Divergent Immunity Proteins Protect Against a Type VI Secretion System Effector

Family Found in the Human Gut Microbiome



Divergent Immunity Proteins Protect Against a Type VI Secretion System Effector

Family Found in the Human Gut Microbiome

By Amirahmad Azhieh

A thesis submitted to the School of Graduate Studies in Partial Fulfilment of the

Requirements for the Degree of Master of Science

McMaster University © Copyright by Amirahmad Azhieh, July 2022



M.Sc. Thesis — A. Azhieh; McMaster University — Biochemistry and Biomedical
Sciences.

McMaster University MASTER OF SCIENCE (2022) Hamilton, Ontario (Biochemistry

and Biomedical Sciences)

Title: Divergent immunity proteins protect against a type VI secretion system effector

family found in the human gut microbiome
Author: Amirahmad Azhieh (McMaster University)
Supervisor: Dr. John Whitney

Number of Pages: XI, 66



M.Sc. Thesis — A. Azhieh; McMaster University — Biochemistry and Biomedical
Sciences.

ABSTRACT

Antagonistic interactions between competing species of bacteria are an important driver of
bacterial community composition in the human gut microbiota. Of particular significance
is the role of the type six secretion system (T6SS), which many species of Gram-negative
bacteria use to kill competitor bacteria in a contact-dependent manner. T6SSs are syringe-
like nanomachines that function to deliver antibacterial toxins into susceptible competitors.
Many bacteria present in the human gut microbiota possess an extremely potent T6SS that
is capable of rapidly eradicating nearby bacteria. Remarkably, however, species of
beneficial bacteria that coexist in the gut are often resistant to T6SS attack by their
neighbours. This resistance is mediated by bacterial immunity proteins that block the
activity of the antibacterial toxins delivered by the T6SS. Intriguingly, past studies have
shown that the widespread T6SS-mediated competition in the gut has led to the acquisition
of repertoires of immunity genes across different bacterial strains.

By examining available human gut metagenomes, I identified a putative immunity locus,
named 12, in a species of gut bacteria. This locus is located downstream of its cognate T6SS
toxin-encoding locus, E2, and I show when co-expressed with E2 in E. coli, it protects
against E2 mediated-toxicity. Additionally, I show that four gut-derived 12 homologues
bearing sequence identity levels to 12 ranging from 38% to 75% are equally capable of
abrogating E2 toxicity. Using quantitative biophysical measurements, I also show that these
12 homologues physically bind E2 equally tightly pointing to the potential molecular
mechanism of toxin neutralization. Lastly, through mutagenesis experiments, I found that

the E2-12 interaction is likely mediated by electrostatic forces between a small number of
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residues found in the interaction interface of the two proteins. Overall, these findings
demonstrate that a human gut microbiome encoded type VI secretion system effector can

be neutralized by divergent immunity proteins.
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INTRODUCTION

Bacterial Antagonism

Bacterial antagonism is an important type of bacterial interaction observed in diverse
microbial communities. In general, bacteria use two strategies to antagonize one other: 1)
by producing antimicrobial molecules released into the extracellular media or 2) by
secreting molecules directly into bacterial cells that they encounter using contact-dependent
delivery mechanisms! (Garcia-Bayona et al. 2018). Examples of molecules secreted
through the former strategy include small-molecule antibiotics as well as ribosomally-
synthesized peptide toxins such as bacteriocins. Examples of the second strategy include
the variety of toxins delivered into target cells by different secretion systems of bacteria,
including the type IV, V, VI, and VII secretion systems (Souza et al 2015; Aoki et al. 2005;

Hood et al. 2010; Cao et al. 2016).

Recent work has led to the characterization of many such antagonistic interactions in dense
microbial environments such as the lower gut microbiome (Walter & Ley 2011). In the gut
microbiome, researchers have found examples of both of the abovementioned strategies.

For example, it has been demonstrated that a species of the Blautia genus found in the

! These two strategies fall under what may be regarded as “direct interbacterial antagonism” where “direct”
refers to the production of a molecule that antagonizes the target bacterium by directly intoxicating it. There
are also examples of indirect strategies utilized by bacteria, for example, when it comes to competition for
nutrients such as production of siderophores to acquire environmental iron which can help the siderophore-
producing bacteria indirectly antagonize those with no siderophores or low-iron-affinity siderophore
producers (Hibbing et al. 2010).
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human gut produces an antibiotic that disrupts the ability of pathogenic vancomycin-
resistant Enterococcus faecium to establish in the gut (Kim et al. 2019). Additionally, some
member species of the Bacteroidetes, the most abundant phylum in the gut microbiome
(Huttenhower et al. 2012; King et al 2019), encode different Bacteroidales-secreted
antimicrobial proteins (BSAP) that kill susceptible bacteria upon secretion into the
extracellular milieu resulting in the susceptible bacteria being outcompeted by the BSAP-
producing bacteria in the mammalian gut (Roelofs et al. 2016). Lastly, a recent genomics-
based study identified a large number of genes responsible for production of many
secondary metabolites with putative antimicrobial activities found in the genomes of the
members of the most abundant bacterial phyla living in soil ecosystems, which is another
example of a dense microbial environment of importance to human activities (Crits-

Christoph et al. 2018).

When it comes to contact-dependent bacterial antagonism, the best-characterized and most
prevalent pathway among Gram-negative bacteria is the type VI secretion system (T6SS),

which is the central focus of my thesis and is discussed in further detail below.
Type 6 Secretion Systems

Type 6 secretion systems (T6SSs) of Gram-negative bacteria are protein-injection
apparatuses first identified in the context of host-pathogen interactions (Mougous et al.
2006, Pukatzki et al. 2006). They have since come to be recognized as a system that
primarily targets bacteria, which also has important implications for infection biology but
not in the direct manner that was originally proposed (Hood et al. 2010). T6SS-dependent

bacterial antagonism occurs in diverse environments, from isolated microbial communities
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found in soil and oceanic ecosystems to the host-associated microbiota of different
organisms (Peterson et al. 2020). The apparatus itself is made up of 14 structural genes
encoding proteins that are assembled upon the cell coming into contact with a neighboring
cell. Together, these 14 proteins make up the two major components of the system, known
as the membrane complex and the phage tail-like complex. These two complexes form a
tube-like conduit directing the export of toxins encoded by the genome of the T6SS-
containing bacterium into the target cell where the toxins, known as effectors, perform their
physiological function (Figure 1). Since the effectors are by definition toxic, the bacteria
producing them express what are known as immunity proteins, which are usually encoded
by a locus downstream of the effector locus to neutralize them prior to secretion in order to
protect the toxin-producing cell from its own toxin or the toxins delivered intercellularly
by its sister cells. The fact that these immunity proteins also protect T6SS-containing cells
from kin cells producing and secreting the same effector families, allows clonal populations
of bacteria to co-exist with one another in conditions that promote cell-to-cell contact
(Klein et al. 2020). It is therefore plausible to consider that T6SS likely plays an important

role in the human gut microbiota where cell-to-cell contact would be frequent.
Bacterial Antagonism in the Gut Microbiota

The human gut microbiome consists of a wide variety of bacteria that are found
predominantly in the lower gastrointestinal tract (Huttenhower et al. 2012). It is primarily
made up of four phyla of bacteria that are found across almost all gut microbiomes with
Bacteroidetes representing the plurality of the Gram-negative bacteria and Firmicutes being

the most abundant phylum of Gram-positive bacteria. A smaller proportion of the resident
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bacteria of the human gut consist of Actinobacteria and Proteobacteria (Huttenhower et al.

2012, King et al 2019).

Initial work characterizing T6SSs in species of Bacteroidetes led to the identification of a
family of T6SSs that are distinct from those of the well-characterized Proteobacterial
systems that had been discovered previously, in that they lack a number of the 14 required
T6SS apparatus genes mentioned above (Russell et al. 2014). Through in vitro competition
assays, the same study demonstrated the functionality of the T6SS in Flavobacterium
johnsoniae, a soil-dwelling Bacteroidetes, and in Bacteroides fragilis, a Bacteroidetes
species found in the gut microbiome. Subsequent work has lent further support to the
functionality of the B. fragilis T6SS system in the context of antagonizing susceptible
bacteria both in vitro and, more importantly, inside the mammalian gut (Chatzidaki-Livanis
et al. 2016, Wexler et al. 2016). Quantitative measurements of the activity of this T6SS
revealed a very potent and active system in the dense environment of the microbiome
predicted to consist of 60-600 billion effector transmission events between neighboring
cells in the human gut (Wexler et al. 2016). There are also examples of at least one species
of gut-colonizing pathogenic bacteria, namely Salmonella enterica Serovar Typhimurium,
utilizing their T6SS to mediate bacterial antagonism, which the researchers demonstrated
was necessary for its establishment in the gut (Sana et al. 2016). These examples all point
to the importance of T6SS-mediated interbacterial antagonism as an important force
shaping the bacterial composition of the gut microbiome, facilitating invasion into it by
bacterial pathogens, and contributing to colonization resistance by human gut commensals

as has been shown by Hecht and colleagues (Hecht et al. 2016).
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To better understand the extent of T6SS-mediated antagonism in the human gut
microbiome, it is imperative to identify the bacteria that interact with each other using their
T6SS, especially since it has been shown that two bacteria that display antagonism in vitro
may not necessarily be interacting in the mammalian gut (Wexler et al. 2016). Additionally,
as I will describe later, the recent discovery of orphan T6SS immunity genes, which are
clusters of immunity genes not associated with any effector genes of their own (Russell et
al 2012), has raised many more questions on the nature of these interactions. For example,
bacteria lacking a T6SS may evolve resistance to T6SS attack by accumulating large

collections of immunity genes.
Genetic Architectures of T6SS Loci and Effector-Immunity Genotypes

The discovery of the first T6SS loci in Bacteroidetes genomes led to several studies to
understand more about the distribution of such loci across genomes. A survey of the
sequenced genomes of Bacteroidales identified three types of genetic architectures (GA)
into which the majority of T6SS loci are organized; these T6SS subtypes are named GA1,
GA2, and GA3. In addition to the different arrangements of the T6SS loci in each genetic
architecture, the DNA sequences in every genetic architecture show a high level of
similarity to other members of the same architecture and are different from that of the other
two. The exception is the divergent regions that are variable in different genomes of the
same architecture (Coyne et al. 2016). It was also found that the T6SS subtype GA1 and
GAZ2 are found in many different species in the order Bacteroidales whereas GA3 is specific
to B. fragilis species (Coyne et al. 2016). Subsequent studies focused on the distribution of

Effector-Immunity (E-I) pairs in the divergent regions of these T6SS subtypes in
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Bacteroidales genomes (Verster et al. 2017). In particular, researchers found that the
variable regions of these three T6SS subtypes each consists of a small number of distinct
E-I pairs indicative of very low diversity of T6SS E-I genes in individual human
microbiomes (Verster et al. 2017). Of the 12 E-I pairs in the T6SS subtype GA1, the second
E-I pair found in the species Parabacteroides sp. D25 caught our interest. The E-I pair
which consist of the GA1 E2 and GA1 12 effector-immunity pair as shown in Figure 2A,
is of utmost interest to us since in addition to their presence as a putative effector-immunity
pair, we were able to find several 12 homologues with wide range of sequence identity to

12 as will be discussed below.

