% and 92% coverage with Spa47, and no
homology with Spa33, MxiH, MxiG, and IpaB. Nevertheless, the results of the manual search
should be interepreted with care. First, the coverage between the query and the subject was
sometimes low. Secondly, the homology with the flagellum genes was not addressed. Finally,
H10 and H11 are the only homologs devoid of an N-terminal domain, which normally includes
the secretion signal and chaperon binding region of T3SS effectors. Taken together, these data
and observations suggest that H10 and H11 are not T3SS effectors and thus are the exception

across the IcsB-like family that I unveiled.
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Table 2.4. Manual search for T3SS components homology in the bacterial species of
interest.
Bacteria harboring homologs H10-11 that scored negative with TXSScan are shaded grey.
Bacteria harboring homologs H1-9, for which T3SS was detected by TXSScan are appended as

internal controls.

Identity / Query coverage

Homolog Bacteria Specie MxiA MxiD Spa33 Spa47 MxiH MxiG IpaB
H1 Burkholderia 55/100 38/87 NA  57/65 51/92  24/52 35/65
pseudomallei
H2 Escherichia marmotae  85/100 74/99  NA  38/92 83/100 54/99 57/100
H3 Chromobacteriumsp.  66/97 52/86 25/56 58/99 69/100 23/52  38/97
LK11
H4 Achromobacter 41/98  28/85 32/23 45/92  42/22 NA NA
arsenitoxydans SY8
H5 Sodalis praecaptivus ~ 57/100 47/90 15/24 54/96  58/91  27/52  36/55
H6 Achromobacter sp. Rta  41/98  30/79 34/25 45/92 NA NA NA
H7 Endozoicomonas 41/99  29/84 27/46  44/96 NA NA NA
montiporae
H8 Robbsia andropogonis  46/99  36/96 NA  44/95  44/93  24/56 32/55
H9 Achromobacter 41/98  28/85 34/24 45/92  56/19 NA NA
denitrificans
H10 Desulfonatronospira 34/97 19/52 NA  41/98  41/26 NA  26/12
thiodismutans
H11 Ideonella sakaiensis 32/97  22/54 NA  39/92 NA NA NA
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2.2.2 Sequence alignment construction:

The pairwise sequence identity concerning the catalytic domain of IcsB and the
homologous proteins was ranging from 22 to 53%. Therefore, these homologous proteins were
picked for study, and we had to look further into their amino acids’ conservation among their
sequences. Subsequently, the full protein sequences of the 11 homologs were submitted through
Clustal Omega for the sequences to be aligned. The result of sequence alignment is shown in
(figure 2.1). Interestingly, the alignment revealed that the catalytic triad, which are histidine 145,
aspartic acid 195, and cysteine 306, were conserved among all homologs. The catalytic domain
is shaded in grey, and the catalytic residues are shaded in yellow. Two other polar residues,
namely N305 and N352, were also fully conserved across the alignment and are highlighted in
red. There were also non-polar amino acids found to be fully conserved among all homologs and
are highlighted in blue. These amino acids are tryptophan 135, proline 167, tyrosine 192, leucine
208, glycine 273, leucine 274, and leucine 314. There were also semi conservations found in the
catalytic domain represented in lysine 124, serine 147, isoleucine 148, isoleucine 150, tyrosine
162, serine 164, tryptophan 165, isoleucine 200, threonine 204, phenylalanine 272, alanine 307,
methionine 309, serine 319, tyrosine 322, alanine 341, valine 344, isoleucine 348, and isoleucine

358.
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Figure 2.1. Multiple sequence alignments of IcsB catalytic domain homologs.
The catalytic residues are shaded in yellow. (*) indicates full conservation and (:) indicates
semi-conservation. Proteins are identified by their given name abbreviation. IcsB is from
Shigella flexneri; H1, Burkholderia pseudomallei; H2, Escherichia marmotae; H3,
Chromobacterium sp. LK11; H4, Achromobacter arsenitoxydans; H5, Sodalis praecaptivus; H6,
Achromobacter sp. Rta; H7, Endozoicomonas montiporae; H8, Robbsia andropogonis; H9,

Achromobacter denitrificans; H10, Desulfonatronospira thiodismutans; H11, Ideonella

sakaiensis.
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Furthermore, the full protein sequence is divided into three major domains. The N-
terminal domain, which happened to be found in 9 out of the 11 homologs and IcsB, might act as
a secretion signal and chaperon binding domain. The central domain, which is the catalytic
domain, is originally mapped to residues 128 to 319 of IcsB (Pei & Grishin, 2009). The
conservation level observed in the catalytic domain actually extends to a stretch of 41 residues
(tyrosine 361) located to its C-terminus. Finally, the carboxy-terminal domain of unknown

function and undetectable conservation between IcsB and its homologs.

A qualitative representation of the homologs sequence similarities is shown in
dendrogram (figure 2.2) along with (table 2.5) which is representing the pairwise sequence
identity percentage of the homologs’ catalytic domain with one another. Some homologous
proteins showed higher identity percentage with one another than with IcsB. For instance, H4,
H6, and H9 showed sequence identities higher than 65% (ranged between 69% and 74%), while
their sequences identities with IcsB were lower than 30%. Accordingly, these three proteins H4,

H6 and H9 were clustered together in the phylogenetic tree.
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Figure 2.2. Dendrogram of IcsB and its homologs.

The figure was generated based on the catalytic domain using Phylogeny FR software. Numbers

represent branch length/ branch support values (in red). *Numbers were rounded to two decimal

points.
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Number XX/YY means that there were two regions with homology separated by an insertion

with undetectable sequence identity.

Table 2.5. Sequence identity of IcsB homologs with one another.

IcsB H1I H2 H3 H4 HS H6 H7 HS8 H9 H10 H11
IcsB 37 54 35 28 24/26 28 24 21 26 27 25
H1 37 35 50 32 27/32 30 28 23 32 28 29
H2 54 35 34 24 25 24 28 22 24 25 22
H3 35 50 34 32 23/34 33 25 24 34 26 27
H4 28 32 24 32 27/33 71 22 22 69 26 33
H5 24/26 27/32 25 23/34 27/33 22/31 25 23/46 25/36 28/35 29/24
H6 28 30 24 33 71 22/31 22 30 74 26 26/28
H7 24 28 28 25 22 25 22 42 27 NS 30
H8 21 23 22 24 22 23/46 30 42 30 23 28
H9 26 32 24 34 69 25/36 74 27 30 27 32
H10 27 28 25 26 26 28/35 26 NS 23 27 28
H11 25 29 22 27 33 29/24  26/28 30 28 32 28
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2.2.3 Type Three secretion effector protein predictions algorithm results:

Another in silico method used to understand the nature of these homologous proteins is
the algorithm prediction tool. Three algorithms used to predict the possibilities of the homolog
proteins to be type three secretion effectors are pEffect, EffectiveDB, and BEAN. They search
for similarities between query sequences and known type Il secretion effectors. However, RecA,
IcsB and IpaB are used as positive and negative controls to benchmark the algorithms. All three
algorithms were successfully able to recognize IcsB and IpaB, but not RecA, as type three
secretion substrates. Therefore, a summary of the results is presented (table 2.6).

Furthermore, pEffect, EffectiveDB, and BEAN were able to predict H2, H6, H9 as type
three secretion substrates. Additionally, pEffect and BEAN were able to predict H1, H3, H4, H5,
H7, H8, H10, and H11 as type Il secretion substrates but they were not identified by
EffectiveDB tool.

As discussed above, the fact that H10 and H11 lacks the secretion signal and chaperone
binding domain decreases the likelihood that these two proteins are T3SS substrate, unlike the
rest of proteins in the group. Furthermore, the TXSScan could not identify any homology with
the T3SS in these two bacteria. By extension, the eventuality that the bacteria encoding H10 and

H11 adopt a pathogenic lifestyle is low.
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Table 2.6. Type three secretion effector prediction of IcsB homologs using
algorithms.
Shaded in grey: IpaB, which is a translocator protein secreted by Shigella’s T3SS used as

positive control. RecA used as negative control.

Protein pEffect EffectiveDB ~ BEAN
IcsB Yes Yes Yes
IpaB Yes Yes Yes
RecA No No No
H1l Yes No Yes
H2 Yes Yes Yes
H3 Yes No Yes
H4 Yes No Yes
H5 Yes No Yes
H6 Yes Yes Yes
H7 Yes No Yes
H8 Yes No Yes
H9 Yes Yes Yes
H10 Yes No Yes

H11 Yes No Yes




2.3 Conclusion:

IcsB is an effector protein that is released by the type three secretion system of Shigella
flexneri, which was found to help the bacteria to escape the host autophagy and spreading to
neighboring cells. Moreover, IcsB was shown to possess acyltransferase activity to disrupt the
actin cytoskeleton of the host cells, which is critical for the invasion and escaping processes.
Rho-GTPases were found to be targeted by IcsB, as well as CHMP5 that is implicated in
ESCRT-11I complex (Liu et al., 2018). Using bioinformatic approach, the catalytic domain of
IcsB was used to initiate PSI-BLAST search, and it resulted in variety of homolog proteins
expressed from different bacteria species. Some of these bacteria were proven to have Type three
secretion system. Others, where shown to possess opportunistic or commensalism activities.

