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Abstract: 

As part of its pathogenesis, Salmonella enterica serovar typhimurium delivers effector proteins 

into host cells. One such effector is SspH2, a member of the novel E3 ubiquitin ligase (NEL) 

family, which has been reported to interact with, and enhance, NOD1 pro-inflammatory 

signaling. It is still unknown as to how SspH2 is specifically mediating increased NLR activity. I 

transfected host NLRs and bacterial SspH2 in mammalian epithelial cell culture and monitored 

various aspects of SspH2 interactions in host cells. I demonstrate that SspH2 interacts with two 

out of three different regions on NOD1, namely its central Nucleotide binding domain, and its C-

terminal Leucine rich repeat domain by using co-immunoprecipitations (co-IP). Using the same 

methods, I also determined that SspH2 also interacts with NOD2, a closely related NLR to 

NOD1. This interaction induces super-activation of NOD2, resulting in increased IL-8 secretion 

that was measured by ELISA. Furthermore, I show that catalytically active SspH2 significantly 

increases NLR-mediated cytokine secretion via the NF-κB pathway. With the help of Shu Luo 

from the Julien lab, I immunoprecipitated NOD1 in the presence of SspH2 and utilized liquid 

chromatography with tandem mass spectrometry (LC-MS/MS) to uncover specific sites of 

ubiquitination on NOD1. I then semi-quantitatively analyzed the peptide fragment intensities of 

LC-MS/MS and identified lysines of statistical importance. Based off of these identified lysines, 

I mutated them to arginine residues, such that they could no longer be ubiquitinated. These 

NOD1 variants retained their interaction with SspH2 and showed similar basal activity compared 

to wildtype NOD1 through analysis by co-IP. Interestingly by utilizing IL-8 ELISAs, I identified 

4 key lysine residues in NOD1 that are specifically required for enhanced cytokine secretion in 

the presence of SspH2. Here, I provide evidence for post-translational modification of NOD1 by 

ubiquitin, and uncover a unique mechanism of targeted ubiquitination to enhance the activation 
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of an archetypal NLR. To my knowledge this is the first demonstration that NLRs are 

specifically ubiquitinated by bacterial effectors. 
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CHAPTER 1 – INTRODUCTION 

1.1 Salmonella Typhimurium 

1.1.1 Salmonella Typhimurium Overview 

Salmonella enterica is a Gram-negative, rod-shaped, primarily flagellated, facultative anaerobic 

bacterial species that contains over 2600 different serovars (1, 2). This bacterium is deposited in 

the environment due to contaminated fecal matter from humans and animals (1, 3). S. enterica is 

primarily differentiated between typhoidal (e.g., S. enterica serovar Typhi), and non-typhoidal 

Salmonella (e.g., S. enterica serovar Typhimurium) (1). Typhoidal Salmonella serovars cause 

enteric fever, which is an invasive, life-threatening systemic disease that is endemic in the 

developing world as a result of lack of sanitation (2, 4). Non-typhoidal Salmonella causes 

diarrhoeal disease, and enterocolitis worldwide, and annually result in an estimated 1.3 billion 

infections, 3 million deaths, and 33 million healthy life years being lost (5, 6). Non-typhoidal 

Salmonella is spread by fecal contamination of produce, animal product, and can be a result of 

person to person contact and from contact with pets (2). To experience enterocolitis that results 

in diarrhoea, >50,000 bacteria need to be consumed, and symptoms typically occur 6-72 hours 

after consumption. This infection will typically resolve in 5-7 days without the need for 

treatment in otherwise healthy individuals. Furthermore, Non-typhoidal Salmonella serotypes 

can persist in the gut for 6 weeks – 3 months, allowing for shedding during this time (4, 6). 

After being ingested, S. enterica serovar Typhimurium (S. Typhimurium) enters the 

gastrointestinal tract and accesses the epithelial layer of the terminal ileum by utilizing its 

flagella (7). Salmonella must compete with resident commensal intestinal microbiota. To 

compete with commensal bacteria, S. typhimurium uses virulence factors which induce intestinal 

inflammation to facilitate a competitive advantage over the gut commensals (8). Furthermore, S. 
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Typhimurium elicit significantly higher levels of neutrophil chemoattractant IL-8 from the cells 

that they infect to aid in their pathogenesis (9). Neutrophil recruitment leads to increased 

inflammation in epithelial cells, allowing S. typhimurium to sequester key nutrients away from 

the host, and promote transmission through diarrhoea (7, 10). 

Many adhesins and fimbriae are necessary to mediate attachment of S. typhimurium to epithelial 

cells in the gut (11). Subsequent invasion of intestinal epithelial cells can be mediated in many 

different fashions. For example, this can be accomplished through M cells in the Follicle-

associated epithelium covering Peyer’s Patches, which are a critical entry site for antigens and 

pathogens from the lumen to the lamina propria (12). Invasion can also occur by disrupting tight 

junctions to invade through paracellular pathways, or by utilizing cells that intercalate between 

epithelial cells, like CX3CR1+ macrophages/Dendritic cells (13-16). Salmonella can also be 

internalized by non-phagocytic enterocytes by using its Type III Secretion System (T3SS) 

encoded on Salmonella Pathogenicity Island-1 (SPI-1) that translocates effector proteins into the 

cytosol of the epithelial cell. This induces actin rearrangement, membrane ruffling, and non-

phagocytic uptake of the bacteria into host cells (17-19). Once Salmonella have been 

phagocytosed (either as a result of crossing the Peyer’s Patches, and being uptaken by 

macrophages, or through induced phagocytosis of epithelial cells), it begins to express a 2nd 

T3SS via its Salmonella pathogenicity island-2 (SPI-2), which allows Salmonella to begin 

replicating (8).  