While exploring different Type Six Secretion Systems in the genomes of bacteria found in
the gut microbiota, we came across a putative T6SS-associated effector that is annotated to
have a domain of the WHH family of HNH nucleases (Figure 2A). Downstream of this
effector, named GA1 E2, there is a putative cognate immunity locus, named GA1 I2.
These loci are in the genome of the Parabacteroides sp. D25 species mentioned above
(Figure 2A). For brevity, I will henceforth refer to GA1 E2 and GA1 12 as E2 and 12,

respectively.
HNH Superfamily of Nucleases and the WHH Family

The HNH family of nucleases were first discovered in a study aimed at finding the
conserved amino acid sequences of group I intron open reading frames (ORF), where in
addition to these group I ORFs, several eukaryotic and prokaryotic proteins were found to
contain a motif consisting of two histidine residues and an asparagine residue each

separated by a number of other non-conserved residues (Shub et al. 1994; Gorbalenya et
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al. 1994). Importantly, these motifs were also found to be present in a number of bacterial

endonucleases including bacteriocins (Shub et al. 1994; Gorbalenya et al. 1994).

The WHH family of toxins is a sub-family of HNH nucleases. Named after the WHH amino
acid residues found in the C-terminal domain of the protein, the family was discovered
alongside many other subtypes of HNH nucleases as putative nucleases that are located
close to loci that are part of different toxin systems in bacteria (Zhang et al 2011). As of
now, very little is known about the WHH family of nucleases. No crystal structure of a
member of the family has been solved and unlike a few other families of HNH nucleases
listed in Table 1, such as LHH and AHH, not much is known about the mechanism of action

of this toxin family.

An interesting aspect of the WHH family of nucleases shared by many other members of
the HNH family of nucleases, is the cognate immunity associated with these nucleases. In
their major survey of bacterial genomes using gene neighborhood analyses, Zhang et al.
discovered that many nucleases of the HNH family are predicted to act as toxins and are
linked to genes that encode members of the SUKH (for Syd, US22, Knr4 homology)
domain superfamily (Zhang et al 2011). They hypothesize that these SUKH domain-
containing genes function as immunity proteins associated with the HNH toxins to protect
the cells producing these toxins from self-toxicity, similar to the concept of effector-
immunity mentioned above. This is an unusual observation in the toxin-immunity field
because it has been found that most immunity proteins, even if they neutralize toxins with
similar modes of action, possess little to no homology with one another and sometimes

even adopt entirely different protein folds (Tang et al, 2018). Thus, the fact that a single
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protein domain family, SUKH, is found next to thousands of different predicted nucleases
suggests that the molecular mechanism used to inhibit this type of enzymatic activity is

conserved.
SUKH Family of Proteins

The Smil/Knr4 protein was first discovered in the eukaryotic model organism
Saccharomyces cerevisiae. Smil was identified through a genetic screen as a protein whose
deletion led to temperature-sensitive cell cycle arrest during the S-phase (Fishel et al. 1993).
More insights were gained through a subsequent screen-based method that selected for
genes that confer resistance against K9, a toxin produced by Williopsis saturnus var. mrakii,
a member of a distinct genus of yeasts, whose target is the S. cerevisiae cell wall (Hong et
al. 1994). The screen identified a gene with 100% identity to Smil which the researchers
named Knr4, for K-nine-resistance 4, referring to the fourth mutant which showed
resistance against the K9 toxin (Hong et al. 1994). Further genetic and phenotypic
experiments identified Smil/Knr4 as a gene that is implicated in the pathway leading to the
synthesis of 1,3-B-glucan, an important component of the yeast cell wall (Hong et al. 1994).
Subsequent studies found a number of physical interactions of the Smil/Knr4 protein with
proteins whose functions fall under cell wall maintenance and biogenesis, cell polarity and
bud emergence, as well as other proteins which may have a role in the stability and/or
degradation of proteins, indicating that Knr4 is an important protein with many cellular
roles through the variety of its physical interactions with a large number of proteins

(Basmaji et al. 2005).
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The main takeaway from the yeast studies is that Knr4 is suggested to be an important hub
protein coordinating the activity of many other proteins in the cell responsible for such
diverse functions as cell wall synthesis and cell cycle through its myriad of physical
interactions with those proteins (Martin-Yken et al. 2016). That suggests that in other
domains of life, any protein with a domain characteristic of the Smil/Knr4 protein, may
play important roles through its ability to physically interact with a large number of
proteins. In light of the observation of these SUKH-domain containing putative immunity
genes next to a variety of potential nuclease toxins, it will be important to see whether
proteins containing such domains will have the ability to bind a variety of other prokaryotic

proteins in the process of toxin inhibition.

The first observation of proteins containing Smil/Knr4 domains in prokaryotes was
reported by Zhang and colleagues in a bioinformatics survey of Smil/Knr4 homologs in
bacteria (Zhang et al. 2011). Through their extensive bioinformatic as well as structural
similarity searches aided by a crystal structure of Bacillus subtilis protein containing the
Smil/Knr4 domain, they found a number of homologous proteins, namely Syd, US22 and
Knr4, in eukaryotes, prokaryotes, and DNA viruses pointing to their widespread occurrence
across kingdoms (Zhang et al. 2011). Using this general family of proteins, they named this
superfamily of conserved domains SUKH (short for the Syd, US22, Knr4 homology). As
mentioned previously, another important finding of their analysis was the association of the
proteins with the SUKH domain with the HNH family of nucleases that Zhang et al.
postulated act as cognate immunity genes for these toxins (Zhang et al. 2011). Interestingly,

we found that 12, the putative cognate immunity of E2, is predicted to consist of two tandem
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SUKH domains. We therefore found it to be of interest to study this effector along with its
cognate immunity to understand more about the molecular nature of the interaction of these
two protein families. However, before I move on with my characterization of these proteins,

I first need to introduce the concept of orphan immunity.
Orphan Immunity proteins

As mentioned earlier (in the Type 6 Secretion System section), in the context of
antibacterial toxin systems, each toxin-producing bacterium produces an immunity protein
that neutralizes the activity of the toxin, usually by binding directly to the active site of the
toxin (Hersch et al. 2020). However, many bacteria that do not possess the toxin of a given
toxin-immunity system might still encode immunity proteins that can neutralize other
toxins directed to them by other bacterial toxin systems. Since they are not genetically

linked to any upstream toxins, they are referred to as ‘orphan’ immunity proteins.

The presence of immunity genes not linked to cognate effectors was first observed in the
context of two-partner secretion systems, an example of Contact-Dependent Inhibition
(CDI]) systems found in Proteobacteria (Zhang et al. 2011). This finding was subsequently
followed by the first observation of immunity loci that were not found adjacent to effector
genes in the context of the T6SSs of several Gram-negative Proteobacteria (Russell et al.
2012). Several years later, the first experimental demonstration that orphan immunity genes
in different B. fragilis strains can neutralize the effectors produced by other antagonizing
B. fragilis strains harbouring the T6SS weaponry was published (Wexler et al. 2016). This
finding has been further supported by the recent discovery of large clusters of putative

interbacterial defense genes, including T6SS orphan immunity genes, across many species

10
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of Bacteroidetes found in the gut (Ross et al 2019). These gene clusters, which have now
been named recombinase associated Acquired Interbacterial Defense (rAID) systems,
consist of a recombinase gene followed by a number of orphan immunity genes
homologous to T6SS immunity genes as well as immunity genes from other antibacterial
toxin delivery systems (Figure 2B). The presence of large numbers of these gene clusters
in bacterial genomes derived from the gut microbiota has raised a number of questions,
chief among them being whether or not the orphan immunity genes present in these clusters
are capable of conferring to the species harbouring them the ability to produce proteins that
would be used to defend against the T6SS-mediated attack of other neighboring bacteria

through the neutralization of incoming antibacterial toxins.
Homologues of 12

As mentioned before, E2 and 12 are a putative effector-immunity pair found in the genome
of the microbiome species Parabacteroides sp. D25. We observed early on that 12 has a
number of homologous genes in several putative rAID clusters found in human gut bacteria
(Figure 2C). One of these rAID clusters, which contains two homologues of 12, is found in
a B. fragilis strain called BIOML-A28 that was isolated from a healthy human gut
microbiome (Figure 2D, lower panel) (Zhao et al. 2019). Interestingly, the same
microbiome sample contains a strain of Bacteroides uniformis (B. uniformis) named
BIOML-AS5 harbours a bicistron encoding E2 and 12 (Figure 2D upper panel) suggesting
that the orphan immunity homologues of 12 in BIOML-A28 might confer resistance against
T6SS-mediated attack from B. uniformis. We named these two orphan immunity

homologues Orf3 and Orf5 based on the position of these genes within the rAID cluster.