However, when the sequences of the homologs were aligned using Clustal Omega, the
catalytic triad, which are His-145, Asp-195, and Cys-306 (Liu et al., 2018), were found to be
fully conserved among all homologs. In addition, two other amino acids Asn-305 and Asn-352
were fully conserved. The homology in the catalytic domain was found to be extended beyond
amino acid 319, which revealed the relation between IcsB and the homologs at the structural and
functional level, suggesting that these previously unstudied proteins might be endowed with

IcsB-like acyltransferase activity.

39



Chapter 11l Material and method

3.1 Plasmid generation and cloning
3.1.1 Construction of the yeast expression plasmids:

pRS313 and pRS316 yeast shuttle vectors (Genbank number: U03439, and U03442.1)
(Sikorski & Hieter, 1989) were obtained from Dr. Cammie Lesser (Slagowski et al., 2008). Both
plasmids possess features including the origins of replication for bacteria and yeast, LacZ
operon, a multicloning site, T7 promoter and T3 promoter universal primers, bacterial antibiotic
resistance gene and yeast auxotrophic marker for selection purposes. The major difference
between pRS313 and pRS316 is the yeast auxotrophic marker, where it is HIS3 in pRS313 and
URA3 in pRS316. Vectors were used for cloning and gene expression. Plasmids are presented in
(figure 3.1) and (appendix table Al).

First, GAL1p DNA insert was gene synthesized (IDT). It included the GAL1 promoter
that is induced by galactose, the cycE terminator, a Myc- tag, sequence corresponding to M13
forward and M13 reverse primers, and a short multi cloning site. Subsequently, GAL1p was sup-
cloned into pRS313 plasmid. The sub-cloning of galactose promoter was done using Xhol and
Xbal restriction enzymes. Second, GAL1pl1 was generated by the addition of SP6 and BGH
reverse primers sequences. Then, it was sub-cloned into pRS313 and pRS316 plasmids using
Xhol and Xbal restriction enzymes. Third, GAL1p2 was generated by replacing the sequence of
Myc-tag to 3X Flag-tag. Then, it was sub-cloned into pRS313 and pRS316 plasmids using Xhol

and Xbal restriction enzymes. See (appendix table A2) for antibodies reference number.
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Forth, IpgA, the chaperone of IcsB, was cloned from IpgA-TEM1 taken from HMI
stocks. The PCR cloning for IpgA was done using primers found in the (appendix table A3).
Then, it was sup-cloned into pRS316 GAL1pl. The sup-cloning was done using BamHI and
EcoRI restriction enzymes.

Fifth, the coding sequence of IcsB was cloned from pGBKT8-1csB taken from
from the laboratory stock using primers found in the (appendix Table A3). IcsB homologs
protein sequences, H1 (gi| 53722545), H2 (gi| 740535360), H3 (gi| 860401851), H4 (gi|
359363722), H5 (gi| 573023760), H6 (gi| 759857519), H7 (gi| 736879821), H8 (gi| 640442335),
H9 (gi| 1209943465), H10 (gi| 496145519), and H11 (gi| 928997844), were obtained from NCBI
database. Subsequently, homologs were synthesized using the gene synthesis service from Bio
Basic except for H1 (BopA), which was previously provided by Biomatik. EcoRIl and BamHI
restriction sites were added to the 5 end and 3° end of the synthesized fragments to facilitate the
cloning process. Homologs first came cloned in pUC57, a 2710 bp length vector that is derived
from pUC19 used mainly for cloning purposes. The synthesized proteins arrived in a dry form
with a total of 4 ug DNA and resuspended using 10 mM TRIS HCL pH fixed to 8.5. Plasmids
were transformed in DH10Beta E. coli strain and glycerol stock was made. After that, one colony
was picked for each homolog, and plasmids purification was performed prior to the cloning step.
Afterwards, IcsB and its homologous proteins were sup-cloned into pRS313 GAL1p2 using
BamHI and EcoRl restriction enzymes. Both genes and plasmids were digested, run on gel, band

cut and purified, and then transformed using E. coli.

To do the sub-cloning, 1 ug of DNA was digested using 2 puL of 10X Fast Digest buffer,

1 uL of each of the restriction enzymes, and complete the volume to 20 pL with distilled water.
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Mixture was mixed and incubated at 37°C for 10 minutes. Followed by loading digested DNA
into 1% agarose gel wells and migrated for 20 minutes. After that, gels were visualized using
ultraviolet transilluminator, bands correspond to the right molecular weight were cut and placed
into clean microfuge tubes. Gels were purified using PCR and agarose gel purification kit (Bio
Basic). The kit comes with all buffers, solutions, and columns needed in the procedure. After the
purification step, ligation was performed using the ratio of 2:1 insert: vector for most cases.
Then, the ligated plasmid was transformed in either DH10Beta or DH5alpha E. coli strain.
Colonies were screened using colony screening PCR method and particular primers. The
products of PCR were run on electrophoresis gel to check for their size and accuracy. After that,
liquid culture was prepared with appropriate antibiotic for positive clones and incubated
overnight at 37°C for DNA purification as a next step. After the extraction was done, DNA was
then sent to be sequenced at Génome Québec, and, a glycerol stock was made for the confirmed
positive clones.
3.1.2 Agarose gel electrophoresis:

To prepare 1% agarose gel, 0.5 g of agarose powder (Invitrogen, USA) was mixed with
50 mL 1X TAE buffer diluted from 50X TAE buffer (Bio-Rad, USA), and heated using a
microwave oven for 30 seconds with stirring. The heating and stirring was repeated two- three
times to ensure proper agarose dissolution. After proper cooling down at room temperature, the
molten gel was next poured in the cast where 5 puL of 1% Ethidium Bromide solution (EtBr)
(Invitrogen, CA) was added before adding the combs to the cast tray. Gel was allowed to solidify
for 30 minutes, combs removed, 1X TAE buffer was added to the chamber until the gel was

completely immersed. DNA was migrated on gel to check the concentration of DNA before
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proceeding to the next step. Then, the samples mixture and DNA ladder were migrated on gel

before visualizing the gel using alpha imager.

3.2 Generation of point mutations in IcsB:
3.2.1 Polymerase chain reaction PCR

Polymerase chain reaction was performed in order to generate point mutations in the
coding sequences of the protein. These mutations affect the protein in which it might lose the
phenotypic toxicity seen in its wild type, which means it is part of the catalytic domain. The
toxicity of the protein is demonstrated through the cytotoxicity assay after transforming the gene
in saccharomyces cerevisiae strain. In addition, Mutations made for IcsB are H145A, D195A,
C306A, C306S, N305A, and N352A. For IcsB homologous proteins, we generated mutations at
residues equivalent to histidine 145 and aspartic acid 195 of IcsB. All primers used to generate
previously mentioned mutations are listed in the (appendix table A3) table.

To perform PCR mutagenesis, 50 L reaction needs to be prepared for each mutation
using the corresponded primer pairs. A mixture of 29.5 uL of nuclease free water (Wisent, CA),
10 pL of 5X GC Phusion buffer (ThermoFisher, Europe), 1 pL of 10 mM dNTP prepared
from100 mM dATP, dCTP, dGTP, and dTTP stock (ThermoFisher, Europe), 2.5 pL of 10 mM
forward primer, 2.5 uL of 10 mM reverse primer , 2.5 uL of 50 mM MgCI2 (ThermoFisher,
Europe), 1.5 uL of 10 ng template DNA, and finally 0.5 pL of 2U/uL Phusion DNA polymerase
enzyme (ThermoFisher, Europe). Then, the PCR tubes were placed into the thermocycler
machine (T100™ Thermal Cycler from Bio-Rad), and the following program was used: 1 cycle
of 30s initial denaturation at 98°C, then amplification for only 22 cycle in order to avoid the

number of possible errors resulted in undesirable DNA. The 22 cycles are composed of
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denaturation at 98°C for 5 seconds, annealing for 30s (temperature used as suggested from
ThermoFisher software for each primer pair), followed by extension at 72°C for 2 minutes, and a

final cycle for the final extension at 72°C for 10 minutes. Then, the temperature was hold at 4°C.