1.1.2 Type III Secretion System structural overview 

To facilitate bacterial survival in host organisms, many gram-negative bacteria such as 

Salmonella enterica serovar typhimurium, Shigella flexneri, Enteropathogenic/ 

enterohemorrhagic E. coli (EPEC/EHEC), Yersinia spp., and Pseudomonas aeruginosa use the 
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remarkably conserved type III secretion system (T3SS). This structure is used to targets animals 

and plants, and is found to be essential for bacterial pathogenicity. The T3SS has a syringe-like 

appearance with a wide base embedded into the membrane of bacteria and a thin extracellular 

membrane-spanning needle, capped by a tip complex that senses host cells that protrudes into the 

extracellular space. The export apparatus is where the bacterial proteins gather for injection, and 

the ATPase complex recruits ATP to power the structure (20, 21) (Fig. 2). This complex 

nanomolecular machine is over 3.5 MDa, and consists of more than 20 uniquely named protein 

subunits (22). Phylogenetic analysis of the conserved proteins show that the T3SS was first used 

to transport extracellular components of the flagellum, before being co-opted by different 

bacteria to exploit niches which engage with eukaryotic cells (23).The Non-Flagellar-T3SS is 

also used by pathogenic bacteria to translocate effector proteins across three membrane layers: 

the bacterial inner membrane, the bacterial outer membrane, and the host membrane, to allow 

bacterial proteins to easily gain access to, and interact with, host cells (23). 

The proteins that make up this structure, and the way it behaves and assembles are detailed in 

great length elsewhere  (22, 24-26).  
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Figure 1.1. Summary of the non-flagellar type III secretion system structure.  

OM, outer membrane; IM, inner membrane. Adapted from (22, 24-26). 
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1.1.3 Salmonella pathogenicity island 1 

S. Typhimurium has multiple different Salmonella pathogenicity islands (SPIs), which are 

clusters of virulence associated genes that are responsible for encoding many virulence genes 

that can contribute to host specificity (27). These are thought to have been transferred to 

Salmonella spp. through horizontal gene transfer due to the different GC content from the rest of 

the bacterial genome (28).  

To mediate the transfer of effector proteins into the host cell, S. typhimurium utilizes SPI-1; a 

40kb locus that encodes a T3SS important for initial phagocytosis (27, 29, 30). SPI-1 proteins 

transferred into host cells are required for the invasion of epithelial cells and macrophages, 

alongside inducing macrophage apoptosis (31). Salmonella bacteria containing mutations in 

some of these regions show reduced ability to infect mice through oral administration. However, 

mutations in SPI-I do not have on effect on mice infected intraperitonally (32). 

SptP, SopE, and SopE2 comprise a subset of proteins that are used to modify the signaling 

transduction pathway inside host cells. This allows for cytoskeletal rearrangement leading to 

non-phagocytic host cell (epithelial cell) invasion. This is carried out by interfering with small 

GTPases, Cdc42, Rac-1 and Rho, to mediate the formation of the cytoskeleton and F-actin 

filaments. SopE and SopE2 act as GTP exchange factors, activating Cdc42 to cause the 

formation of actin filaments at the site of protein translocation (33). To ensure host cell survival 

after bacterial invasion, which allows for S. typhimurium replication, SptP functions as a GTPase 

activating factor, in opposition to SopE/E2, inactivating Cdc42 and Rac-1, leading to stoppage of 

actin polymerization and membrane ruffling (34). Macrophage apoptosis is mediated by SipB 

induction of caspase-1 and caspase-2. This also causes the release of pro-inflammatory IL-8, 

causing other immune cells to congregate (35, 36). SopA, SopB, and SopD are related to the 
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induction of diarrheal symptoms of Salmonella infections. SopB is an inositol phosphate 

phosphatase, resulting in the activation of chloride channels in the membrane of targeted 

epithelial cell in the intestinal lumen (37). SopA and SopD are not as well understood, but both 

contribute to diarrhea in a bovine model of Salmonella infection (38). Furthermore, SspH1, a 

bacterial E3 ligase which contributes to virulence in calves, has been shown to be translocated by 

SPI-1 (39). 

1.1.4 Salmonella pathogenicity island 2 

SPI-2 is a 40kb locus that encodes a second T3SS that is involved in intracellular survival (27, 

40). SPI-2 presence is considered an evolutionary step towards species specific colonization of 

warm-blooded animals (41). Mutation of genes inside this region caused attenuation of virulence 

in oral and intraperitoneal infections of mice, indicating that it is used after initial epithelial 

infection (40). Mutation of SPI-2 genes also attenuates infection in porcine models (42). 