11



M.Sc. Thesis — A. Azhieh; McMaster University — Biochemistry and Biomedical
Sciences.

Using a BLAST search, we found additional homologues of 12 with closer identity levels
to Parabacteroides sp. D25 12 than the orphan 12s. Two of these homologues, possessing
67% and 73% identity to I2 respectively, are from strains of Phocaeicola vulgatus and
Bacteroides uniformis species and are both part of a likely T6SS effector-immunity
bicistron (Figure 2E). To reflect the strains these immunity genes were isolated from, we
decided to name them 12 PV and 12 BU to designate the Phocaeicola vulgatus and

Bacteroides uniformis homologues, respectively.

Project Goals

My MSc thesis sought to address the following questions:

1. Does E2 encode an antibacterial toxin and can its toxicity be protected against by
12, lending support to their predicted roles as a T6SS effector-immunity pair?

2. Can any of the identified 12 homologues proteins found in other species of gut
bacteria protect against E2-mediated toxicity to a similar extent as its cognate 127

3. What is the molecular mechanism of neutralization of E2 by 12?
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MATERIALS AND METHODS

Cloning and Plasmid Construction

All cloning reactions were performed using restriction cloning. The primers used for
individual cloning reactions as well as the restriction enzymes used are all listed in Table
S1. For the toxicity assays, two types of plasmids were used. If used for the toxicity assays,
all toxin genes were cloned in pSCrhaB2 plasmids (Cardona & Valvano 2005). All
immunity genes were cloned in pPSV39-CV plasmids (Rietsch et al., 2005). For all cloning
reactions carried out for protein expression for setting up crystal screens, the plasmid used
was pETDuet where the effector was cloned into multiple cloning site #1 and the immunity
into multiple cloning site #2. To purify the effector protein for ITC experiments, the
plasmid used was also pETDuet. However, for every single purification of the immunity

proteins to be used in ITC, the pET29b plasmid was used.

The cloned plasmids were transformed into two types of chemically competent cells. For
the toxicity assays, the transformation was done in XL1-blue cells. For the protein
purification analyses, both for setting up crystal trays as well as to use the protein for ITC,
the transformation was done in BL21 pLysS cells. Site-specific mutants used in this study
were generated by overlap extension PCR. All plasmids were sequenced by Genewiz

Incorporated.
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Toxicity Assays

All toxicity assays were performed by serial dilution of the corresponding strains on two
types of plates. Using a 96-well plate, 200 pL of overnight cultures of individual strains
were added to the wells in the first row and were serially diluted 1/10 in each subsequent
row. To assay for toxicity, the different dilutions of the strains were spotted onto an LB-
agar plate which contained 200 pg/mL of Trimethoprim (selecting for the pSCrhaB2
plasmid), 15 pg/mL of Gentamicin (selecting for the pPSV39-CV plasmid), and 0.1% (w/v)
of rhamnose to induce the expression of the toxin. To assay for the ability of the immunity
proteins to protect against the toxin, the different dilutions of the strains were spotted onto
an LB-agar plate containing 200 pg/mL of Trimethoprim, 15 pg/mL of Gentamicin, 0.1%
of rhamnose, in addition to 0.5 pM of IPTG to induce the expression of the immunity
proteins.

Protein Expression and purification

For the expression and copurification of effector-immunity complexes, the nucleotide
sequence of the genes of interest were cloned into pETDuet-1 vectors. All Bacteroidetes
loci used were codon optimized. Cells were grown overnight and diluted in a 1/50 ratio into
1 L Fernbach flasks and allowed to grow to approximately an OD600 of 0.6. They were
then induced by 1 mM of IPTG and expressed for at least three hours before being
centrifuged to collect the pellets. For the nickel-column based purification, cells were
resuspended in lysis buffer containing 10 mM imidazole, 150 mM NaCl, and 50 mM Tris-
HCI at pH 8.0, lysed, and the tagged proteins were eluted off the column using a solution

containing 150 mM NaCl, 50 mM Tris-HCI at pH 8.0, and 400 mM imidazole. Protein
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samples were further purified by size exclusion chromatography using a Hil.oad 16/600
Superdex 200 column connected to an AKTA protein purification system (GE Healthcare)
and concentrated to their respective concentrations.

For the expression of individual immunity proteins, the nucleotide sequence of the genes
of interest were cloned into pET-29 vectors. The rest of the expression and purification
steps were conducted in a similar manner as the effector-immunity complex. The only
difference was after induction, the cells were allowed to grow overnight at 18 °C as I
discovered it led to higher level expression of individual proteins. Additionally, reducing
agents were needed to abrogate any potential disulfide bond formation. For that, 1 mM of
dithiothreitol (DTT) was added to the lysis and elution buffers and 1 mM pB-
mercaptoethanol (BME) was used on the HPLC. DTT was used on the nickel column due
to the incompatibility of using BME on the resin.

For the purification of individual effector protein E2medactp, I purified the E2meactp-12
complex but before eluting the HIS-tagged protein complex I denatured the immunity
protein by washing the column with a lysis buffer that contained 6 M guanidinium chloride.
After that, the column was washed three times to remove any residual denaturing reagent.
The remaining solutions on the column were then eluted off the column as before. Another
important difference was that each solution was prepared at pH 7.0 due to the effector
protein E2medctp being most stable at that pH.

For ITC, E2medctp and the different immunity proteins were further purified using SEC at
pH 7.0 so both proteins are in the same buffer condition to prevent the ITC instrument from

registering any heat release due to the differences in the chemical composition of the
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solution containing the immunity protein compared to the solution containing the effector

protein.

SEC-MALS

Size exclusion chromatography with multi-angle laser static light scattering was performed
on the E2nedctp-12 complex. The concentration of the protein complex used was 2 mg/ml.
The protein was further purified using a Superdex 200 column (GE Healthcare). MALS
was conducted using a MiniDAWN and Optilab system (Wyatt Technologies). Data was

collected and analyzed using the Astra software package (Wyatt Technologies).

ITC

ITC measurements were performed with a MicroCal PEAQ-ITC microcalorimeter
(Malvern). Titrations were carried out with 125 uM of the immunity protein in the syringe
and 20 uM of E2medctp in the cell. The titration experiment consisted of one 0.4-pul injection
followed by 24 1.5-ul injections with 150-s intervals between each injection. The ITC data
were analyzed using the Origin software (version 5.0, MicroCal, Inc.) and fit using a single-

site binding model.
Sequence Alignments and 3D-structure Prediction

All sequence alignments were performed using ESPript 3.0 (Robert & Gouet 2014). The
likely position of secondary structural features was based on the AlphaFold predicted
model of the 3D structure of the proteins.

For the prediction of the 3D-strcuture of the proteins, I used the latest version of

AlphaFold 2.0 (Jumper et al. 2021) using the online resource:
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https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/Alpha

Fold.ipynb

Western Blot

Western blot analyses of protein samples were performed using a SDS-PAGE gel and
buffer system and a standard western blotting protocol. After SDS-PAGE separation,
proteins were wet-transferred to 0.45 pm nitrocellulose membranes (100 V for 30 mins,
4°C). The samples were then analyzed with Western blot using the protein-specific rabbit
primary antibodies a-VSVG (1:5000, 1hr) and a goat a-rabbit secondary antibody (Sigma,

1:5000, 45 minutes). Western blots were imaged using a ChemiDoc System (Bio-Rad).

Growth Assay

Individual strains were grown overnight at 37°C in LB with shaking. The day after, 1 pL
of the overnight culture was added into 200 pL LB broth and grown at 37°C with shaking.
0OD600 readings were taken every 15 minutes using an Epoch 2 plate reader (Biotek) until
the OD600 of the strains were close to 0.3 at which point the expression of toxin/immunity
was induced. Afterwards, the strains were allowed to grow at the same condition for 15
more hours. For every given strain and condition, the experiment was repeated three times
and the average growth was shown in the graph. The error bars were calculated using the

standard deviation of the three experiments.
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RESULTS

My first goal was to understand if the Parabacteroides sp. D25 E2-12 function as a toxin-
immunity pair. To address this question, I began my project by setting out to perform
toxicity assays in Escherichia coli where 1 attempted to clone the toxin domain of E2 for
heterologous expression. For the majority of the T6SS effectors identified so far, the toxic
domain is located within the C-terminal domain (CTD) of the effector locus. Guided by
this precedent, I designed three different truncations of the effector CTD and tested if any
of them were toxic when cloned into E. coli and subsequently expressed. As shown in
Figure 3A, one of these truncations, henceforth referred to as E2x, proved to be toxic to
E. coli and thus was used for all subsequent toxicity assays. Since most T6SS effectors
identified to date are encoded upstream of their cognate immunity proteins, I next set out
to test whether E2x-mediated toxicity could be protected against by its downstream open
reading frame (I12) (Figure 2A). As shown in Figure 3A, expression of 12 alleviates the toxic
effects of E21x and this capability is specific to 12 as I5, an immunity protein that confers
immunity to another family of T6SS effectors found in the human gut microbiome, was
unable to protect against E2x (Figure 3A).

As shown in Figure 2, there are four homologues of 12 with varying degrees of identity to
12 that we reasoned would allow us to test the capacity of divergent 12-like proteins to
restore growth to a strain that expresses E2wx. Two of these 12 genes, [2 PV and 12 BU,

are found in effector-immunity bicistrons while the other two, Orf3 and Orf5, are found in
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a rAID cluster suggesting they may be orphan immunity genes. These genes have levels of
identity to Parabacteroides sp. D25 12 ranging from 40% to approximately 75% and our
prediction was that the 12 homologues possessing greater identity level to 12 would be better

able to protect against E2x-mediated toxicity.