3.2.2 Colony screening PCR:

PCR colony screening was performed in order to confirm the insertion of the gene into
the plasmid prior sequencing step. 6-12 colonies were picked per plate, resuspended in 100 uL
supplemented with appropriate antibiotic in microcentrifuge tubes, and let grow for 40- 60
minutes at 37°C with shaking. After the incubation was done, the reaction was prepared by
mixing 0.4 uL of cell culture with 2.5 uL of 10X reaction buffer, 1 uL of 210mM dNTP mix,
1.25 uL forward primer, 1.25 uL of reverse primer, 0.12 uL of Taq polymerase enzyme, and
complete with water to 25 uL. The mixture was mixed and spun down before placing the tubes
into the thermocycler. The thermocycler was programmed as follow: 1 cycle of 30s initial
denaturation at 95°C, then amplified for 25- 40 cycles that consist of denaturation at 95°C for 30
seconds, annealing for 30s (annealing temperature used as suggested using ThermoFisher
software and it differs for each primer pair), followed by extension at 72°C for 2 minutes, and a
final cycle for the final extension at 72°C for 5 minutes. Then, the temperature was hold at 4°C.
After the cycles were done, 7.5 uL of 5X loading buffer in each tube and let run on agarose gel
for 15- 25 minutes before analyzing the results to confirm positive clones. The gel picture was
taken to document the results. Afterward, liquid culture was prepared for positive clones to
purify DNA the next morning.

After the PCR cycle is done, the PCR product were migrated on gel to check the

concentration of DNA before proceeding to the next step. Then, the samples mixture and DNA
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ladder were migrated on gel for 6 minutes at 120 voltage. Moreover, alpha imager device was

used to visualize the gel and an image was taken to document the gel results.

3.2.3 Dpnl enzyme digestion:

This step is important to cleave methylated DNA in order to get rid of template DNA and
keep PCR product untouched. To prepare for the digestion, 47 uL of PCR reaction was mixed
with 47 pL of 1X fast digest buffer (ThermoFisher, Europe), and 1 uL Dpnl restriction enzyme

(ThermoFisher, Europe). After that, the mixture was incubated at 37°C for two hours.

3.2.4 DNA purification from PCR:
The DNA was purified using PCR product purification kit following the protocol

provided by the supplier (Bio Basic).

3.2.5 Phosphorylation of 5” end:

To introduce phosphate at the 5° end of the PCR product. To prepare phosphorylation
reaction, 15 pL of purified PCR product was mixed with 2 uL of 10 mM ATP, 2 uL of forward
reaction buffer (Buffer A), and 1 pL of T4 polynucleotide enzyme. Mixture then incubated at

37°C for 30 minutes followed by incubation at 75°C for 10 minutes to inactivate the enzyme.

3.2.6 Intramolecular ligation:
This step was made to start ligating the phosphorylated DNA in order to proceed to the
transformation step. A mixture of 5 uL of phosphorylated DNA, 39.5 pL sterile deionized water,

4.5 pL of 10X ligase buffer (ThermoFisher, Europe), and 1 puL of T4 Ligase enzyme
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(ThermoFisher, Europe) was prepared and incubated at room temperature for 15 minutes to

overnight prior transformation.

3.2.7 Transformation in bacteria:

To perform the chemo-competent transformation, 100 uL of chemo competent DH10B or
DHb5alpa Escherichia coli strain is needed for each transformation. Cells were mixed with 10 puL
of ligated product and incubated with DNA on ice for 15- 45 minutes, followed by heat shock for
45- 60 seconds. After the heat shock, cells were placed back on ice for 5 minutes. Then, 1.1 mL
of Luria-Bertani (LB) broth was added to each tube, which were incubated for 30 to 45 minutes
at 37°C with shaking at 225 rpm. After the recovery step, cells were pelleted via centrifugation
and plated on LB agar plate supplemented with ampicillin antibiotic. Plates were incubated
overnight at 37°C. The same protocol applies on transformation with electro-competent cells,
except no incubation step on ice for a long time (first step) and glass cuvettes were used for the
electric shock. Electro-competent transformation protocol “High-Efficiency Transformation by

Electroporation” was taken from (Seidman et al., 2001).

3.2.8 DNA purification:

After confirming the positive clones with either PCR colony screening, 5 uL of cell
culture used to make 5 mL liquid culture and incubated overnight at 37°C with shacking. The
next morning, cells were pelleted to be ready for DNA extraction. The DNA extraction kit from
Bio Basic was used for the purification step. All buffers were provided by supplier along with

the protocol used.
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3.2.9 Confirmation digestion:

This step can be done as validation before sequencing. A reaction was prepared by
mixing 2.5 uL of 10X fast digest buffer, 0.5- 1 ug of desired DNA, 1 uL of each of the required
restriction enzymes, and complete with water to 20 pL. reaction was incubated for 10-15 minutes
at 37°C. After that, reaction was migrated on gel for 15- 20 minutes to confirm the presence or

absence of the right insert in the vector.

3.2.10 DNA sequencing:

Clones were sent for sequencing with either SP6, BGH, or specifically designed primers
to confirm the presence of mutations or gene insertion. Sanger sequencing was performed by
Genome Quebec facility in McGill University, Montréal, Québec. After sequencing results
obtained, they were analyzed using serial cloner, Blast, and chromatogram. Sequences were
checked by comparing them to the theoretical map and blast was used to confirm the coverage of
the query to the original sequence. 4Peaks software was used to visualize chromatogram when

needed.

3.2.11 Bacterial glycerol stock:

Liquid culture of positive clones was prepared. Tubes were incubated overnight at 37°C
with shacking in LB-medium with the appropriate antibiotics. The next morning, 900 pL of
bacterial culture mixed with 600 uL of 50% sterile glycerol in cryovial tube and stored at -80 °C
freezer. Plasmid, strain type, date and strain number were written on the tube as well as in the

laboratory stock file.
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3.3 Yeast and the toxicity assay:
3.3.1 Yeast transformation

For these experiments, we used BY4741 mat a, an auxotrophic derivative of the
Saccharomyces cerevisiae S288C strain. One colony was picked from a freshly made plate and
transferred to 4 mL of YPD broth. Liquid culture was incubated overnight at 30 °C with shaking.
The next morning, OD600 was measured and inoculated the equivalent of OD 0.2 in 50 mL of
YPD, followed by growing the culture for 3 hours at 30 °C with shaking. Liquid culture was then
transferred to 50 mL falcon tubes and centrifuged at 4500 rpm for 5 minutes. Cells were
resuspended in water and re-pelleted, followed by resuspension in 0.1 M LiAc, pellet for 10
seconds at 10,000 rpm, and resuspended in 500 pL of 0.1 M LiAc. Then, 50 pL of cells was
aliquoted in a clean microcentrifuge tube for each transformation including negative control.
Transformation mixture was added with the following order: 240 pL of PEG 50%, 36 puL of 1 M
LiAc, 50 pL of ssDNA, 33 uL of sterile water, and 1 uL of 250- 500 ng DNA. After adding the
transformation mixture, cells were vortexed until they are completely resuspended, and
incubated for heat shock at 42 °C for 20 minutes. After incubation, cells were centrifuged for 30
seconds at 10,000 rpm and a quick wash with water was performed without resuspending the
pellet. Finally, cells were resuspended in 200 uL of sterile water and plated on agar plate

containing histidine drop-out for 3- 5 days.

After that, a glycerol stock had to be made to store the desired yeast strain for a longer

period of time in order to make the strain reproducible. To prepare that, one yeast colony was

picked from the plate and transferred to cryovial tube with 0.5 mL of 25% glycerol/ YPD broth.
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Tubes were stored at -80C freezer. All information about strain, plasmid, date was written on the

tube.

3.3.2 Yeast cytotoxicity assay:

Yeast strains were steaked on plates from glycerol stock, and one colony was picked for
each strain. Cells were incubated overnight at 30°C with shaking in SD-his broth supplemented
with 2% raffinose sugar to prime cells for the induction. The next morning, cells were pelleted,
resuspended in 100 pL NaCl 0.9% and three serial dilutions were made (1/10, 1/100, and
1/1000) beside the undiluted cells by taking 10 pL of cells into 90 pL of 0.9% NaCl; the same
apply for each dilution. After that, 3-5 pL of cells spotted on the two histidine plates; one
supplemented with 2% glucose and the other one with 2% galactose. Cells then incubated at
30°C for 3 days. After the incubation period, a picture of the plates was taken to document the

results.
3.3.3 Image J software:
Image J is an image analysis software that can calculate the pixels values in a given

image (Schneider, et al., 2012). It allows to make semi-quantitative analyses of certain images.

3.3.4 KaleidaGraph software:
KaleidaGraph 4.5.4 is software used for graphing and analyzing data. It was used to plot

histogram image and calculate standard deviation and p-value for toxicity assay experiment.
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3.4 Protein expression confirmation by Western Blot

3.4.1 Yeast protein extraction:

Protocol was taken from (Kushnirov, 2000). The same liquid cultures used to perform the
dot assay were subjected for induction in preparation for protein extraction and western blot
later. To do that, cells were diluted to have OD600 of 1.0 and incubated for two hours at 30°C.
Followed by adding 4% galactose sugar to each culture and incubated at 30°C for 4 hours. After
the induction is done, 500 pL of cells were centrifuged, concentrated five times, resuspended in
100 pL of deionized water. Followed by adding 100 pL of 0.2 M NaOH and incubated for five
minutes at room temperature. Following centrifugation at 10,000 rpm, the cellular pellet was
resuspended in 50 pL of 1X Laemmli contains 1mM of PMSF and placed in a boiling water bath
for five minutes. Finally, tubes were centrifuged, and supernatant was transferred to new clean

tubes to use them for western blot.