To mediate systemic infections, this locus is required for replication inside of Salmonella 

containing vesicles (SCVs) in macrophages (31, 38). To allow proliferation of Salmonella inside 

of SCVs, SPI-2 proteins prevent colocalization of phagocyte oxidase (43) and nitric oxide 

synthetase (44). As a result of this activity, intracellular Salmonella are protected against 

antimicrobial activity of peroxynitrate, formed by the combination of reactive oxygen and 

nitrogen intermediates (38). SifA, an effector protein not found in SPI-2 itself, but translocated 

by SPI-2 encoded T3SS, is essential in maintaining the integrity of SCV phagosome membranes 

(38). SpiC is translocated by the SPI-2 T3SS to interfere with cellular trafficking (45). 

Furthermore, SspH1 and SspH2, bacterial E3 ubiquitin ligases that contribute to virulence in 

calves, have been shown to be translocated inside host cells only once bacteria have successfully 

invaded the host cell (39).  
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SPI-2 also encodes genes responsible for tetrathione reductase expression (ttrBCA and ttrRS) 

(46). During anaerobic respiration, tetrathionate utilization as an electron acceptor is a specific 

trait used for the identification and enrichment of Salmonella spp. in clinical specimens (38).  

This information is covered in more detail by in-depth reviews by Marcus et. al. and Schmidt et. 

al. (30, 38).  

1.1.5 SspH2 

Salmonella secreted protein H2 (SspH2) is a commonly found protein during S. typhimurium 

infection (39, 47-49). SspH2 was first discovered by looking at protein homology to sspH1 in 

1999 by Miao et. al (39). SspH2 are present in human cells infected with Salmonella species, and 

are also found in calves, where it contributes to virulence alongside SspH1 (39). The SsrAB 

virulon controls expression of SPI-2, which encodes the SPI-2 T3SS, enabling injection of 

SspH2 (50, 51).  

SspH2 is an 87 kDa protein that has 69% homology to SspH1, 40% sequence homology to 

IpaH4.5 (found in Shigella spp), and 33% homology to YopM (found in Yersinia pestis) (39). 

These proteins (except YopM) all share a similar structure. They have 2 major domains: an 

amino terminal leucine rich repeat (LRR) domain, and a carboxy terminal active domain (52) 

(Fig. 1.2). The LRR domain of SspH2, which is similar to YopM, (residues 171-481) consists of 

12 repeats of the LRR motif (LxxLPxxLxxLx5VxLxxNPL) that are capped at both termini by α-

helices (52). To allow SspH2 to be translocated into the host cell, it requires 143 amino acids at 

the N terminus. These amino acids are also correlated to a conserved sequence set found across 7 

proteins on SPI-2 (53). The C terminus of the LRR domain serves as a connecting loop to the 

NEL domain, which starts at 492 and is helical with unique folding (52). Cys580 in the NEL 
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region is the residue responsible for the catalytic activity of SspH2 (52). In an inactive state, the 

amino terminus LRR shields the active site in a closed conformation. Upon activation, SspH2 

dimerizes in a way similar to IpaH9.8 to un-inhibit the active site, allowing substrate mediated 

activity (54). 

Upon injection into host cells, SspH2 is localized to the plasma membrane (52). This function is 

mediated by the Cys9 residue which is stably palmitoylated (55). This brings SspH2 in close 

proximity to many host proteins like the immune receptor NOD1. SspH2 interacts with both 

NOD1 and SGT1 to increase SGT1-dependent NOD1 activity (56).  

It is known that SspH2 mediates ubiquitination in host cells (52, 56). It has also been shown that 

SspH2 selectively binds the E2 enzyme, UbcH5. This protein complex is found to bind to 

ubiquitin better than UbcH5 alone (57). Upon closer investigation of this phenomenon, it was 

discovered that SspH2 binds regions of UbcH5 previously not thought to be important for E3 

ligase binding to mediate poly-ubiquitination directly to UbcH5 in vitro (57).  

There is also evidence that SspH2 interacts with mammalian actin cross-linking protein, filamin 

through the conserved N terminal amino acids 1-61 and interacts with profilin through the 

carboxy terminal end (58). Through this interaction, it is thought that SspH2 may play a role in 

cross-linking actin causing cell morphology changes. This is supported by observing inhibited 

actin formation in the presence of SspH2 in vitro (58). 

Full length SspH2 can also be used to inhibit effective host response to bacterial infection. Along 

with many other injected Salmonella proteins, SspH2 can inhibit T cell activation via disturbing 

normal dendritic cell priming (59). Additionally, SspH2 has been shown to inhibit dendritic cell 

chemotaxis (60). 
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SspH2 has also been proposed to be used for therapeutic or vaccine related purposes. The amino 

terminal proteins can be used as a scaffold for fusion proteins. These fusion proteins can be 

translocated into cells and reduce bacterial infection. An example of this is shown with SspH2-

EscI fusion protein (61). When SspH2 is fused to EscI and used for immunization, SspH2-EscI 

immunized mice were able to clear wild-type Salmonella infections after 6 days compared to 

other fusion protein vaccinations. This shows a possible role for attenuated bacteria being used 

as a vaccine candidate through caspase dependent immunity (62). Furthermore, the amino 

terminal end can also be used for translocating fusion constructs that can be used for priming 

CD4 and CD8 dependent immune responses for a more classical vaccine response (63). 
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Figure 1.2. Domain structure of SspH2. 