I set out to clone these immunity genes and perform toxicity assays, which would allow me
to test the capacity of each of the immunity genes to restore E. coli growth. As shown in
Figure 3B, I found that all these four homologues of 12 are capable of protecting against
E2x-mediated toxicity just as well as its cognate 12 suggesting that surprisingly, despite
the wide range of sequence identity levels to cognate 12, all four of these 12 homologues
may be effective in conferring resistance against E2-mediated attack. I next sought to
identify a non-protective 12 homologous protein and to do so, I searched for more distant
homologues of 12 to see if a greater difference in the level of sequence identity to 12 would
lead to the identification of a SUKH immunity protein unable to protect against E2x. 1
identified a homologue in a Methylomonas species called LW13, which belongs to the
phylum Proteobacteria instead of Bacteroidetes, which has an approximately 30% identity
level to Parabacteroides sp. D25 12. Using the same cloning and toxicity assay as described
previously, I was able to show that this I2 homologue, henceforth referred to as 12 Meth,
was incapable of protecting against E2ix-mediated toxicity (Figure 3B). In summary, my
toxicity data show that while all four 12 homologous genes from Bacteroidetes protect

against E2-mediated toxicity, a Proteobacterial 12 homologue does not.

Importantly, the Parabacteroides sp. D25 cognate immunity 12 is made up of two SUKH

domains. The other four Bacteroidetes 12 homologues all capable of protecting against
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toxicity are made up of two SUKH domains as well. By contrast, I2_Meth consists of only
one SUKH domain resulting in it being only half the size as 12 and its other homologues.
This observation raised the possibility that the reason 12 Meth does not protect against E2
toxicity was due to its ‘incomplete’ length. However, I noted using sequence alignments
that the C-terminal SUKH domains of the two-domain 12 proteins has much higher levels
of identity among the various 12 homologous than the N-terminal SUKH domain
suggesting that this domain might be sufficient to protect against E2x (Figure 3C). To test
this, I cloned each SUKH domain in isolation and transformed them into E. coli cells along
with E2 to perform toxicity assays. As shown in Figure 3D, the C-terminal SUKH domain
is both necessary and sufficient to protect against E2ix-mediated toxicity. This result
suggests that the inability of I2 Meth to protect against E2ix-mediated toxicity is not due
it lacking an N-terminal SUKH domain but rather its sequence divergence from

Parabacteroides sp. D25 12.

Having identified a collection of 12 homologues capable or incapable of protecting against
E2x-mediated toxicity, I next proceeded to study the process of toxin neutralization in
more detail. Based on the existing data in the literature, there are two possible mechanisms
of toxin inhibition by 12-like immunity proteins that I needed to consider (Klein et al. 2020).
First, 12 could be physically interacting with E2x and by doing so, would make the enzyme
incapable of performing its biochemical toxic function(s). Alternatively, immunity could
be an enzyme that functions by biochemically reversing the activity of the toxin. To test
the first possibility, I cloned three truncations of my effector E2 from its CTD, which I

named short, medium, and long for their respective lengths (the long construct being E2:ox
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from my previously described toxicity assays) and tested their ability to copurify with I2.
12 was found to bind to both the long and medium constructs indicating that E2 and 12
interact strongly. This result suggests that physical association is the mechanism underlying
effector neutralization by the immunity protein. The result for the medium construct is

shown in Figure 4A.

To understand more about the nature of interaction and to uncover the molecular
mechanism of toxin neutralization, I next attempted to solve the structure of the E2-12
complex. The overexpression of the toxin-immunity complex was most successful when
the medium truncation of the E2 C-terminal domain (henceforth referred to as E2medctp)
was co-expressed with 12 (Figure 4A). Therefore, I first tried to purify this complex and
use the resulting protein for crystallization experiments. Despite the high level of
expression of E2medctp and the successful co-purification of the E2meactp-12 complex by
size-exclusion chromatography (SEC), I was not able to grow any diffraction quality
crystals from the 384 screening conditions routinely used for protein crystallography in our

lab.

Consequently, I turned my attention to finding another complex that might be more
conducive to crystallization. Having determined that the C-terminal SUKH domain of 12 is
necessary and sufficient to rescue E2(x-mediated toxicity, I reasoned that the CTD of 12 is
almost certainly also necessary and sufficient for its interaction with E2x and by extension
E2medctp. At around the same time, researchers released the latest version of a protein 3D-
structure prediction software system named TrRosetta (Du et al. 2021). Using TrRosetta, |

input 12 to learn more about its likely 3D-structure, and more specifically, the whereabouts
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of the linker region connecting its two SUKH domains. Based on the output of trRosetta, |
decided to truncate 12 at three different positions, starting at the 161, 175" and 182"¢amino
acid positions through to the end of the protein. I then co-expressed each of these three
truncations with E2medctp and examined their ability to co-purify with E2meqctp. In support
of the trRosetta model, all three truncations copurified with E2meqctp. I moved on with
further purifying these complexes using SEC and setting up crystal screens in the same
manner as I did previously for full-length 12. Unfortunately, none of these complexes

formed crystals.

Having not been able to crystallize the E2medctp-immunity complex, I next decided to use
the 12 PV and 12 BU homologues of 12 as the binding partners of E2meactp. In doing so, I
would not only be able to confirm that these 12 homologues also bind tightly to E2medctp
like the cognate immunity protein but I would also be able to test if perhaps any of these
homologues would be more conducive to crystallization as part of an effector-immunity
complex. From these experiments, | was able to show that E2neqctp binds tightly to both
12 PV and 12 BU, supporting a similar physical inhibition mechanism of toxin
neutralization. Unfortunately, neither of these two new complexes resulted in diffraction
quality crystals suggesting that obtaining an experimental structure of E2x with any of the

characterized 12 homologues would be a difficult path moving forward.

To increase my chances of crystallization, I next turned my attention to other E2 toxin
homologues beyond the Parabacteroides sp. D25 protein. The Methylomonas sp. immunity
protein used as a non-protective 12 homologue in my toxicity assays is itself the cognate

immunity of a putative effector-immunity pair in this organism. In order to ensure that this
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putative effector is toxic to E. coli, 1 tested three truncations of its CTD for growth
inhibition. Much like the Parabacteroides effector, one of these truncations proved to be
toxic in E. coli and is henceforth referred to as E2_Meth. Additionally, I was able to show
that this toxicity is abrogated when the immunity protein, 12 Meth, is co-expressed with
E2 Meth. These results mean that the E2 Meth and 12 Meth loci likely function as an
effector-immunity for a putative T6SS in Methylomonas. Therefore, I embarked on protein
crystallization for this protein complex in the hopes that it would be more amenable to

structure determination.

First, I determined that the short and medium immunity constructs, referred to as Short
E2 Meth and Med E2 Meth, express well in E. coli. | was able to show the Med 12 Meth
copurifies with E2_Meth in the same manner that E2 co-purifies with 12. I further purified
the Methylomonas complex and set up crystallization screens, which unfortunately again

did not result in the formation of crystals.

For my last attempt at crystallization, I decided to co-express the short E2_Meth truncation
along with 12 Meth. Unfortunately, however, my efforts to obtain diffraction quality
crystals using this complex proved unsuccessful. In summary, despite my work on
searching for an E2-12 effector-immunity complex that is abundantly expressed, efficiently
co-purified, and crystalized in one of our 384 buffer conditions, I was unable to determine
the crystal structure of this effector-immunity pair. Table 2 summarizes my crystallization
efforts including the starting concentration of the protein complexes used for each round of

crystal screening.
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Having been unsuccessful at solving the crystal structure of the E2-12 effector-immunity
complex, I decided to study the molecular nature of their interaction using other biophysical
methods. One strategy that would allow us to quantitatively measure the affinity between
E2 and the protective and non-protective homologues of 12 is Isothermal Titration
Calorimetry (ITC). For this line of investigation, I expressed and purified the individual
effector and immunity proteins. These proteins included the medium truncation of the E2
C-terminal toxin domain E2medcTp, its cognate immunity 12, the four microbiome-derived
homologues of 12 that protect against E2«x-mediated toxicity, and finally, 12 Meth, the
SUKH immunity gene that does not protect against E2«x. I then used either the cognate
immunity or each of the immunity homologues as my titrant and gradually added it to
E2medctp to measure binding as discussed in the methods section. As shown in Table 3 and
Figure 4B-D, the four 12 immunity homologues that did protect against E2ix-mediated
toxicity, also interact with E2medsctp With approximately the same nanomolar binding
affinity as the cognate 12 immunity. Additionally, 12 Meth showed no detectable binding
to E2medctp supporting our findings from the copurification studies that indicated that the
neutralization of E2x-mediated toxicity is mediated through direct binding of the effector
with the immunity protein.

In summary, the combination of the cell-based toxicity assays as well as the ITC
experiments using purified proteins collectively demonstrate that despite the differing
levels of sequence identity between 12 and the four homologues from Bacteroidetes, they
all neutralize E2x-mediated toxicity to the same extent. Furthermore, this neutralization is

very likely due to the direct binding of E2x to each of the immunity proteins and I found
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that the binding affinity of all four protective homologues towards E2x is approximately

the same, regardless of their level of sequence identity to the cognate immunity protein, 12.

Having established that a panel of divergent 12 immunity proteins maintain the ability to
interact with E2 with comparable affinity, I was curious as to what the molecular features
of these immunity proteins are that facilitate their binding to E2x. As my efforts to solve
the structure of E2ix-12 proved unsuccessful, I had to find other ways to predict the
potential interaction interface between these proteins. To this end, I employed the recently
released AlphaFold2 (AF2) software package (Jumper et al. 2021). Published in mid-2021,
this Al-assisted structure prediction software predicts the 3D-structure of proteins with
unprecedented accuracy. I input my cognate 12 immunity protein as well as the five other
12 homologues (protective and non-protective) into AF2. Interestingly, as shown in Figure
4D, there do not seem to be many differences between the cognate immunity 12 and the rest
of the homologues including, surprisingly, 2 Meth, which neither protected against E2ox-
mediated toxicity nor showed a measurable binding affinity towards E2medctp. This
suggested to me that the mode of interaction between the two proteins is not simply reliant
on protein shape but depends on some other physico-chemical feature of the proteins that

differs between 12_Meth and the rest of the 12 homologues.