3.4.2 Western Blot:

For most western blot performed, 12% SDS resolving gel was used. It was prepared by
mixing 2.15 mL of water with 1.5 mL acrylamide, 1.25 of 1.5 M TRIS HCL PH 8.8, 50 pL of
10% SDS, 50 pL of 10% APS, and 2 uL of TEMED. Mixture transferred to the glass plate and
isopropanol was added to remove bubbles. Isopropanol is removed when the gel solidifies. The
following layer is the 5% stacking gel, which can be prepared with mixing 1.46 mL of water
with 250 pL of acrylamide, 250 pL of 1M TRIS HCL PH 6.8, 20 pL of 10% SDS, 20 uL of 10%
APS, and 2 puL of TEMED. Mixture was added between the glass plate carefully to avoid bubble,

and the comb was placed on top of it until it is solidified.
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Extracted proteins along with the protein ladder were preheated at 95°C for five minutes
and migrated on SDS gel at 100 V until the protein samples reached the resolving gel. Then, the
voltage was increased to 180 V and let run until it reaches the end of the gel.

After the electrophoresis, semi-dry transfer was performed. The gel was transferred on a
PVDF membrane placed on top of a blotting paper, and then covered with another blotting paper
to make a sandwich. Blotting papers and membrane were presoaked in transfer buffer. After that,
the sandwich transferred to the Trans-Blot transfer system machine and run for 45 minutes.

After the transfer step is completed, the membrane was blocked with 5% TBST-milk for
20 minutes. Followed by two washes in TBST buffer for 5 minutes each on shaker. Afterwards,
membrane was incubated with either anti-flag or anti-myc as primary antibody with dilutions of
1/1000 or 1/5000 for one hour on rolling shaker at room temperature. Then, the membrane was
washed three times with TBST for 5 minutes each, followed by incubating the membrane with
the secondary antibody (anti-mouse); a dilution of 1/20000 in TBST-milk for 30-60 minutes at
room temperature. Subsequently, the membrane was washed three times for 10 minutes each in
TBST on arolling shaker. Next, the membrane is ready for visualization and was transferred to
1X TBS buffer solution.

After the blotting step, the membrane was visualized using ChemiDoc imaging device
from Bio-Rad. The ECL clarity or enhanced luminol-based chemiluminescent substrate from
Bio-Rad was used to detect HRP on the membrane. A mixture of 1:1 enhancer solution and
peroxide solution was prepared and spread on the membrane for taking the image. Results were

produced using either Chemi or High sensitivity method with default exposure time.
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3.5 Sequence alignment of toxic and non-toxic homologs:

After the toxicity assay was performed and the toxic and non-toxic homologs were
identified, Clustal Omega software was used to generate sequence alignment for the killing and
non-killing proteins separately. Catalytic domain was colored in grey, and the fully conserved

residues were colored in red and shaded in grey.
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Chapter 111 Results

3.6 Generation of the yeast expression plasmid:

The purpose of having the galactose promoter is to control the protein expression when
galactose is present or absent from the media. Therefore, the effect of the protein on cells can be
visible using certain assays and can also be detectable though western blot. GAL1p was
synthesized by (IDT). After receiving GAL1p, we realized that the sequences of M13 forward
and reverse were already present in pRS313 and pRS316. Since it rendered the use of these
primers for sequencing purposes impractical, they were exchanged for the SP6 and BGH
primers; the resulting plasmid was named GAL1pl. Unfortunately, the sensitivity of our Myc-tag
antibody appeared insufficient to detect IcsB (data not shown), probably due to low expression
level induced by its cytotoxicity. For technicality purposes, we inserted the sequence of 3X Flag-
tag replacing Myc-tag which yielded the GAL1p2.

In addition, the empty plasmid, IcsB, and homologs were transformed into S. cerevisiae

yeast strain in order to have them ready to perform the cytotoxicity assay later.

3.7 Generating IcsB homologs and Cytotoxicity assay results:
IcsB and its homologs were cloned into pRS313 GAL1p2. The chaperone IpgA was

cloned into pRS316 GAL1p1l (figure 3.1).
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Figure 3.1. Maps of plasmids used for cloning and genes expressions
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Prior to testing the toxicity of IcsB homologs, control experiments using the empty
vector, IcsB and some of its mutations were performed to establish the toxicity assay by
reproducing prior studies done by Slagowski et al. where they demonstrated IcsB toxicity upon
expression in yeast (Slagowski et al., 2008). IcsB C306A, IcsB A80 that was generated by
deleting 80 amino acids from the N-terminus of the protein, and the double mutant, IcsB A80
C306A that was generated by removing the first 80 amino acids in the C306A background. It is
noteworthy to mention that both mutations of IcsB, which are IcsB A80 and IcsB C306A, were
already tested by a former colleague in the lab. Their results indicated that IcsB A80 toxicity was
completely rescued while C306A showed partial rescue. However, in this project we made the
expression of proteins controlled by the presence of galactose in the media and the glucose was
used as control. Therefore, as shown in (figure 3.2), cells harboring the empty vector (negative
control) grew normally in both plates, as expected. Furthermore, the expression of WT IcsB
blocked yeast cells growth, while cells grew normally when IcsB expression was inhibited. Both
of the mutated version with the truncated N-terminus (A80), relieved the toxicity and cells grew
healthily. By contrast, the point mutation IcsB C306A displayed the full toxicity phenotype, as it
was undistinguishable from the WT. This raised a question about which part of the IcsB coding
sequence is responsible for its toxicity since removing amino acids from the N-terminal or the
catalytic mutation C306A ablated the effect of IcsB expression on yeast growth. Moreover, the
result of C306A mutation conflicts with the results from (Liu et al., 2018). The only difference in
their experimental setup was that they co-expressed the chaperone IpgA with all mutants without
providing an explanation. Therefore, the toxicity experiment was repeated by co-expressing
IpgA. The result presented in (figure 3.3) revealed that the toxicity of C306A was rescued when

co-expressed with IpgA. Hence, the chaperone IpgA plays an important role in rescuing the
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killing phenotype seen in C306A mutation. As yet, the mechanism behind this phenomenon

remains unknown.
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Figure 3.2. Establishing the toxicity assay.

Galactose plate indicates the inducing condition while glucose plate indicates the non-inducing

condition used as control.
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Figure 3.3. Yeast cytotoxicity assay of IpgA co-expression.
The effect of IpgA co-expression on IcsB C306A mutant’s toxicity. (+) indicates the presence of

IpgA and (-) indicates its absence. The expression of proteins is shown in the galactose plate.

The glucose plate was used as control.
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Furthermore, to relate the phenotypic toxicity to the protein expression, western blot was
performed. Yeast cells were first incubated overnight in non-inducing condition, followed by
four hours induction, and protein extraction before running on a gel for western blot. As shown

in (figure 3.4), the expression of both IpgA, IcsB, and its mutants were detectable

59



Figure 3.4. Western Blot of IpgA candidates’ protein expression

The protein size of IcsB, IcsB A80 and IpgA are 56 kDa, 47 kDa and 15 kDa respectively.
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However, since the catalytic cysteine showed partial toxicity and it was able to be
removed when the chaperone IpgA was co-expressed, we decided to substitute Cys 306 with
serine to test whether or not the mutation will help removing IcsB toxicity without the help of the
chaperone. A mutation of IcsB C306S was generated using PCR. After confirming the positive
clones, plasmids were transformed into yeast S. cerevisiae. Consequently, the toxicity assay was
performed as described before. Therefore, with the help of empty plasmid and IcsB as controls,
the result is shown in (figure 3.5) were as follow, mutations of His-145-Alan and Asp-195-Ala
appeared to relieved IcsB toxicity, while Asn-305-Ala showed partial toxicity when expressed on
galactose. As for, Cys-306-Ala, and Cys-306-Ser, and Asn-352-Ala yeast cells were killed upon
their expressions, similarly to the WT.

In addition, when the sequences of IcsB homologs were aligned (shown previously in
chapter I1), full and semi-conserved positions appeared among the sequences. Especially, two
amino acids were happened to be fully conserved and polar. These amino acids are asparagine
305 and asparagine 352. We hypothesized that the catalytic domain might expand beyond amino
acid serine 319. To test whether they have impact on the toxicity phenotype as they are being
part of the catalytic domain, mutations on the wild type IcsB was performed to generate IcsB

N305A, and IcsB N352A to be tested later.
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Figure 3.5. Yeast cytotoxicity assay of IcsB catalytic mutations.