SspH2 is a 87 kDa protein that is composed of an amino-terminal LRR domain connected to a 

carboxy-terminal NEL domain, which holds the catalytically active cysteine responsible for its 

ubiquitin E3 ligase function. Created with Biorender.com 
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1.2 Ubiquitination 

1.2.1 Ubiquitination Overview 

Ubiquitin is a 76 amino acid, ~8.5 kDa protein, that is ubiquitously expressed in eukaryotic 

organisms (64, 65). Ubiquitin belongs to the ubiquitin-like (UBL) protein family, and shares 

structural and sequential homology with proteins like the Small Ubiquitin-like Modifier 

(SUMO)-1 (~11 kDa) (66, 67), Interferon stimulated gene 15 (ISG15) (~15kDa) (68), and Neural 

precursor cell expressed, developmentally down-regulated 9 (NEDD9) (~8kDa) (69). Ubiquitin-

like proteins that share some similarities in structure and conjugation systems have also recently 

been identified in bacteria (70, 71). 

Ubiquitination is a reversible way that eukaryotic organisms utilize to post-translationally 

modify host proteomes with the conserved protein, ubiquitin. Ubiquitination results in many 

different functions in the cell. It was first identified to serve as a trigger for 26S proteosome 

degradation, but has since been identified for other functions such as inducing signal 

transduction, and selective autophagy (64, 65, 72). Ubiquitination of substrate proteins is 

mediated by ubiquitin covalently binding, via the C-terminal glycine residue, to the ε-amino 

group of a substrate lysine (73, 74). This process starts with an ATP-dependent, ubiquitin-

activating enzyme (E1) that first recruits ubiquitin. Ubiquitin is then transferred to a ubiquitin-

conjugating enzyme (E2) via a thioester linkage. A ubiquitin ligase (E3) subsequently binds 

substrate and transfers the ubiquitin from E2 to the final substrate which varies in mechanism of 

action depending on the type of E3 (Fig. 1.3) (65, 75-78). 

Encoded in the human genome, there are two E1 enzymes, 37 E2 enzymes and >600 E3 ligases 

that account for the multitude of protein modifications (79, 80). There are two main groups of E3 

enzymes that function endogenously in slightly different fashions, namely Really Interesting 
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New Gene (RING) and homologous to E6-associated protein C-terminus (HECT) (79). RING 

E3s function by acting as scaffolds, bringing E2s and the targeted substrates into proximity and 

mediating the direct exchange of ubiquitin between the two (81). HECT E3s function by binding 

both the E2 and substrate, but by using their conserved cysteine to act as an intermediary for 

ubiquitin prior to substrate ubiquitination (81). 

The type of ubiquitin chain signal present on substrate changes the type of biological effect that 

it has. K48 and heterotypic K11/K48 chains serve as a trigger for substrates to be degraded by 

the 26S proteosome. Alternatively, mono-ubiquitination or linear ubiquitination with K6, K27, 

K33, or K63 are typically involved in selective autophagy, DNA damage repair, and innate 

immunity autophagy (Fig 1.4A) (72). Targeted substrate proteins can be modified by mono-

ubiquitination, or by the addition of polymeric ubiquitin chains. Polymeric chains can be made 

through multiple combinations of homo- or heterotypic branching or linear internal lysine 

linkages (K6, K11, K29, K33, K48, K63) or N-terminal methionine linkages (Fig. 1.4B) (72, 82-

85). 

The type of ubiquitin chain present on substrates can be effectively interpreted by proteins 

containing ubiquitin-binding domains, which identify terminal chain-specific residues at linker 

regions connecting ubiquitin molecules (86-89). De-ubiquitinating enzymes act to remove 

ubiquitinating enzymes on substrate proteins (90, 91). 
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Figure 1.3. General Protein Ubiquitination Pathway.  

Ubiquitin chain formation proceeds through multiple steps, during which ubiquitin attaches to an 

E1 enzyme through adenylation. This ubiquitin gets transferred from the E1 enzyme to an E2 

enzyme. The E3 enzyme then binds to both the E2 enzyme and substrate and facilitates transfer 

of ubiquitin to the substrate. Created with Biorender.com. 
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Figure 1.4. Functions of different types of ubiquitination.  

A) The repertoire of ubiquitin chains, linked through methionine (M) 1 (linear/head-to-tail) or 

through the internal lysine (K) residues 6, 11, 27, 29, 33, 48 and 63 with a short description of 

their cellular function. B) Overview of several modes of substrate ubiquitination including 

different forms of mono- and polyubiquitination. Adapted from (80). Created with 

Biorender.com. 
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1.2.2 Pathogenic ubiquitination 

Ubiquitin ligase mimicry is a mechanism used by pathogens to enable effective utilization of 

host resources. In plants, Pseudomonas syringae, which is a bacterial pathogen of Arabidopsis 

thaliana cells and tomatoes, utilizes AvrPtoB effector that has a RING domain on its carboxy-

terminal end, to mediate its virulence (92). Viruses can also alter host post-translational 

pathways by encoding their own de-ubiquitination enzymes, or E3 ligases (93, 94). 