Therefore, 1 generated a sequence alignment of 12 and the five non-cognate immunity
proteins to find regions of 12 that are the same among the protein sequences that protect
against E2.x-mediated toxicity but are different from the non-protective 12 Meth
homologue. As shown in Figure 5, there are 27 residues that meet that criterion. Using

ChimeraX (Petterson et al. 2021) and the AF2-predicted structure of 12, I next attempted to
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refine the list of candidate residues by identifying those that are predicted to occur on the
surface of the protein. I further narrowed down my list by selecting residues that have
markedly different biochemical properties than what is found in 12 (e.g. oppositely charged
amino acid side chain, etc.). [ was left with five residues that were confidently predicted to
be surface exposed and possess R-groups with substantially different properties compared
to their I2_Meth counterparts. I mutated these residues in 12 to amino acid residues bearing
substantially differing properties using site-directed mutagenesis. Once cloned, these 12
variants were used in toxicity assays to compare their ability to protect against E2¢ox-
mediated toxicity relative to wild-type 12. Surprisingly, all single-site variants exhibited the
same level of protection as 12 (data not shown). Furthermore, binary combinations of these
mutations did not alter the ability of 12 to protect against E2x. Based on these results, I
concluded that the buried surface area of the E2-12 interaction must be quite substantial and
that I may need to make more drastic substitutions in the 12 sequence in order to abrogate

its ability to bind E2x and neutralize E2x-mediated toxicity.

At around the same time I was conducting the above mutagenesis studies, AlphaFold2
released their structure prediction software to include the accurate prediction of two-protein
complexes. Taking advantage of the new update, I decided to input my two proteins of
interest to see if AlphaFold2 could predict a structure of the complex that I could use to
predict important residues in the interaction interface. Figure 6A shows the AF2-predicted
structure of the E2(x-12 complex. If this structure is accurate, it appears that only two out
of the five residues previously mutated exist in the interaction interface perhaps explaining

why the previous mutagenesis approach was unsuccessful.
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Based on this new information, I decided to do another round of mutagenesis this time with
the help of the aforementioned AF2-predicted E2-12 complex structure. Additionally, I was
less conservative with the types of residues I selected when it came to their surface
exposure; as long as a given residue was chemically different enough between the non-
protective 12 Meth and the protective 12 homologues and was located in the predicted-

interaction interface, it was eligible to be included as a candidate residue.

In order to be more systematic in my mutagenesis, I also used the model to predict a
possible mode of interaction between the effector and immunity protein. One possibility
would have been specific shape-based structural features that facilitate binary interaction
between the two proteins. This prediction, however, implies that 12 Meth would be
structurally different from the protective 12 homologues. However, based on the analysis
discussed above and the predicted structures shown in Figure 6B, this does not appear to
be the case. Therefore, another possible mode of interaction that I considered was based on
the biochemical features of the residues located in the interaction interface of the two
proteins. One striking feature I noticed is the highly electrostatic nature of E2 and 12.
Indeed, as shown in Figure 7A, the predicted interaction interface between the two proteins
appears to predominantly consist of oppositely charged residues, implying a possible role
for electrostatics in driving the specificity of the interaction between the two proteins. More
specifically, the interaction interface of the immunity protein consists of basic residues that
interact with acidic residues on the effector, resulting in the physical interaction between

the two proteins.
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To test my proposed electrostatic model of interaction, I initiated mutagenesis on acidic
residues on 12 and replaced them with either of the basic residues; arginine or lysine. I
found a variable region in 12 that contained several acidic residues not found in 12 Meth,
in particular residues E228, D229, D231, E234, and N236. As shown in Figure 7B, upon
mutation of these five residues, the growth rate of a strain expressing both E2ix and the
mutated 12 demonstrated growth inhibition that was close to that of a strain expressing just
the E2(x alone. Using a Western blot analysis, I also confirmed that this growth defect is
not due to the inability of the strain to express the mutated 12 variant (Figure 7C). Overall,
these results support my hypothesis that the acidic residues located on 12 play a critical role
in conferring binding specificity to E2ix and thus confer the ability to protect against its
toxic activity in E. coli and that the physical interaction between E2x and 12 is mediated

by electrostatic interactions.
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DISCUSSION

Diverse Immunity Proteins Protect Against Single Effectors

In their initial discovery of rAID clusters, Ross et al. found that the rAID-encoded orphan
immunity genes range anywhere from having 90% identity to just over 30% identity to
cognate immunity proteins (Ross et al. 2019). This large range of sequence identity between
the cognate immunity proteins and orphan immunity proteins raises a number of interesting
questions. First, and perhaps most obvious, is whether all of these orphan immunity genes
that exist as part of rAID clusters encode functionally useful proteins; that is to say whether
they confer to the strains harbouring them the ability to protect against effector-mediated
attacks by the T6SSs of other bacteria in the environment of the human gut. Another
question is whether the differences in percent sequence identity are useful in terms of
predicting a priori the degree to which a given rAlD-encoded immunity protein can
neutralize an incoming effector. More specifically, do immunity proteins with lower levels
of sequence identity to their corresponding effector proteins protect against the toxicity of
the corresponding cognate effector less effectively than the cognate immunity protein itself
or compared to other orphan immunity homologues with higher levels of identity to the
cognate immunity gene, or do they possess approximately the same level of protection.
From a bacterial competition standpoint, when injected with a given effector, would strains
encoding an orphan immunity gene with low sequence identity to the cognate immunity

grow slower than one with high sequence identity?
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The findings from my investigation of a specific family of effector-immunity proteins
abundantly found in the human gut microbiome have shown that at least in one case, large
differences in percent sequence identity do not significantly affect the capacity of immunity
proteins to protect against effector-mediated toxicity. Specifically, my results indicate that
in E. coli, E2-mediated toxicity is protected against by its cognate immunity protein as well
as by all other tested homologues from Bacteroidetes, which possess as low as 38%
sequence identity to cognate immunity. This is approximately equal to the percent identity
that Ross and colleagues had reported in their paper to be the lowest percent identity found
in the rAID clusters of the sequences they surveyed (Ross et al 2019), suggesting the
possibility that many orphan immunity genes, regardless of their sequence identity to the
corresponding cognate immunity gene, possess potent effector-neutralizing capacity.
However, one important caveat of my thesis work is that all my experiments were carried
out in E. coli. The heterologous nature of this system and the fact that [ was overexpressing
proteins from inducible plasmids means that artificially high amounts of proteins likely
exist in the cell. This in turn could result in ratios of immunity and effector proteins that
might be far different from those in nature. Therefore, future studies should focus on
measuring the ability of the various 12 immunity proteins examined in this work to protect
against effector toxicity in their native context; that is, when attacked by a Bacteroidetes
strain encoding the effector as part of its T6SS. This could be done using techniques such
as bacterial competition assays using both wild-type strains and strains lacking E2
(attacker) or lacking the various rAID-encoded 12 genes (defender). Even then, the results

of such assays alone may not give an accurate representation of what is happening in the
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dense environment of the human gut microbiota, with a huge number of different bacterial
species and strains (Huttenhower et al. 2012; King et al 2019) as well as constantly
changing environmental conditions. To most accurately measure the ability of these
immunity proteins to protect against their corresponding effectors, future studies should
focus their efforts on studying the growth rate of immunity protein-containing bacteria in a
densely populated bacterial environment. To best reflect the conditions found in the human
gut, mouse model studies such as those performed by Comstock and colleagues and Wexler
and colleagues (Chatzidaki-Livanis et al. 2016; Wexler et al. 2016) are highly needed to

better understand the physiological significance of rAID-encoded T6SS effector resistance.

Another outstanding question is regarding the B. fragilis BIOML-AS rAID cluster that
contains both the Orf3 and Orf5 12 immunity proteins. In light of my data showing that
either one of them can fully protect against E2ix-mediated toxicity in E. coli and binds to
E2x with the same approximate affinity, the question that arises is what is the significance
of having two closely related immunity proteins in the same rAID cluster? Importantly, as
shown in Figure 8, the two proteins are identical in their C-terminal SUKH domains. In
cognate 12, I demonstrated that the C-terminal SUKH domain is both necessary and
sufficient for protection against E2x-mediated toxicity, suggesting the same is likely true
for Orf3 and Orf5. One possibility is that in the context of the gut microbiota, individual
cells of B. fragilis BIOML-AS are injected with large doses of effectors that belong to the
same family as E2x, namely the WHH family of HNH nucleases. Even though not much
is known about the regulatory aspects of the genes inside rAID clusters, the presence of

two copies of an immunity gene suggests that there are twice as many immunity proteins
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available to neutralize the T6SS attack of another strain. Alternatively, the divergence of
the N-terminal SUKH domains of Orf3 and Orf5 may be helpful in combating the toxic

effects of a diversity of E2 homologous toxins.

Another important point to consider is that even though I have shown the importance of
only one of the SUKH domains in the protection against effector-induced toxicity, it is still
quite curious that every one of these immunity genes found in human gut bacteria is
comprised of two SUKH domains. As Zhang et al. have pointed out from their gene
neighborhood analyses (Zhang et al 2011), an important feature of SUKH-domain
containing proteins is that they occur next to many other types of nucleases in addition to
the members of the HNH superfamily, suggesting that they may have the ability to act as
immunity genes against many such toxins in the context of different interbacterial
antagonism pathways. Therefore, I speculate that the N-terminal SUKH domain of 12
homologous proteins may be functionally important in neutralizing other such toxins
targeted at the bacteria harbouring them. Alternatively, the N-terminal SUKH domain could
have a regulatory function on the action of other cytosolic nucleases that are not secreted
from the bacterial cell that have other physiological functions. SUKH-mediated inhibition
could serve as a regulatory switch that upon some sort of physiological cue results in the

release of the SUKH domain and the activation of the nuclease.
The Mutational Landscape of Immunity Proteins

The question of how effector and immunity proteins of a given T6SS interact with one
another is one of biochemical interest to the large field of protein-protein interactions. A

number of studies have revealed crucial insights on the nature of such interactions in
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different bacterial protein toxin-immunity complexes as well as how mutations in each
protein component of the complex can play a role in disrupting or altering the specificity
of the interaction. One of the first studies that investigated the interaction of an effector-
immunity pair was in the context of a Pseudomonas aeruginosa T6SS. This study found
that the immunity protein, Tsi2, tightly binds its cognate effector, Tse2, and that this
interaction is easily disrupted by the mutation of single acidic residues on Tsi2 located at
the binding interface of the two proteins into a basic residue (Li et al. 2012) suggesting that
surface electrostatics can play an important role in the physical interaction of an effector-
immunity pair.