The expression of proteins is shown in galactose plate while glucose plate was used as control.
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Furthermore, we wanted to test the effect of chaperone IpgA on IcsB new mutations that
showed complete or partial toxicity. To do that, yeast transformation of pRS316 GAL1pl IpgA
into strains have pRS313 GAL1p2, IcsB, IcsB N305A, IcsB C306A, IcsB C306S, and IcsB
N352A and the empty vector pRS316 GAlplwas also transformed into same strain to use as
control. After the spotting assay was completed, the results were collected after three days. As
shown in (figure 3.6), IcsB H145A and D195A remove toxicity without co-expressing IpgA. The
cysteine mutations C306A and C306S completely rescued the toxicity when IpgA was co-
expressed, unlike strains devoid of IpgA expression which were not able to grow. As for the
N352A, it remains toxic with and without IpgA co-expression. In addition, the protein

expressions were detected through western blot and the results are shown in (figure 3.7).
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Figure 3.6. Co-expressing IpgA with IcsB catalytic mutations.
Galactose indicates the inducing condition while glucose indicates the non-inducing condition
used as control. *EV316 indicates the empty vector pRS316GAL1p1 used to show the wild type

phenotype and the effect of IpgA co-expression on the same plate.
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Figure 3.7 Western Blot of IcsB wild type strains and their catalytic mutations.

The protein size of IcsB is 56 kDa. figure A shows protein expression of wild type strains, and

figure B shows IpgA co- expression for the same mutations.
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After being successfully able to validate the cytotoxicity phenotype seen in IcsB among
expression in yeast, the toxicity of homologous proteins was next to be tested. As mentioned
previously, the homologs were synthesized and inserted into pRS313 GAL1p2 vector, the same
vector used for IcsB experiment using the standard cloning technique. Constructs were then
transformed in the E. coli DH10Beta strain. PCR colony screening and confirmation digestions
were performed prior sequencing process. Suspected positive clones were picked to make liquid
culture in order to extract their DNA. After that, purified plasmids were sent to be sequenced.
After confirming the presence of each gene though sanger sequencing, homologs were then
transformed in yeast saccharomyces cerevisiae strain and the cytotoxicity assay was performed.

In order to perform the cytotoxicity assay for the homologous proteins, the empty vector,
pRS313 GAL1p2 and IcsB were used as controls in this experiment. After the transformation of
the homologs in yeast, cells were picked for an overnight incubation in order to do the spotting
test. Cells were spun down and resuspended in saline-like solution. Serial dilutions were made of
0.1, 0.01, and 0.001 and spotted on glucose and galactose single dropout media. After incubation
period of three days, the results were collected. The result is shown in (figure 3.8). In the case of
pRS313 GAL1p2 that was used as control, cells were viable, unlike IcsB, where it prevents yeast
cells from growing. Moreover, the expression of homologs H1, H2, H3, H4, H5, H8, and H10
showed similar phenotypic effect as IcsB. Yeast cells were not able to grow upon their
expression. On the contrary, homologs H6, H7, H9, and H11 did not affect the growth of yeast
cells. The experiment was run in triplicate, and we were able to get quantitative measures of their
growth using Image J software, and it was used to create a semi-quantitative analysis for the
toxicity assay. A histogram of the result was created using KaleidaGraph 4.5.4 and presented in

(figure 3.9). The student T-test was calculated for each protein regarding galactose and glucose
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growth condition and the overall values for the toxic proteins were <0.01, and the difference is
considered to be statistically significant. Therefore, to show the differences in growth between
the toxic and non-toxic states. To count the pixels, the lane of 1/10 dilution was used in both
galactose and glucose plates. For instance, the average and standard deviation counted for IcsB
and the toxic homologs on galactose plate were ranged between 0-29 and 0-23, while for the

same strains plated on glucose, they ranged between 232-403 and 0-36 respectively. As for the

negative control (empty vector) and the non-toxic homologs, in galactose plates the average and

standard deviation counted for their growth ranged between 415-484 and 11-47, while for the

same strains plated on glucose, they ranged between 368-487 and 3-24 respectively.
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Figure 3.8. Yeast cytotoxicity assay of IcsB homologs.

The effect of proteins expression on yeast cells is displayed in galactose plate. Glucose plate is

used as control.
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Figure 3.9. Histogram representative of homologous’ toxicity assay.

Error bars represent standard deviation. (*) represents the overall value of the student T-test done

for each protein regarding galactose and glucose growth conditions, and it was calculated to be

<0.01.
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To relate the phenotypic toxicity to the protein expression, western blot experiment was
performed. The experiment was done as described in detail in the materials and methods. Results
are shown in (figure 3.10). All proteins in addition to IcsB were able to be detected on the
membrane except for homolog (H1), BopA, in which expression of the protein could not be
detected. As in the case of homolog H1, H3, H5, and H10, the level of expression was very low
compared to the other homologs. Moreover, when those four proteins were repeated on a
separate membrane, the expression of homolog H3, H5, and H10 were detected unlike homolog

H1 that remained undetectable.

70



Figure 3.10. Western Blot of IcsB homologs’ protein expression.
The membrane in figure B shows H1, H3, H5, and H10 that could not be detected in in the first

figure A. The numbers (20, 10, and 5) indicate the volume loaded. Proteins’ sizes are present in

figure C.
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Furthermore, to investigate more about the relativity between the homologs and IcsB,
using PCR mutagenesis technique, a mutation of the catalytic triad had to be generated. In
reference to (Liu et al., 2018) and (Slagowski et al., 2008), the catalytic triad of IcsB are
Histidine 145, aspartate 195, and Cysteine 306 which were found to be conserved in the
homologs. Due to the partial toxicity of IcsB Cys-306-Ala mutant that requires co-expressing the
chaperone IpgA to be fully rescued, homologs catalytic cysteine mutation was excluded from
being tested. Moreover, Alanine substitution to His145 was produced in each of the toxic
homolog, which are H1, H2, H3, H4, H5, H8, and H10. Several steps were done starting from
PCR to transformation in bacteria and DNA extraction in order to introduce the mutation. Also,
to confirm its presence though sanger sequencing before proceeding to the next step.
Consequently, the plasmids of the toxic homologs, were transformed in yeast and the survival
assay was performed as described previously. As for the controls, the empty vector pRS313
GAL1p2, IcsB, and its mutated version lcsB H145A were used as positive and negative controls.
Furthermore, as shown in (figure 3.11), the mutated version of the toxic homologs diminished
the toxicity phenotype shown in the wild type strains, similar to the effect of the H145A
mutation in IcsB.

To validate the expression of the homolog proteins, western blot was performed in order
to draw a conclusion that the protein is expressed normally, and the mutation did not affect their
stability in any way. The results are shown in (figure 3.12) for both wild type and non-toxic
mutant strains. All protein expressions were able to be detected except for H8 that was
undetectable. This might be due to a technicality issue since we were able to detect its expression

previously in (figure 3.10 A).
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Figure 3.11. Yeast cytotoxicity assay of mutated IcsB homologs (Histidine 145).

The effect of protein expression is displayed in galactose plate, while glucose plate was used as

control.
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Figure 3.12. Western Blot of histidine mutation of 1csB homologs
Figure A represents protein expression of wild type toxic IcsB homologs, while figure B
represents the protein expression of lcsB homologs non-toxic histidine mutation. C represents

the proteins’ sizes. The induction period for both was 4 hours.
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3.8 Results of toxic and non-toxic proteins sequence alignment:

The sequences of the toxic and non-toxic homologs were aligned separately using Clustal
Omega. The result of the alignment revealed that the conservations among the killing homologs
started from the catalytic domain. The sequence alignment is present in full in the (appendix
figure Al). In addition, several semi and full conservations found, especially near the C-terminus
of the proteins. Moreover, the last fully conserved amino acid in the sequence was actually the
asparagine 352, which found to be conserved amino acid among all homologs aligned together.

As for the non-killing proteins, which are H6, H7, H9, and H11, the conservations are
clustered manly in the catalytic domain and the C-terminus of the proteins. The N-terminal part
of these four proteins is not conserved. Moreover, the alignment shows two fully conserved
amino acids after the asparagine 352 (conserved in all homologs). These residues are asparagine
451 and leucine 494 in homolog 6, as shown in (appendix figure A2), noting that these two
amino acids are not conserved in IcsB.

However, the conservations found among the toxic and non-toxic proteins provide
evidence about the probability of sharing the same ancestors and being evolutionarily related.