Pathogenic bacteria like Legionella, Shigella, and Salmonella can also subvert ubiquitination in 

mammalian cells. They can do this through utilizing HECT-like, RING/U-box-like and Novel E3 

ligase (NEL) effectors (92). There are at least 15 NELs, which function similarly to HECT E3 

ligases. Like HECT E3 ligases, NELs utilize a catalytic cysteine residue for ubiquitin transfer 

(52, 95-98). NEL proteins primarily share a conserved structure pattern composed of an amino-

terminal LRR domain and an entirely helical carboxy-terminal NEL catalytic domain, which is 

distinct from other E3s (99). 

NELs can perform many different functions inside of the host cell. In Shigella spp. one of the 

most common effector proteins upon contact with human cells are the IpaH proteins. As a proof-

of-concept experiment in yeast, IpaH9.8 has been shown to possess E3 ubiquitin ligase activity 

used to initiate proteasomal degradation of MAPKK Ste7 (100). IpaH9.8 functions to remove 

granule binding proteins from Shigella flexneri to help the bacteria evade the host immune 

response (101), and to inhibit NF-κB signaling by degrading NEMO (92). Other IpaH proteins 

which include IpaH1.4, 2.5, and 4.5 are also known to inhibit NF-κB activity (92, 101). 

Other NEL proteins have also been identified that do not share the exact same domain structure. 

Legionella NELs, such as SidC and SdcA, have an amino-terminal ubiquitin ligase (SNL) 

domain, and contain a phosphatidylinositol-4 phosphate binding domain, and function to alter 
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protein trafficking in the host cell (101). This is accomplished by SidA through mono-

ubiquitination of Rab which induces the maturation of the host Legionella-containing vacuole 

(101). Yersinia bacteria also inject a protein that contains NEL-like function. YopM is peculiar, 

in that it does not have a designated catalytic cysteine. It has been shown to function by 

inhibiting the inflammasome formation by ubiquitinating NLRP3, marking it for proteasomal 

degradation (102). 

Salmonella contains 3 different NELs, SspH1, SspH2, and SlrP. SspH1 is an E3 ligase, which 

utilizes the mammalian protein PKN1 as a substrate, and translocates to the nucleus, preventing 

NF-κB activity (100). SlrP functions to induce host cell death by ubiquitinating thioredoxin 

(102).  

1.3 NLR signaling 

1.3.1 NLR Overview 

The recognition of microbial- or damage-associated molecular patterns (MAMPs and DAMPs, 

respectively) on the surface, or in the cytosolic compartment of host cells is critical for host 

immunity. Pattern recognition receptors (PRRs) play an important part in recognizing these 

molecular patterns, acting as first line defenders against infectious agents. These include Toll-

like receptors (TLRs), NOD-like receptors (NLRs), RIG-like receptors (RLRs), and AIM2-like 

receptors (ALRs). Nod-like receptors (NLRs) are associated with sensing MAMPs alongside 

DAMPs, and ER stress in mammalian cells (103). There are 22 identified members of the NLR 

family in humans (104, 105). NLRs are characterized by their tripartite structure consisting of: i) 

a variable amino terminal domain, which is critical for interactions with downstream effector 

proteins, ii) a central nucleotide binding domain (NBD) that facilitates NLR oligomerization, and 

iii) a carboxy terminal leucine-rich repeat (LRR) domain that senses bacterial structures. NOD1 
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and NOD2 are the founding members of the NLRs, first described by Inohara et al. in 1999 

(106), and have since been grouped as NLRCs as they contain a characteristic amino terminal 

caspase activation and recruitment domain (CARD). NOD1 and NOD2 are commonly found in 

the cytosol of host cells (106). To mediate their activation, these receptors localize to actin-rich 

regions in the plasma membrane (107, 108). NLRP proteins contain a Pyrin domain in the 

amino-terminal region of the protein. NLRP3 activation, used as a mechanism for antimicrobial 

activity, induces interaction with caspase-1, which facilitates induction of the inflammasome, 

leading to inflammatory cell death (109). 

1.3.2 NOD1 

NOD1 is a canonical NLR, characterized by its nucleotide-binding and oligomerization domain 

(NOD) (106). This 108 kDa protein is a tri-partite protein encoded by the gene card4 in humans, 

and is similar in function to nematode CED-4/Apaf-1 cell death family proteins (110). Each of 

the domains play important roles in how NOD1 is able to activate and signal through NF-κB. An 

overview of general NOD1 structure, and activation pathways is shown below for convenience 

(Fig. 1.5). 

The CARD region is the distinct region that places NOD1 in the NLRC family. NOD1 CARD 

consists of an arrangement of 6 alpha-helices closely packed around a hydrophobic core (111). 

NOD1 CARD is a dimer at pH 6.0 and a monomer at pH 7.0 (112). This suggests that upon 

activation, NOD1 dimerizes to induce pro-inflammatory cytokine function. When crystallized, 

the CARD region forms a dimer by swapping of the 6th helices between helices 1 and 5 at the 

carboxy termini (113). Upon closer inspection, this homodimerization is stabilized by the 

formation of an interchain disulfide bond between Cys39 residues. Furthermore, R35 & D95 

have been found to be necessary for homodimerization (112). It has also been found that amino 



18 
 

acids 107-138 are important for NOD1 CARD protein stability (111). NOD1 CARD is also 

responsible for the homophilic domain interaction with RIP2 (106, 114). In the mere presence of 

both NOD1 and RIP2, it is known that both proteins spontaneously interact (114). NOD1 E53, 

D54, and E56 (on its exposed major acidic patch) are part of the interaction surface while R69 

mediates protein stabilization between the RIP2 residues R444, R483, and R488 (111). In further 

findings, NOD1 L40A, V41A, D42K, triple mutant, and L40A-D42K & D42K-L44A double 

mutants have impaired ability to bind RIP2. These residues form a cluster adjacent to the acidic 

residues and likely forms a peripheral part of the interaction surface (111). 