A similar phenomenon has been observed in toxin-antitoxin (TA) systems. In TA systems,
the toxin is a non-secreted protein whose activity can inhibit cell growth under certain
conditions but otherwise is inhibited by a cognate antitoxin. In the well-characterized E.
coli MazF-MazE TA system, the MazE antitoxin has a highly acidic C-terminus that
interacts with MazF, which is thought to be the same site that MazF interacts with its RNA
substrates, explaining how MazE inhibits MazF toxicity inside the cell (Yamaguchi et al.

2011; Kamada et al. 2003).

The above examples, in addition to my findings on the mode of interaction between E2 and
12, suggest that complementary surface electrostatics could be the driving factor behind the
protein-protein interactions that take place in numerous different bacterial toxin systems
where the activity of the immunity/antitoxin protein is primarily to inhibit the enzymatic

activity of its binding partner.
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Understanding the exact mutational landscape of the specificity in the interaction interface
between two proteins is still an intensely studied question in protein biochemistry. In one
of the early systematic investigations of protein-protein interactions at the amino acid
residue level, researchers showed that there is a very strong selective pressure in what they
referred to as “covarying residues” at the interaction interfaces of mitochondrial and
bacterial protein complexes; a finding that suggests that contacting residues at the interface
of two interacting proteins evolve simultaneously in order to preserve the nature of the

physical interaction between the two proteins (Ovchinnikov et al. 2012).

Based on computational analyses, other researchers have carried out some of the most
comprehensive systematic studies of the nature of specificity in protein-protein interactions
using bacterial toxins as model systems. For example, the ParD-ParE TA system is found
encoded in the chromosomes of many bacteria, where ParE is the toxin and ParD the
antitoxin (Fiebig et al. 2010; Leplae et al. 2011). In a series of studies, researchers have
investigated the features of the residues at the interaction interface of this toxin-antitoxin
pair that confers a stable interaction between the two proteins (Aakre et al. 2015; Lite et al.
2020; Ding et al 2022). After identifying coevolving residues using the computational
method designed by Baker et al., the authors set out to test the importance of these residues
in conferring interaction specificity using experimental approaches. Using E. coli as a
biological system, they showed that the toxin and antitoxin in the ParD-ParE systems from
several different bacteria are highly specific for one another but that mutating only four
residues in the antitoxin ParD3 was sufficient to change its specificity from its cognate

toxin, ParE3, to other toxins in the ParD-ParE systems such as ParE2 or ParE1 (Aakre et
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al. 2015). Then, after showing that the ParE2-ParD2 system is a result of gene duplication
and subsequent divergence from the ParE3-ParD3 system, Lite et al. created an exhaustive
library based on the three different residues between ParD2 and ParD3 containing 8000
variants that include all amino acids at each position in ParD3 and they discovered that
there are a large number of variants that can interact with both ParE2 and ParE3 toxins in
a promiscuous manner (Lite et al. 2020). These results suggest two things: that again the
mutation of a few residues is sufficient to change the specificity of the interaction of a
protein partner from one partner to another, and secondly, that many amino acid
substitutions create an intermediate state where a protein will have the capacity to bind two
homologous partners perhaps explaining the mutational paths for evolution of interaction
specificity.

Additionally, the interaction specificity of two proteins for one another can be conducted
by identifying residues on the surface of the proteins that mediate specific interaction
between the cognate pair (positive residues) as well as those which prevent one protein
from binding to the non-cognate protein partners (negative residues) (Schreiber & Keating
2010). Interestingly, Lite et al. also show that the three residues initially found to be
necessary and sufficient for changing of the specificity all serve as positive elements
whereas only two serve as negative elements demonstrating how each residue can have

differing roles in the interaction interface of two interacting partners (Lite et al. 2020).

My work on the physical interaction of E2 and 12 suggests that only a small portion of the
immunity protein plays a role in conferring the specificity of the interaction between the

immunity protein and its cognate effector, which is crucial for the toxin neutralization
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ability of the immunity protein. Specifically, the five residues E228, D229, D231, E234,
and N236 are sufficient to mediate the specific interaction between E2 and 12 and the
mutations to residues with opposite electrostatic features results in the abrogation of the
tight interaction between the two, suggesting that a limited number of residues are at play

similar to the ParD3-ParE3 case discussed above.
Modes of Interaction of Two Proteins in a Protein Complex

As has been also described in the work on the ParD3-ParE3 TA system, the biochemical
features of the important residues at the interface play an important role on whether a given
variant of the ParD3 antitoxin can interact with its cognate ParE3, a non-cognate ParE2, or
both. It should be noted however that there are other forces that may play a role in
conferring stability to a protein complex. One such example, is the presence of “interface
add-ons”, which are structural elements, such as loops or secondary structures, present in
the interaction interface of two proteins that help with the stability of the complex (Plach
et al 2017). Most recently, in the three paralogous TacAT systems, which are TA systems
found in Salmonella enterica serovar Typhimurium, the presence of an a-helical secondary
structure add-on element was found to be important in insulating different types of
paralogous toxin-antitoxin pairs from one another (Grabe et al. 2021). In summary, despite
several studies, including my own, pointing to electrostatic forces as important
determinants of specificity for protein-protein interactions in the context of bacterial toxin
systems and beyond, these examples show that my findings cannot necessarily be extended

to all effector-immunity pairs in the various T6SS’s found in numerous bacteria.
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Lastly, another important insight that has come out of the ParD-ParE studies is the
importance of residues that reside outside of the interaction interface of two proteins in
conferring to one protein the ability to physically interact with different variants of its
partner. Using high-throughput mutagenesis, researchers have identified that mutations in
the ParE3 toxin in many residues that exist outside of its interaction interface with the
ParD3 antitoxin help define how it interacts with different variants of the antitoxin (Ding
et al. 2022). This finding suggests that there is much more nuance to the evolutionary paths
of co-evolving proteins than just the accumulation of mutations at their interaction
interface. In summary, more systematic studies are needed to shed light on the nature of
effector-immunity interactions in T6SS and other bacterial toxin systems as well as to
understand what drives the ability of either protein partner to specifically interact with its
cognate partner or to be able to accommodate a large number of non-cognate interactions
with homologues of its cognate immunity as I have observed for 12.

Biochemical Activity of E2 Effectors and How 12 Immunity Blocks Its
Activity

The E2 effector belongs to the HNH family of nucleases and contains a conserved WHH
region within its C-terminal domain. Little has been done on this toxin’s mode of action
and how its activity stops cell growth. However, during my E2-12 crystallization efforts I
found that the E2-12 complex associates with DNA (data not shown). Whether this
interaction is biologically meaningful and how it would lead to inhibition of cell growth
are outstanding questions that require further investigation. Additionally, it would be

interesting to determine if the interaction interface of 12 and E2 overlaps with where E2
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interacts with DNA similar to the MazF-MazE TA system whereby the MazE antitoxin
interacts with MazF where it is thought to interact with its RNA substrates (Zhang et al

2003; Zhang et al 2005).

Adaptive Evolution of Orphan Immunity Genes

Over the course of our bioinformatic analyses and based on a previous study by Zhao and
colleagues (Zhao et al 2019), we found that some genes present in the rAID clusters have
acquired a number of point mutations over time, suggesting they may have adaptive
functions. However, based on our observation that both the Orf3 and Orf5 orphan immunity
proteins can protect against E2x-mediated toxicity just as well as cognate 12, the observed
point mutations are probably more likely to be neutral. Furthermore, now that I have
defined the interaction interface for this effector-immunity pair, a more focused effort could
be made on what types of mutations would have the potential to make the affinity between
the immunity and the effector proteins stronger based on the fact that only a limited number
of residues seem to be involved. Additionally, if for this family of effectors, we cannot
identify orphan immunity genes that “evolve” over time to better neutralize it, future studies
could more specifically focus on finding mutations that occur in the interaction interface of

the two proteins to look for potential adaptive mutations.
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Table 1: List of the genes with demonstrated or putative nuclease activity discovered to

TABLES

act as the effector of secretion systems of various bacteria. Put. Means putative.

Study Species (Gram) Gene Name Nuclease Family Target
Holberger et al. B. subtilis(+) YobL HNH with a conserved rRNA
(2012) LHH
Holberger et al. B. subtilis(+) YxiD HNH rRNA
(2012)
Holberger et al. B. subtilis(+) YqcG HNH with a Conserved rRNA
(2012) GHE
Holberger et al. B. cereus(+) BC_0920 EndoU nuclease rRNA
(2012) and
tRNA
Holberger et al. B. subtilis(+) YeeF Endonuclease NS_2 RNA
(2012) (Put.)
Holberger et al. B. subtilis(+) Yokl HNH with a SHH RNA
(2012) signature (Put.)
Koskiniemi et. al D. dadantii(-) RhsB HNH DNA
(2013)
Koskiniemi et. al D. dadantii(-) RhsA Endonuclease NS_2 DNA
(2013)
Koskiniemi et. al B. subtilis(+) WapA HNH with a conserved tRNA
(2013) LHH
Ma et al. (2014) A. tumefaciens(-) Tdel and Ntox15 DNA
Tdell
Alcoforado Diniz et S. marcescens(-) Rhs2 HNH DNA
al. (2015)
Cao et al. (2016) S. aureus(+) EsaD Endonuclease NS_2 DNA
Pissaridou et al. P. aeruginosa Tse7 HNH with a GHH DNA
(2018) signature
Jana et al. (2019) V. V12_14465 PD-(D/E)XK nuclease = DNA
parahaemolyticus superfamily
(-)
Jana et al. (2019) B. cereus(+) BC3021 PD-(D/E)XK nuclease = DNA
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Santos et al. (2020) A. tumefaciens(-) V2a HNH with a conserved DNA
AHH
Pei et al. (2020) A. dhakensis(-) Tsel Tox-HNH-EHHH DNA