Furthermore, since the three homologs proteins H4, H6, and H9 have more homology
than others and H4 is the only toxic protein among the three, we were thinking if their high
percentage of homology was because they arrive from the same ancestor. We were wondering if
generating mutation on H6 and H9 would have an effect and make them toxic. Therefore, we
aligned their sequences together using Clustal Omega looking for possible mutations. Sequence
alignment is presented in (figure 3.13). The alignment retrieved more conservation among the
three sequences. The highlighted residues represent the possible mutations to be generated in H6

and H9 based on their homology with H4. The catalytic residues equivalent to IcsB catalytic
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triad are highlighted in yellow. The multiple colors represent different conservations, such as the
highlight in turquoise represent conversations in H6 with H9 not including H4. The
conservations in H4 with H6 not including H9 are highlighted in apricot. Conservation in H4
with H9 not including H6 are highlighted in green, and when no conservation occurred, it is

highlighted in purple and (*) represents the fully conserved residues.
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Figure 3.13. The sequence alignment of H4, H6, and H9 catalytic domain.

The catalytic residues are highlighted in yellow. (*) represents the fully conserved residues.

H4 RNVCLNSWARESSGLNIQRSGHSAVAISNGLSANEWS HEKQYVSWWPSTNDSVQVBRNRL 60

H6 RNVCLNSWPRVSSGENIQRTGHSAVAISNTMSPNSWSHAKEYVSWWPAKS -DVEVSRNRA 59

HO9 RNVCLNSWPMVTSGLSVVRSGHSAVAIANTLSANAWS HGKAYVSWWPAKS -DVQVAHNRL 59
* Kk kk Kk Kk kK :**:.: *:*******:* :* *:*** * ******:.' -*:* :**

H4 LERLPVVGBYFHARPAMSAPEBYDSDRGDEISEKTNENLORGEAAREVLRSAARI, Gi 120

H6 LEMLPGVGEGHFEARPGMSAPSYDSDRGDEISEKTNENLORGOAARDVLKEAARL G 119

H9 LASLPGVGRHFAARPGMSAAGYDSDRGDEISKDTNRNLORGOQVARDILRAADGE 119
K kK kok ek KKk KKKk KKKAKKAKRK K Kk kkkkke Kkeskeok s

H4 DPLADA HADBLKGLEFGDNPTREDLES FFARDSQELVSDROWGAAAEKVEFPLA 180

H6 DPLGATROEHAEELGELGFDEBDVTLODLOA FFPRDSQELVSGRIWGAGAEKVFFPLA 179

HO9 DPLGAABOAHAEALBGLGFGEGVTREE LOA FFPRDSQERVSDRIWGAGAEKIFFPLA 179
***. . . * K * * *.:. * ::*::** * Kk Kk k kK **.* ***.***:*****

H4 GRNGEHTAQGLEPOTTLFGLVEHDMLADARQLKBDAAHGRIGY SMESTTONCAAIAARSL 240

H6 GRNGEHGSGGLOPRTTLFGLAEHDMLADANQLKADAEQGLIGYSKLSTTONCAAVAARSL 239

H9 GRNGEHGNBDGVSPRTSLFGLAEHDMLADANQLKSDAAQGRIGYSMESTTONCAAVAARSL 239
* Kk k Kk Kk x *: *:*:****.********.*** * % :* * k * x :********:*****

H4 QAGGS 245

Ho6 QAGGS 244

HO QAGGS 244
* Kk Kk Kk Kk

Color codes:

Catalytic residues.
Conservation in H6 with H9 but not H4.
Conservation in H4 with H6 but not H9.

Conservation in H4 with H9 but not H6.



3.9 Conclusion:

IcsB protein was recently proven to be endowed with an acyltransferase activity, which is
crucial for an important step of the intracellular lifecycle of Shigella (Liu et al., 2018). PSI-
BLAST was used to search for homologous protein in NCBI database using IcsB catalytic
domain histidine 145, aspartate 195 and cysteine 306 (Pei et al., 2009 and Liu et al., 2018). As
showed in chapter I, search revealed 11 proteins share homology with IcsB. Therefore, these
proteins were synthesized and sup-cloned into a vector that express galactose promoter in order
to study the effect of the protein expression on yeast cells. The results demonstrated that seven
out of the 11 homologs identified in Chapter Il are cytotoxic in the budding yeast S. cerevisiae.
Moreover, when one of the catalytic triad residues (His-145) was mutated to alanine in the toxic
homologs and IcsB, the cytotoxicity vanished. Furthermore, three of these homologs, H4, H6 and
H9, showed more similarities (>70%) sequence identity although only one was cytotoxic despite
similar expression level. They displayed discrete sequence conservation that might be useful to

understand the connection between their enzymatic activity and their phenotype.
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Chapter IV Discussion

The autophagy mechanism of a host cell relies on the degradation of the cytoplasmic contents
in a double membrane compartment. However, xenoautophagy is a type of autophagy that target
foreign particles (e.g. bacteria, parasites or viruses) that have invaded host cells. LC3, an
autophagosome marker, was found to be recruited around type 111 secreting Shigella (Ogawa et
al., 2005 and Campbell-Valois et al., 2015). In the case of Shigella’s invasion, the T3SS and the
secreted translocators allow the plasma membrane of the epithelial cells to engulf Shigella in a
phagocytosis-like manner. Other T3SS effectors such as IcsB helps Shigella escape its
dissemination vacuole, thus facilitating spreading to neighbouring cells (Ogawa et al., 2003,
Campbell-Valois et al., 2015, and Liu et al., 2018). It was recently proven that IcsB acts as an
acyltransferase, and this is how it contributes to vacuole escape of Shigella (Liu et al., 2018).

Furthermore, the paper published by (Liu et al., 2018) demonstrated that CHMPS5, one of the
components of the endosomal sorting complex required for transport I11 (ESCRT-II1), is acylated
by IcsB, an event which seems crucial for Shigella to escape autophagy. They also demonstrated
that IcsB acylates lysin residues found in the C-terminus of the polybasic region (PBR) of
GTPases proteins, although the role of this event in the pathogenesis of Shigella has not been
confirmed. Interestingly though, the RID of MARTX toxins, which possess <20% sequence
identity with IcsB are also acyltransferase that modify the C-terminal lysine residues of the PBR
of Rho-GTPases. The crystal structure of RID was resolved and the catalytic domain is located in
the C-terminal lobe and it was found to adopt inverted papain-like fold (Zhou et al., 2017). The
MARTX toxins and IcsB were predicted previously in 2009 by Pei and Grishin to adopt inverted
papain-like fold and it was suggested that they may act as protease or acyltransferase enzymes.
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The sequence alignment revealed that IcsB and MART X toxins share conserved catalytic
histidine and cysteine but not aspartate residues (Pei & Grishin, 2009). However, there was no
evidence of other proteins being identified possessing similar activity as IcsB and MARTX
toxins. We wondered if there are homolog proteins present in other bacteria that may have
related enzymatic activity. Therefore, the work conducted in this project revealed a number of

interesting results that are discussed in this Chapter.

First, using bioinformatics approaches, 11 homologs of IcsB have been identified. Their
sequence identities with IcsB ranged between 22% to 53%. Furthermore, when the full protein
sequences were aligned, the catalytic triad His-145, Asp-195 and Cys-306 (Pei & Grishin, 2009,
and Liu et al., 2018) was found to be fully conserved across the alignment. We were successfully
able to reproduce equivalent results to what is presented in Liu et al. paper for catalytic
mutations, and we were able to test homologous proteins' toxicity using the same assay. As a
result, 7 out of the 11 proteins inhibited yeast cell growth. This observation confirmed that the
inhibition of yeast growth can be used for identifying the enzymatic activity of putative effectors,
as discussed previously (Slagowski et al., 2008). Yeast Saccharomyces cerevisiae represent the
simplest eukaryotes with many cellular processes similar to human. It is widely used as model to
understand the functional characterizations of type I11 secretion effector proteins in eukaryotic.
(Popa et al., 2016).

In agreement with Slagowski’s observation, we discovered that in the toxic proteins, the
substitution of histidine 145 with alanine revealed the toxicity phenotype observed in their wild

type strains. Therefore, the next step would be mutating aspartate 195 with alanine to test
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whether or not the mutation will diminish the toxicity phenotype regarding its catalytic activity.
We expect the result to yield the same results as for the histidine mutation.

Furthermore, the reason we excluded cysteine 306 from being tested is that cysteine 306
needs the chaperone IpgA to be co-expressed to relieve its toxicity since both substitutions with
alanine and serine produced the same results. Also, the uncertainty that IpgA would be able to
rescue non-cognate cargos and the complexity in finding equivalent chaperones for each one of
the toxic homologs. In addition to His-145 mutation result, and until Asp-195 mutations effect is
confirmed, it would mean that the killing phenotype observed in these proteins is linked to their
catalytic activity and that they possess the same catalytic triad as IcsB. Thus, these proteins could
be forming an IcsB-like acyltransferase family.