NOD1 NBD is an internal ATP/GTPase domain which includes a Walker A box, P-loop and 

Walker B box, and Mg2+ binding site that helps to facilitate oligomerization and activation (106, 

114). To maintain function, NOD1 must maintain ATPase activity by keeping D248 and K208 

conserved; mutations at these points renders NOD1 non-functional (115). Furthermore, the 

Walker A and B box, Sensor 1 and GxP motif are critical for activation of both NOD1 and 

NOD2 (108). 

The NOD1 LRR domain is made up of a series of 10 repeating Leucine rich repeats, folded into 

a right-handed, curved solenoid structure which contain a putative alpha helix and beta sheet, 

characteristic of LRRs as a whole (106, 116). The LRR domain is thought to be present in a 

closed conformation when inactive and in its absence, NOD1 induces increased pro-

inflammatory cytokines (106, 114). In particular, it has also been shown that NOD1 648-668 

deletions resulted in increased basal activity (115). NOD1 requires its LRR domain to interact 

with its ligand, tri-DAP and iE-DAP (117). It has also been shown that NOD1 interacts with 

HSP70/90, keeping it in its closed conformation, and it is thought that this interaction occurs at 

the LRR domain, similar to other related LRR structures (118). Therefore, distal LRRs of NOD1 
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are essential for suppression of the constitutive activation of these proteins as well as for 

recognition of bacterial components (115). 

One of the first things noted about NOD1 is that overexpression causes the activation of NF-κB 

(106). It was initially thought that NOD1 can recognize lipopolysaccharide (LPS) through its 

LRR domain. However, this LPS activation was determined to be because of contamination of 

the samples (114). As it was later revealed, NOD1 is critical in epithelial sensing of intracellular 

bacteria through peptidoglycan sensing of GlcNAc-MurNAc (GM)-tripeptide diaminopimelate-

containing N-acteylglucosamine-N-acetylmuramic acid tripeptide motif (Tri-DAP) (119). NOD1 

also recognizes γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP) in bacterial peptidoglycan 

(120). NOD1 is particularly robust in its ability to sense these peptides. For example, NOD1 can 

detect iE-DAP even after it was subjected to harsh acidic treatment, harsh basic treatment, and 

boiling (121). Additionally, to induce activation in the cell, peptidoglycan recognizing protein-L 

might play a role in degrading bacterial cell wall components and potentiates the detection of 

peptides by NOD1 (122). Changing meso-DAP to L-ornithine makes it so that NOD1 is unable 

to detect PGN (122). The recognition of TriDAP is done through interactions with NOD1 LRR 

domain in the centre of the concave surface (LRR 5,6,8) (116). This interaction stimulates 

protein oligomerization (123). Furthermore, this oligomerization elevates NOD1 binding to RIP2 

and increases RIP2 phosphorylation (117).  

NOD1 activation also results in the binding of ATP, which allows direct binding to pro-apoptotic 

protein BID, which results in increased NOD1 activity (123). It has also been shown that ER 

stress induces NOD1 signaling independent of peptidoglycan through stimulation with 

thapsigargin (124). However, upon closer investigation it was posited that the ER stress causes 

cellular perturbations that affect intracellular Ca2+. This reaction can trigger internalization of 
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peptidoglycan trace contaminants found in culture serum, thereby stimulating pro-inflammatory 

signaling. This is what is likely being seen when thapsigargin induces NOD1 signaling (125). 

NOD1 is present in multiple tissues which include: epithelial cells, heart, placenta, lung, skeletal 

muscle, liver, spleen, kidney, thymus, and ovary (106). It has also been identified that NOD1 

proteins are found in eosinophils and neutrophils (126). Through closer examination of activated 

NOD1, it has been determined that NOD1 localizes to actin rich regions of the plasma membrane 

(107, 108). Furthermore, NOD1 recruits the autophagy protein ATG16L1 to the plasma 

membrane at sites of bacterial entry (107). This interaction allows NOD1 to induce autophagy of 

intracellular bacteria (107). 

Interestingly, it has been documented that NOD1 stimulatory molecules can also be detected 

from bacteria growing outside of host cells. Thus, it is not strictly necessary for bacteria to infect 

cells to be able to activate NOD1 signaling (121). However, inside the cell NOD1 interacts with 

many different host proteins. Alongside interacting with RIP2 to mediate NF-κB activation, it 

also interacts with Caspase 1, 2, 4, 8, and 9 and CLARP (106). When interacting with Caspase 9, 

NOD1 enhances activity, and mediates this interaction between CARD regions (106). 

Furthermore, NOD1 can induce pro-apoptotic activity independent of NF-κB (114). 

When activated, NOD1 canonically induces NF-κB signaling through its association with RIP2. 