Table 2: List of protein complexes for which crystal trays were set up

Protein Complex Concentration Used Protein:Crystalization Solution
(mg/ml)

E2 & 12 10 1:1

E2 & 12 PV 12 1:1

E2 & 12 PV 15 1:1

E2 & 12 BU 11 1:1

E2 & Short 12 10 1:1

E2 & Medium 12 10 1:1

E2 & Long I2 10 1:1

Med E2 Meth _CTD & 7 1:1
12 Meth

Short E2 Meth _CTD & 8 1:1
12 Meth
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Table 3: Summary of the results from the ITC experiments shown in Figure 4D

Physical
Name Identity to 12 Interaction with
E2 KD Value (nM)
12 100% Yes 27
12_PV 76% Yes 5
12_BU 68% Yes 18
Orf3 37% Yes 2
Orf5 39% Yes 4.5
12_Meth 28% No N/A
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FIGURES

>

. Effector protein

Recipient

Outer membrane

T6SS

Inner membrane

Figure 1: Schematic of a type 6 secretion system. Upon coming into contact with the
target cell, the apparatus is assembled where the effectors, depending on their types, either
associated with the Hep hexamers or the VgrG protein which is capped by a PAAR spike
forming a VgrG-PAAR protein complex. Thereafter, the sheath is contracted resulting in
the release of the Hcp proteins and by extension the effector in the target cell (Klein et al

2020).
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Figure 2: The genomic context of the effector and immunity loci referred to in the
study. The zigzag lines indicate gaps due to an incomplete sequence assembly. A. The
E2-12 effector-immunity pair we came across initially. E2, contains a WHH nuclease
domain towards its CTD and 12 consists of two SUKH domains. B. Schematic of a
hypothetical rAID cluster. Each cluster starts with a recombinase gene followed by loci

with different levels of sequence identity to cognate immunity genes of different bacterial

51



M.Sc. Thesis — A. Azhieh; McMaster University — Biochemistry and Biomedical
Sciences.

systems. Each locus is separated from the next by repetitive intergenic sequences (Ross et
al. 2019). C. Some rAID clusters of different bacterial species found in the gut that contain
homologues of I2. This includes the strain NCTC9343 of B. fragilis, one of the most widely
used lab strains of B. fragilis, that contains two 12 homologues with identity levels of 37%
and 35% to 12 respectively. The sequence identity levels of 12 homologues to I2 are written
underneath each 12 homologue. D. The E2-12 locus found in a recent study (Zhao et al.
2019) are in a strain of B. uniformis. The same human gut metagenomic samples include a
B. fragilis strain whose genome contains a rAlID cluster which consists of two 12
homologues, named Orf3 and Orf5, which are 39% and 37% identical to 12 respectively.
The sequence identity levels of 12 homologues to 12 are written underneath each 12
homologue. E. Closer homologues of 12 are also found in gut samples in two strains of P.
vulgatus and B. uniformis both encoding homologues of 12 with sequence identity levels of
76% and 67% to 12 respectively, as part of a putative T6SS effector-immunity pair. The

sequence identity levels of 12 homologues to 12 are written underneath each 12 homologue.
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Figure 3: Toxicity assays to quantify the level of toxicity of the E2x in the presence
of different immunity proteins in E. coli. A. CFU (colony-forming units) plating of E.
coli cells expressing the plasmids shown on the left side of the plates. Cells were plated in
1:10 dilutions. 12 is the cognate immunity of E2 and IS is a cognate immunity gene found
in the Bacteroides fragilis YCH46 strain, used here to assess whether the ability to protect
against E2ix-mediated toxicity is specific to 12. The negative sign refers to an empty
plasmid B. CFU plating of E. coli cells expressing the plasmids shown on the left side of
the plates. The assay was carried out in the same way as panel A. C. The sequence
alignment of 12 and the rest of the 12 homologues. The alignment is separated into two
sections corresponding to the two SUKH domains of 12. D. CFU plating of E. coli cells
expressing the plasmids shown on the left side of the plates. SUKHNTP and SUKHCP refers

to the SUKH domains closer to the N-terminus and the C-terminus of 12 respectively.
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Figure 4: 12 and its Bacteroidetes homologues directly bind E2neactp A. The SDS-
PAGE gel showing the result of the copurification of 12 and E2medctp where E2medctp 1s
attached to a polyhistidine tag at its N-terminus. The molecular weight of 12 and E2medctp
are approximately 38.1 KDa and 14.6 KDa respectively. B. The SEC-MALS (size
exclusion chromatography- multiangle light scattering) result from the copurification
experiment shown in A. C. The SDS-PAGE gel from purification of the individual proteins
from a sample effector-immunity pair used for the ITC experiments shown in D. (here, 12
and E2medctp) as described in the methods section. E. The result of the ITC experiments
for each of the effector immunity pairs. For each pair, the upper graph demonstrates the
heat released per unit time and the lower graph is the integration of that result. K4 stands

for the dissociation constant calculated from the lower graph.
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Figure 5: The sequence alignment of 12 and its homologues reveal 27 residues that are

different in I2_Meth. The sequence alignment of 12 and its five homologues investigated

in the study has been shown here. Only the part of the alignment is shown which

corresponds to the SUKH domain closer to the C-terminus of 12 corresponding to the lower

box in Figure 3C. The predicted secondary structure of the protein is derived from the

AlphaFold predicted structure inputted into the software. The red boxes denote residues

where all 6 proteins encode the same amino acid whereas the blue boxes denote where at

least one protein encodes a different amino acid.
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Figure 6: AlphaFold-derived models of protein tertiary structures suggest I2 interacts
with E2¢x and the five 12 homologues closely resemble the 12 structure. A. The
structure of the 12- E2x complex is shown where blue ribbon diagram corresponds to the
predicted structure of E2x and the red to that of 12. The 12 predicted structure shown
corresponds only to the SUKH domain closer to the C-terminus of 12 corresponding to the
lower box in Figure 3C. B. The AlphaFold-predicted structure of 12 and its 5 homologues
investigated in this study. As with A., all these structures are from that of the SUKH domain
closer to the C-terminus of 12 corresponding to the lower box in figure 3¢ with the exception

of the I2_Meth structure which is that of the entire protein.
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Figure 7: Mutagenesis experiments suggest the physical contact between E2¢,x and 12
is mediated through electrostatic interactions between the two. A. The ribbon diagrams
and surface representations of the AlphaFold-predicted model of the protein complex and
shows the electrostatic features of residues on [2ctp in the predicted binding site of the two
proteins. B. The five residues for mutagenesis is shown on the predicted surface
representation of I2ctp C. The overnight growth curve of the four strains in two conditions
where toxin alone or toxin and immunity both were induced. [2_Mut refers to the quintuple
mutant of 12 mentioned in the text. (E228R, D229R, E231R, E234R, N236K) D. Western
blot assaying for the expression of the mutated version of 12 used in part C. Here, 12 Mut”,
the mutated variant of 12 also contains an additional E328R mutation close to its C-terminus

in addition to the five mutations in 12_Mut.
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SUPPLEMENTAL

Table S1: Oligonucleotides used in this study. Fwd and rev refers to the forward and

reverse primers respectively.

Oligonucleotide Sequence (5°- 3”) Restriction
Enzyme

GA1 E2 longCT TGTTAAGCTACATATGGGGCGCATTTTAAACCT  Ndel

_fwd GTATGG

GA1 E2 rev TCAATCAGTATCTAGAACTCGTTTTCTGGTAGCT Xbal
ATTTTTTTTTTC

GA1 12 fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGAT Ndel
GGAGTTGAATAAGATTAAGGATTCTTTAATCC

GA1l 12 rev TCAATCAGTATCTAGATTCCTCTGGGATAAGGT  Xbal
GCG

GA1 E2 Expression. TCAATCAGTAGAATTCGGGCATTTCCCGCAAGT EcoRI
Short fwd CGGCG

GA1 E2 Expression TCAATCAGTAGAATTCGGGGAATCAGCAGAAC  EcoRI
Medium_ rev ACCG

GA1 E2 Expression TCAATCAGTAGAATTCGGGGCGCATTTTAAACC EcoRI

Long_fwd TGTATGGCTACG

GAl E2 Expression TCAATCAGTAAAGCTTTTAACTCGTTTTCTGGTA HindIII

rev GCTATTTTTTTTTTCTGACGG

GAl I2 Expression =~ TCAATCAGTACATATGATGGAGTTGAATAAGAT Ndel

fwd TAAGGATTCTTTAATCCATATCG

GAl I2 Expression =~ TCAATCAGTACTCGAGTTATTCCTCTGGGATAA  Xhol

rev GGTGCGTAATAAAATAACG

2 PV fwd TGTTAAGCTAGAATTCACGGGAGGAAAGATGG  Ecol
AACTGAATGAACTGAAGAACATTCTGATCG

2 PV rev TCAATCAGTATCTAGATTCCTCCGGGATCAGAT  Xbal
GGG

12 BU fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGATGA  Sacl
AGCTGCTCGAACTGAAGCACATCC

12 BU rev TCAATCAGTATCTAGAGTTTTCCGGGATCAGAT  Xbal
GGG

2 PV fwd TGTTAAGCTACATATGGAACTGAATGAACTGAA Ndel
GAAC

12 PV rev TCAATCAGTACTCGAGTTATTCCTCCGGG Xhol

2 BU fwd TGTTAAGCTACATATGAAGCTGCTCGAACTGAA  Ndel
GC

12 BU rev TCAATCAGTACTCGAGTTAGTTTTCCGGG Xhol
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GAl 12 fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGATGC  Sacl