Moreover, the protein sequence was divided into three main domains represented in the N-
terminal, the catalytic, and the C-terminal domain. In addition to the sequence similarities found
in the catalytic domain, the homology happened to be extended to 41 amino acids after the serine
319. As for the lack of conservation in the N-terminus between homologs and IcsB and the fact
that these proteins are expressed from different bacteria, it is possible that the N-terminus might
play a role in its protein localization in the host cell. Besides, the N-terminus usually serves a
secretion signal for type 11 secretion proteins. The absence of the N-terminal sequence makes
the secretion of some effector proteins ineffectual (Wang et al., 2013). However, the two
conserved residues N305 and N352 in IcsB were substituted with alanine, and the results for the
former were unexpected since it showed partial toxicity with and without co-expression of the
chaperone IpgA. The only justification we could think of is that the N305 mutant might be
masking the region where the chaperone IpgA binds or disrupting the binding of the chaperone

to the protein. Therefore, this prevents its stabilization to some extent since the region where
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IpgA binds to IcsB protein was suggested to be between 171 to 247 residues (Ogawa et al.,
2003). The binding of a chaperon to the region in type III secretion effector’s catalytic domain is
atypical though and it contradicts with what has been reported for the binding of the homologous
chaperon SicP to its cognate cargo SptP (Stebbins & Galéan, 2001). As for N352, the alanine
mutant appeared to be toxic with or without co-expression with chaperone IpgA.

Most of these homolog proteins that we have identified originate from a wide diversity of
bacteria, many of which are not well-studied. They all are classified as Gram-negative bacteria
belonging to different classes of the proteobacteria phylum. Some of these bacteria found to
cause infection to animals or plants as the source of isolation revealed, and that was discussed in
detail in Chapter Il. Despite the information found for these bacteria, we used the in-silico
method (TXSScan) to explore the possibilities of type 111 secretion system present in these
bacteria. The results revealed that 9 out of the 11 bacteria might have one or more functional
T3SS, and the presence of the N-terminal encoded for the secretion signal and chaperone
binding, increased their chances of being potential T3SS substrates. Therefore, this observation
builds up the probabilities of these homologous proteins originating from pathogenic bacteria.
The exception to this observation was the last two homologs H10 and H11 that lacked the N-
terminus domain, and there was no evidence for T3SS using the TXSScan prediction method.
Thus, their potential of being human pathogenic bacteria decreased, although we cannot discard
that they might express another type of secretion system. In fact, the manual search using
BLAST against these two bacterial genomes revealed homology with some of the type I11
secretion components with less than 50% sequence identity even though some of these
components were used in the TXSScan method. Given their low homology, this might be the

reason why they failed to be predicted by TXSScan.
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Taken together, the literature about the bacterial species expressing the homologous protein
of IcsB and the data presented in my thesis suggest that these proteins are likely to be structurally
related, and that the subset that is cytotoxic might even be endowed with a similar enzymatic
activity. Besides, some of them have already be implicated in clinical cases or shown to infect
other organism (e.g. Sodalis praecaptivus, Robbsia andropogonis, respectively) or have such
high similarity with Shigella (e.g. E. marmotae) that they might have a higher probability of
being pathogenic. Moreover, the acylation assay was successfully established in our laboratory,
and the results (unpublished) revealed that 4 out of the seven toxic proteins showed acylation
patterns comparable with IcsB in an in-gel fluorescence assay using a 16-carbon fatty acid,
suggesting that these proteins might possess acyltransferase activity. Furthermore, the three
homolog proteins H2, H5 and H8, expressed from E. marmotae, S. praecaptivus and R.
andropogonis respectively, have shown toxicity phenotype when they are expressed in
yeast saccharomyces cerevisiae, in addition to their ability to either invade, act as a commensal,
or cause the disease, it would be interesting to test if they have the same substrates as IcsB.
Furthermore, it would be interesting to test whether or not these toxic acyltransferase proteins
have the ability to complement IcsB defect during infection of human cells (Liu et al., 2018). As
for the bacteria that have already shown to invade human cells, it would be interesting to test
whether LC3 is also recruited in their vicinity and if the corresponding IcsB homologs might
counteract this. In the case of the E. marmotae strain, where they used epithelial cell invasion
assay to infect human epithelial cells with. They successfully were able to show that E.
marmotae is invasive but lacks some pathogenic factors which make it less invasive than
Shigella (Liu et al., 2019). This study would thus help conducting further experiments. It is

obvious that similar strategies might also be applied to less studied species such Achromobacter
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arsenitoxydans and Chromobacterium sp. LK11 at the condition of obtaining the corresponding
samples.

However, looking deeper into the sequence alignment of the toxic and non-toxic proteins
revealed more conservation when each category was aligned separately. Also, the conservation
of the amino acids observed mainly in the catalytic domain. Apart from that, the three closely
related proteins in the group H4, H6, and H9 have shown more conservation among their
sequence alignment, noting that H4 is toxic while H6 and H9 are not. In order to link the
relationship between the three proteins, one suggestion that might be interesting is to generate a
set of mutations in the proteins H6 and H9 that might turn them to be toxic to yeast. The resulted
phenotype might be an indication that they have enzymatic activity. Subsequently, if H6 and H9
become toxic, the acylation assay would then be performed. The reason behind conducting this
experiment is that we are trying to figure out if the three proteins are divergent from the same
ancestor regarding the extremely high conservations among their sequences. If that was the case,
these three proteins could also be acyltransferase, and during evolution, the substitutions of their
amino acid composition have affected and changed their nature.

Furthermore, for the next step, it would be interesting to complement a strain of Shigella
lacking IcsB with the homologous proteins that were able to acylate in order to test their ability
to replace the role of IcsB in escaping autophagy. Since IcsB targets CHMP5 and Rho-GTPases,
it would be interesting to see if the homologous proteins target the same substrate. An example
of such experiments would be a pull-down assay to identify any binding between proteins,
followed by mass spectrometry analysis that will reveal any modifications made by the
homologous proteins on proteins found in host cells. Similar to the experiments conducted for

IcsB towards finding its target in mammalian cells (Liu et al., 2018). Another way to test that
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would be by performing the plaque assay to investigate the virulence activity of Shigella
complemented strain with the toxic IcsB homologs. In the case where the homolog proteins are
behaving similar to IcsB, there should be plaque formation as a result of invading, replicating
intracellularly and spreading from cell-to-cell (Campbell-Valois et al., 2015).

To conclude, there are several more experiments to be performed in order to confirm the
capabilities of the homologous proteins in acylating fatty acids molecules that are involved in the
structural components of a cell. Also, additional experiments are a prerequisite to confirm the

pathogenic potential of bacteria expressing these homologs.
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Appendix

Table Al. List of plasmids

Plasmid Origin

pRS313 (Slagowski et al., 2008)
pRS313 GAL1p WB-HMI
pRS313 GAL1pl WB-HMI
pRS313 GAL1p2 WB-HMI
pRS313 GAL1p2 IcsB WB-HMI
pRS313 GAL1p2 IcsB d80 WB-HMI
pRS313 GAL1p2 IcsB H145A WB-HMI
pRS313 GAL1p2 IcsB D195A WB-HMI
pRS313 GAL1p2 IcsB C306A WB-HMI
pRS313 GAL1p2 IcsB N305A WB-HMI
pRS313 GAL1p2 IcsB C306S WB-HMI
pRS313 GAL1p2 IcsB N352A WB-HMI

pUC57 _lcsB_h2
pUC57_lIcsB_h3
pUC57_lcsB_h4
pUC57_lcsB_h5
pUC57_lIcsB_h6
pUC57_lcsB_h7
pUC57_lIcsB_h8
pUC57_lIcsB_h9
pUC57 _IcsB_h10
pUC57_lcsB_h11
pRS313 GAL1p2 H1
pRS313 GAL1p2 H2

Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
Gene synthesis (Bio Basic)
WB-HMI
WB-HMI
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pRS313 GAL1p2 H3 WB-HMI
pRS313 GAL1p2 H4 WB-HMI
pRS313 GAL1p2 H5 WB-HMI
pRS313 GAL1p2 H6 WB-HMI
pRS313 GAL1p2 H7 WB-HMI
pRS313 GAL1p2 H8 WB-HMI
pRS313 GAL1p2 H9 WB-HMI
pRS313 GAL1p2 H10 WB-HMI
pRS313 GAL1p2 H11 WB-HMI
pRS316 (Slagowski et al., 2008)
pRS316 GAL1pl WB-HMI
pRS316 GAL1pl IpgA WB-HMI
Table A2. List of antibodies used
Antibody Reference number Supplier
Anti-Flag F3165 Sigma
Anti-Myc CLANT211 Cedrlane
Anti-Myc A00704 Genscript
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Table A3. Primers’

sequencing.

sequences that used for either mutagenesis PCR, colony screening PCR, or

Primer

Sequence 5’ - 3’