This activation of NOD1 and RIP2 is mediated by RelA (p65) (114). Activation of tri-DAP 

induces BID (a BCL2 family protein) phosphorylation. BID interacts with NOD1 on its NBD 

alongside interacting with IκB kinase (IKK) complex, mediating the interaction with NOD1 

(127). Transforming growth factor (TGF)-beta-activated kinase 1 (TAK1) is the kinase essential 

for NOD1-induced signaling, and causes the phosphorylation of IκBα of the IKK complex (128). 

Centaurin beta (CENTB1) is an ADP-ribosylation factor that also interacts with NOD1. 
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CENTB1 expression is induced by TNF-a, IL-1β, iE-DAP, and MDP and found in the 

cytoplasm. CENT1B inhibits NOD1 dependent NF-κB activation (129). ATG16L1 is also known 

to inhibit NOD1 activation by interfering with poly-ubiquitination of RIP2.  

There is also some evidence that ubiquitin is able to interact with NOD1. Using nuclear 

magnetitic resonance and in vitro experiments, it has been found that lysine 63, and linear Met-1-

linked ubiquitin chains binds to NOD1 CARD on Tyr88 and Glu84 residues (130, 131). This 

interaction interrupts the ability of NOD1 to interact with RIP2, inhibiting activation (131). 

Another study looked at the crystal structure of NOD1 CARD, and found that ubiquitin interacts 

with NOD1 on many interfaces. Linear ubiquitin chains interact with NOD1 at Tyr88:Ile44 and 

Cys59:Phe4 (CARD:Ub) (132). However, it remains to be seen whether NOD1 is actually 

ubiquitinated on its lysine residues. 

Furthermore, NOD1 function is not limited to innate immune activity. It has been found that 

NOD1 triggers, and synergizes with TLRs, and primes Th1, Th2, and Th17 cells in vivo (133). 

While alone, NOD1 agonist primes antigen specific T and B cell immunity with a Th2 

polarization profile, functioning in adaptive immunity (133). 
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Figure 1.5. General activation pathway of NOD1. 

NOD1 is found in an auto-inhibited form, and upon activation with iE-DAP it dimerizes and 

localizes to actin-rich regions of the plasma membrane. This allows for association with RIP2, 

which facilitates the NF-κB signaling cascade resulting in the secretion of pro-inflammatory 

cytokines like IL-8. Image created with Biorender.com. 
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1.3.3 NOD2 

NOD2 is another canonical NLR protein in the NRLC family. NOD2 has 34% amino acid 

identity to NOD1, is encoded by the human card15 gene, and is 110 kDa. NOD2 contains two 

amino terminal CARD domains, a central NBD and a carboxy terminal LRR that has 10 repeats 

in it to form a predicted alpha helix and beta sheet sequence (134). An overview of general 

NOD2 structure, and activation pathways is shown below for convenience (Fig. 1.6). 

NOD2 can interact with many proteins inside the cell, like NLRP1, NLRP3, and NLRP12 

through its CARD region (135). NOD2 also interacts with RIP2 by utilizing both of the CARD 

regions in a similar fashion to NOD1 (134-136). Specifically, E69, D70, and E71, amino acids 

found in the CARD1 domain of NOD2, mediate interaction with RIP2 (135). Upon investigation 

into which amino acids were essential for NOD2 function, mutations of residues Q31, E69, T91, 

A106, L145, P177 and R180 exhibited complete loss/ greatly reduced activity in response to 

MDP. Furthermore, F161 P177 and R180 are crucial for protein stability and expression. 

Whereas, A31, A106, and L145 are important in the ability to associate with RIP2. Finally, 

L145P mutation inhibited the ability of RIP2 to activate NF-κB in the presence or absence of 

MDP (115). 

The NBD region of NOD2 is similar in nature to that of NOD1, containing an ATP/GTPase 

domain which includes a Walker A box, P-loop and Walker B box, and Mg2+ binding site which 

functions to facilitate oligomerization and activation. NOD2 also utilizes oligomerization at the 

NBD region to induce association with RIP2 (134). Furthermore, the Walker A and B box, 

Sensor 1, and GxP motif are critical for activation of NOD2 (108). NOD2 has 21 residues that 

are critical for active signaling. Of particular note, D379 in the Walker B box is required 

for Mg2+-substrate and nucleotide hydrolysis, and R334W and R334Q act as hyper-active 
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mutants (115). Additionally, mutation of the extended Walker B box leads to auto-activation of 

NOD2, while mutating K305 prevents activation (108, 134). 

The NOD2 LRR domain functions in multiple ways. Most notably, the NOD2 LRR is used in 

auto-inhibition of inactivated NOD2; when the LRR domain is absent NF-κB activity is 

enhanced (134). The specific amino acids responsible for this action are 664-854. This was 

determined by observing that deletions of this region resulted in increased basal activity 

indicating a regulatory region (115). NOD2 LRR domain also recognizes bacterial peptidoglycan 

muramyl dipeptide (MDP) (116). NOD2 LRR 855-1040 are required for MDP sensing (115). 

This MDP recognition occurs in the middle of the LRR horseshoe fold, where R877, W932, and 

S933 are important, and R877 interacts with the 2’-N-acetyl group of MDP (137).  