SUKHNP AACTGAGTGAAGACG

GAl 12 rev_ TCAATCAGTATCTAGACTTGGGTTCATATTTCA  Xbal

SUKHNTP GC

GAl 12 fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGATGT  Sacl

SUKHCTP CAGCAAAGAAATTGTCGAGCG

GAl 12 rev_ TCAATCAGTATCTAGATGGGATAAGGTGCGTAA Xbal

SUKHCTP TAAAATAACGG

Orf3 fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGATGA  Sacl
AGATCGAGCTGG

Orf3_rev TGTTAAGCTAGAGCTCACGGGAGGAAAGATGA  Xbal
AGATCGAGCTGG

Orf5 fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGATGA  Sacl
AGATCGAGC

Orf5_rev TCAATCAGTATCTAGATTCTTCTTCTTCG Xbal

12 Meth fwd TGTTAAGCTAGAGCTCACGGGAGGAAAGATGG  Sacl
TGTCAAGAATAC

12 Meth_rev TCAATCAGTATCTAGAATCTTCAAATTCG Xbal

GA1 12 Expression ~ TCAATCAGTACATATGGAATCAGACGACAACCT Ndel
161 fwd GATCCGC

GA1 12 Expression  ~TCAATCAGTACATATGGAAAAGCTGAAAATTGA Ndel
175 fwd GACATCAGC

GA1 12 Expression  ~ TCAATCAGTACATATGTCAGCAAAGAAATTGTC Ndel
182 fwd GAGCGAGG

E2 Meth TGTTAAGCTACATATGAAAGGGGGGATAAACA  Ndel

longCT _ fwd TATATTGTTATCTTGTGAATCCG

E2 Meth TGTTAAGCTACATATGACTGGGCAGCAAAGCAT Ndel

mediumCT _fwd TGTGGAAATAACG

E2 Meth TGTTAAGCTACATATGGGAATAAGCCCTGTAGA Ndel

shortCT _fwd TGCCGAAGGG

E2 Meth Xbal rev TCAATCAGTATCTAGAACCACATTTAGGTTTGC  Xbal
GGCCC

12 Meth Expression  ~TCAATCAGTACATATGGTGTCAAGAATACTTTT  Ndel

fwd CTCAAAGGGGGG

12 Meth Expression  ~TCAATCAGTACTCGAGCTAATCTTCAAATTCGT  Xhol

rev CAGTTTCGACAAGCTGG

E2 Meth Expression TCAATCAGTAGAATTCGGAATAAGCCCTGTAGA Ecol
longCT _fwd TGCCGAAGGG

E2 Meth Expression TCAATCAGTAGAATTCACTGGGCAGCAAAGCAT Ecol
mediumCT_fwd TGTGG

E2 Meth Expression TCAATCAGTAGAATTCAAAGGGGGGATAAACA  Ecol
shortCT _fwd TATATTGTTATCTTGTGAATCC

E2 Meth Expression TCAATCAGTAAAGCTTTTAACCACATTTAGGTT  HindIII
rev TGCGGCCC
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GAl 12 fwd ITC
GAl 12 rev ITC
12 PV _fwd ITC
12 PV rev ITC
12 BU fwd ITC
12 BU rev ITC

Orf3 fwd ITC
Orf3 rev ITC
Orf5 fwd ITC

Orf5 rev ITC

12 Meth_fwd ITC

12 Meth rev ITC
GA1 12 D231R fwd
GA1 12 D231R rev
GA1 12 E228R fwd
GA1 12 E228R rev
GA1 12 E234R N23
6K fwd

GA1 12 E234R N23
6K rev

GA1 12 E234R N23

6K_E228R D229R D
D231R_fwd

TCAATCAGTACATATGATGGAGTTGAATAAGAT
TAAGGATTCTTTAATCCATATCG
TCAATCAGTACTCGAGTTCCTCTGGGATAAGGT
GCGTAATAAAATAACGG
TCAATCAGTACATATGATGGAACTGAATGAACT
GAAGAACATTCTGATCGACTGCG
TCAATCAGTACTCGAGTTCCTCCGGGATCAGAT
GGGTGATGAAGTAGCGG
TCAATCAGTACATATGATGAAGCTGCTCGAACT
GAAGCACATCCTCATCG
TCAATCAGTACTCGAGGTTTTCCGGGATCAGAT
GGGTAACG
TCAATCAGTACATATGATGAAGATCGAGCTGGA
GAACTGCCAGAAGAGTCTGACACTGAAAGATTT
TGAGG
TCAATCAGTACTCGAGTTCTTCTTCCTCAATAAA
ATGATTAATGAAGTAGTTAAAAGACTGGGCG

TCAATCAGTACATATGATGAAGATCGAGCTGGA
GAACTGCCAGAAGAGTCTGACACTGAAAGATTT
TGAGG
TCAATCAGTACTCGAGTTCTTCTTCTTCGATGAA
ATGGTTAATGAAGTAGTTGAAACTCTGGGCG
TCAATCAGTACATATGATGGTGTCAAGAATACT
TTTCTCAAAGGGGGG
TCAATCAGTACTCGAGATCTTCAAATTCGTCAG
TTTCGACAAGCTGG
AATTTCTTCTCACCGCAAGATGAAGATATGAGA
GAGGTTGAAATTAACATCTTCTTGCCG
AATTTCAACCTCTCTCATATCTTCATCTTGCGGT
GAGAAGAAATTCAAGTTGGG
TTCTCACCGCAAGATAGGGATATGGATGAGGTT
GAAATTAACATCTTCTTGCCG
AACCTCATCCATATCCCTATCTTGCGGTGAGAA
GAAATTCAAGTTGGGCATGCCGCCG
ATGGATGAGGTTAGGATTAAGATCTTCTTGCCG
ATCAAGTATCCGC
CGGCAAGAAGATCTTAATCCTAACCTCATCCAT
ATCTTCATCTTGCGG
AGGAGGATGAGGGAGGTTAGGATTAAGATCIT
CTTGCCGATCAAGTATCCGC
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Ndel

Xhol

Ndel

Xhol

Ndel

Xhol

Ndel

Xhol

Ndel

Xhol

Ndel

Xhol

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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1:GA1 E2 229 CTD:GAl I2_
161 CTD

construct in MCS1 and GA1 12 from the
162th residue to the C-terminus in MCS2
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GA1 12 E234R N23 CCTCATCCTCCTATCTTGCGGTGAGAAGAAATT N/A

6K E228R D229R D CAAGTTGGGC

D231R rev

GA1 12 E328R TCAATCAGTATCTAGATTCCCTTGGGATAAGGT  Xbal

GCGTAATAAAATAACGG
Table S2: Plasmids Used in this study

Plasmids Description Source

pSCrhaB-CV Cardona &
Valvano
2005

pSCrhaB2::GA1 E2 193 CTD contains the toxic E2 construct starting at This study

the 192 residues

pPSV39-CV (Rietsch et
al., 2005)

pPSV39-CV::GAl 12 contains GA/ 12 This study

pETDuet- pETDuet vector containing the long E2 This study

1::GA1 E2 193 CTD::GA1 12 construct in MCS1 and GA1 12 in MCS2

pETDuet- pETDuet vector containing the medium E2  This study

1::GA1 E2 229 CTD:GA1 12 construct in MCS1 and GA1 12 in MCS2

pETDuet- pETDuet vector containing the short E2 This study

1::GA1 E2 255 CTD::GA1 12 construct in MCS1 and GA1 12 in MCS2

pPSV39-CV:12 PV Contains 12 PV This study

pPSV39-CV:12 BU Contains 12 BU This study

pETDuet- pETDuet vector containing the medium E2  This study

1::GA1 E2 255 CTD:12 PV construct in MCS1 and 12_PV in MCS2

pETDuet- pETDuet vector containing the medium E2  This study

1::GA1 E2 255 CTD:12 BU construct in MCS1 and 12_PV in MCS2

pPSV39- Contains the N-terminal SUKH domain of ~ This study

CV:GAl 12 SUKHI 46 480 12

pPSV39- Contains the C-terminal SUKH domain of 12 This study

CV:GAIl 12 SUKH2 544 978

pPSV39-CV::0rf3 Contains Orf3 This study

pPSV39-CV::0Orf5 Contains Orf5 This study

pPSV39-CV::12 Meth Contains 12 Meth This study

pETDuet- pETDuet vector containing the medium E2  This study
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pETDuet-
1::GA1_E2 229 CTD::GAl 12
175 CTD
pETDuet-
1::GA1_E2 229 CTD::GAl 12
182 CTD
pSCrhaB2::E2 Meth 1327 CTD

pETDuet-

1::LW13_Eff 1327 CTD::LW13
_Imm

pETDuet-

1::LW13_Eff 1367 CTD::LW13
_Imm

pETDuet-

1::LW13_Eff 1393 CTD::LW13
_Imm

pET29b::GA1 12

pET29b::12 PV

pET29b::12 BU

pET29b::0rf3

pET29b::0rf5

pET29b::12 Meth
pPSV39-CV::GAl I5

pPSV39-

CV:GAl 12 E228R D229R D2
31R E234R N236K

pPSV39-

CV:GAl 12 E228R D229R D2
31R E234R N236K E328R

pETDuet vector containing the medium E2
construct in MCS1 and GA1 12 from the
175th residue to the C-terminus in MCS2
pETDuet vector containing the medium E2
construct in MCS1 and GA1 12 from the
182th residue to the C-terminus in MCS2
Contains the long E2_Meth construct
starting at the 1327 residue of E2_Meth
pETDuet vector containing the Long

E2 meth construct in MCS1 and I12_Meth in
MCS2

pETDuet vector containing the medium

E2 meth construct in MCS1 and 12 Meth in
MCS2

pETDuet vector containing the Short

E2 meth construct in MCS1 and I12_Meth in
MCS2

Contains GA1 12

Contains 12 PV

Contains 12 BU

Contains Orf3

Contains Orf5

Contains 12 Meth

Contains GA1_I5

Contains GA1 12 with mutations at the
specified residues

Contains GA1 12 with mutations at the
specified residues

This study

This study

This study

This study

This study

This study

This study
This study
This study
This study
This study
This study
This study
This study

This study
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