Gallp Sp6_S

ACACTATAGTAAGTGACGCTGACTAAC

Gallp Sp6 R

CACCTAAATAGAGGTATATTAACAATTTTT

Gallp BGH S

TGCCTTCTATCATGTAATTAGTTATGTCAC

Gallp BGH R

CAGTCGAGGTCGGCCCGTGGCTCAGCTGC

Gallp2 3xFlagBGH F

AAGGAGGCCGAATTCC

Gallp2 3xFlagBGH R

GTAAGCGTGACATAACTAATTACA

IpgA S AGAGgaattcgctaggagaaattaaccatgtgtcgcaaactatatgataaactttatg
IpgA R AGAGAGggatccgttcacttctgaagtgatgtttgce

BopA S AGAGgaattcgctaggagaaattaaccATGATTAATGTTGATGCTTTTGTTGCATC
BopA R AGAGAGggatccTTAATCAAGCTGCAATTGCAGCTGCC

IcsB80 S ATGgaattcgctaggagaaattaaccgaaaaatctgcagaaagtgegtt

IcsB Bam R AgagagggatccttagCTATATATTAGAATGAGAGTTATTC

BopA8O_S ATGgaattcgctaggagaaattaaccTATGGTCCAGAAGGTGCTAAAGC

IcsB C306A S

GCCgctggtatggcacttaatgttc

IcsB 305 R

Gttttcagatttactgattaatttata

IcsB H145A

GCCactagtATCAGTATAAAAAACAATTTACTACA

IcsB 144 R

CCCTAAATGGGTTATGCCTC

IcsB D195A S

GCCAAACTAAATATGATTTCAGAGCAAACAGC

IcsB D194 R

TTGCTTATAGGTATCGACACTGTAAC

IcsB N305A S

GCCTGTGCTGGTATGGCACTTAATG

IcsB 304 R TTCAGATTTACTGATTAATTTataATTTGCC
IcsB N352A S GCCCAGTCTTATAACGAAATAATGAAGTAT
IcsB 351 R GagACTTTCAATGCGTTGCC

IcsB C306S S TCTgctggtatggcacttaatgttc

H1 144 S GCCGCTTCATTAACTATTAAAAATCAA

H1 143 R ACCTGGATGATCCAAAC

H2 H145A S GCCACTTCCGTTAGCGTGAAAAACA

H2 144 R GCCCCAATGGTCCGCCCCC

H3 H146A S GCCGCTTCCGTCACAATTAAGAATAA

H3 145 R GCCCGGATGGTCCATC

H4 H122 S GCCTCAGCCGTCGCGATTTC

H4 121 R TCCTGAACGCTGAATGTT

H5 H176A S GCCGCCGCACTTGCACTGAGTACC

H5 175 R TCCACAGTGATTGGGATCGTG

H8 H1S57A S GCCGTAGCATTGCTGATGAGGC

H8 156 R TCCGACACGTCTCATATT

H10 H23A S GCCGCTGCATTGAAGATCAGGACGAA

H10 22 R CCCCGGGGACTTCATTCCA
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Figure Al. Sequence alignment of toxic homologous proteins

Fully conserved residues
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Figure A2. Sequence alignment of non-toxic homologous proteins.

Fully conserved residues

h6 MVQLSSFLSAS-——-—---- VQGGRVQLDDTATNAQGRGM----FGRLKDRIVQGSEQVKE 48

h7 MAGFDIYVFKSRADAANLAAQVSRVQKEVK---GENAGFLSVSWAKLKSGITR-QVKIPA 56
ho MVQLSSFLSAS———————- VOGGRVQLDDAAQTAQGRGV—---FGRLKDRIVMGSDQIKE 48

hll —  mmmmm e 0

h6 SNHRANSVFAQALAREYGYKAAAAAVDRVIGRDYTATLNKTKIDKMISVAQGLS -GVGKA 107
h7 SNSKAEMSAMKPVVS———————-—- NLQELKDKE----LC-TRKASPFDVPEGFSWSHGNA 102
h9 SNLKANMVFAQALAGEYGHKAAAAAVDRVIGRDY TATLDKAKIDKMVSVAHGLS -GMGKA 107
hll = e M 1

h6 RDQARNVCLNSWPRVSSGENIQRTGHSAVAIS--NTMSPNSWSHAKEYVSWWPAKSDVEV 165
h7 KRMSRHIVVRHWTTPGKID---SSMHTALSMK-—————- DKIADIDEYATWTPRKIRLIN 152
h9 RDQARNVCLNSWPMVTSGLSVVRSGHSAVATIA--NTLSANAWSHGKAYVSWWPAKSDVQV 165
hll QLYEHEVLVYVWR--—-—— FSGFRTGHASIKLKAPGLLNPAANGKQHQYVSWWPRGGPNDP 56

. . . * . S I . * -k Kk
ho S———=-- RNRALEML-PGVGGHFEARPGMSAPSYDSDRGDEISEKTNLNLOQRGQAARDVL 218
h7 WSRSKNPFKRFLAPIKMKLDDLLTQDFPIAPPSYRDDKALYLGDRTKFRLOAGVDARQST 212
ho A-—————— HNRLLASL-PGVGRHFAARPGMSAAGYDSDRGDEISKDTNRNLORGOQVARDIL 218
hll G—-————————————————-—- GLRWRDAAPSTSYRSDRREELSPKTRQALASGRFKAMG— 95
. _* _*: .. *_ * *
ho KTAARLERAGDKDPLGATRQEH---AEELGELGFDEDVTLODLOQAAARFFPRD--SQELV 273
h7 AEKEAV-————- NPLIDRHIEVTVPETVLPQADGGQDEITDNTVKTANYKPLPFQKTSSK 266
ho RAADGFTHDRKSDPLGAALQAH---AEALDGLGFGEGVTREELQAAAGEFFPRD--SQERV 273
hii - ROKASLP--— - —————— YEPKL-GEDPLT 113
* :*
ho6 SGRTWGAGAEK-VFFPLAGRNGEHGSGGLQPRTTLFGLAEHDMLADANQLKADAEQGLIG 332
h7 DNREWQRRAEK-HYLPCVGFDKDQWTGR--ETFTMEGLDLEKMRNKWIAVKNP-EHPNHY 322
ho SDRTWGAGAEK-IFFPLAGRNGEHGNDGVSPRTSLFGLAEHDMLADANQLKSDAAQGRIG 332
hll DANAWGLSADAKIRLPGLG-—-—-—-—————— NAGLVEGLDIGAMVRWWNLEFTH---SGSNE 159
* *: :* * :*** *
ho YSKLSTTONCAAVAARSLOAGGSNIYVP-FEAAWITEDPNKTYAYALQLOAAIDQLNDQA 391
h7 YKOFSTEQNCSGMCLSLLKEGGAGLFYN-FSPSLVT-TQSDVEKYSAKLVDKLDRLNKHV 380
h9 YSMESTTONCAAVAARSLOAGGSNIYVP-FEASWISEDPNKTYDYARELOGAIDLLNEQE 391
hll F--NILKLNCSRVAAMCLLAGGAARYCKPPTRAFNLWTPNSIEAWALKLDSALKARNEAA 217
: BTSN A B : : .. N HE B
ho GSVK----AHC-=-=====——=————————— AAAWSKAPAEADAISILRATLLVRADDLDA 428
h7 DDLDEKIRLYKVPNEPELPLSSIPEKLVFLLSTYSMDESWKAKI ———-—-—-—— QEVASTIHE 433
ho GSVK----AHC—-—————"———————————— ASAWSKAPAEADTIAQLRVALHARAHDLDA 428
hll KEIE----LERLPSND---—---— QPPSYLLDVGTWQKATKPGS-FSVRRGQVLKIDKLLHE 266
h7 IENAPSTLKGLTPIAIRLTTSLDRLFKITSDNPYLTDRLEPALHAFKI - ————--—————— 481
h6 YDQTRQQAQGVA-——————~— ADQRILGLSADVAHAKGRVQEMEQELAGLETKIVATQKEV 480
h9 YDQTROQAQGTA-——————— ADQRIRGLGADVGHARDNLQKAERELKGLENTIPAMEKEV 480
hll YGVVAGR-————————————————————— TDAEGQREALNVLEQILGQVHSHIVQKGDGS 304
.k .. . .

ho NGRSEKVRLAADSLAARAARLQPDDAKAAAKLNADRKSHOKDLAALELRRGELATQLALK 540
h7 LKNRMEDAYREQVEM————————————————————————————— ——— 496
ho AARSDRINRTAASLEARAENLNPENTKEVVKLKADRDSHDKNVNALNRRREELSAQVGRK 540
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ho
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hé
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h9
hll

hé
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h9
hll

———————————————————— Fo-——-————————————EDPYFE---=—————————————
ARLEQRIPALRDEHEALSGLLNDRTAFPVEAAQLKLPGEEGYYAAQRRGLQSCVDGLAQQ

DOQIATILAAGSLVEACEILITLDQDRRA 687
——————————————————————————— 503
DLVAMLAAGTLVEACEVLVTLDQDQHA 687
——————————————————————————— 368

342

600
503
600
368

660
503
660
368
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