PGRP-L might play a role in degrading bacterial cell wall components, leading to activation of 

NOD2 (122). NOD2 senses MDP, that is present in both Gram-negative and Gram-positive 

bacteria (122, 138). Like NOD1, NOD2 was falsely thought to recognize LPS through their LRR 

regions (116, 141). The interaction with MDP is direct and is pH dependent; pH 5.0-6.5 gives 

optimal binding (139). Activation with MDP results in NOD2 hydrolyzing ATP (136). As a 

result, NOD2 homo-oligomerization, NOD2 and RIP2 hetero-oligomerization, and MDP binding 

are enhanced by ATP binding (136). It was also determined that ATP is not required for binding 

of MDP, but is a result of it (139). It has also been shown that ER stress induces NOD2 signaling 

independent of peptidoglycan (124). However, like NOD1, it was concluded that ER stress that 

causes cellular perturbations affects intracellular Ca2+, which can trigger internalization of trace 

contaminants of peptidoglycan found in culture serum (125).  

For NOD2 to become effectively activated, membrane targeting in intestinal epithelial cells is 

required for activation by MDP (140). This causes the ubiquitination of NEMO (component of 
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NF-κB signaling complex) (141). GRIM-19 (a novel cell death-related gene) binds to NOD2 

when NOD2 is in vesicles. Furthermore, GRIM-19 is required for NF-κB activation following 

stimulation with MDP (142). Additionally, HSP70 interacts with NOD2 and increases NOD2 

response to cell wall fragments by increasing NOD2 half-life (143). 

NOD2 is most abundant in monocytes, and also found in eosinophils, neutrophils and in 

epithelial crypts in the intestine (126, 134, 144). In murine neutrophils activation of NOD2 by 

MDP induces increased cytokine response mediated by RIP2 (145). In APC’s and monocyte-

derived DC’s NOD2 activation with MDP induces autophagy. To appropriately activate 

autophagy, this requires the proteins: RIP2, PI3K, ATG5, ATG7, and ATG16L (146). 

Within cells, NOD2 is found primarily in the cytosol (138). However, upon activation NOD2 

localizes to actin-rich regions in the plasma membrane, and when identifying intracellular 

bacteria, activates ATG16L1 to induce autophagy (107). This interaction with the plasma 

membrane in epithelial cells is mediated through NOD2 LRR domain (140). Interestingly, NOD2 

mutated protein found in Crohn’s disease (L1007C) does not allow for localization to the plasma 

membrane, suggesting a reason for how NOD2 causes disease (107). 

To modulate NF-κB activation, activation of MDP induces BID (a BCL2 family protein) 

phosphorylation. BID interacts with NOD2 on its NBD alongside interacting with IκB kinase 

(IKK) complex, mediating the interaction with NOD2 (127). CENT1B also inhibits NOD2 

dependent NF-kB activation (129). Furthermore, TAK1 interacts with NOD2. The LRR domain 

of NOD2 regulates TAK1 activation to have an antagonistic effect on NF-κB activation (147). 

To subsequently regulate NF-κB, GRIM-19 acts downstream of NOD2 and is required for NF-

κB activation. This is important to note because patients with IBD commonly have decreased 

levels of GRIM-19 in their inflamed mucosa (142). 
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Compared to NOD1, much more is known about ubiquitination of NOD2. When NOD2 senses 

bacterial infections through MDP recognition, it stimulates K63-linked ubiquitination of RIP2 

(148). Pellino3 is a key mediator of NOD2 signaling by acting as an E3 ligase for RIP2, 

promoting its K63 linked ubiquitination and triggering downstream activation of NF-kB and 

expression of pro-inflammatory proteins (148). NOD2 CARD Ile104 and Leu200 are important 

in binding ubiquitin in a similar fashion to NOD1, blocking interaction with RIP2 (130, 131). 

Ubiquitination sites have also been predicted at K436 and K445 (130). Furthermore, ATG16L1 

functions in a similar fashion with NOD2 as NOD1, suppressing activation (130).  

There are multiple proteins that induce degradation of NOD2 through ubiquitination. For 

example, PARKIN mediates NOD2 K48-linked chain degradation (130). Tripartite motif-

containing 27 protein (TRIM27) regulates NOD2 through a direct interaction and ubiquitination 

leading to degradation. The PRY-SPRY domain of TRIM27 interacts with NOD2 NBD, which 

gets K48-linked ubiquitinated and sent for 26S proteasomal degradation (130). Meanwhile, 

suppressor of cytokine signaling 3 (SOCS3) was found to be recruited upon conformational 

change of NOD2 to enable ATP hydrolysis. This resulted in reduced affinity for Hsp90, whereby 

SOCS3 ubiquitinated NOD2 to facilitate proteasomal degradation (130). Interestingly, TRIM22 

has been identified as a positive regulator of NOD2 through polyubiquitination (130). 

NOD2 helps to strengthen adaptive immune responses by functioning as an adjuvant to TLR 

ligands in mouse neutrophils and APCs when activated by MDP (145, 149). NOD2 helps T cells 

to create Th1 immunity by interacting with NIK (NF-κB inducing kinase) and c-Rel. However, 

the interaction between NOD2 and c-Rel upregulates transcription of IL-2 (150). This interaction 

of NOD2 and TLRs is also used to help increase type 1 cytokine production and recruitment of 

CD4 and CD8 T cells in response to Mycobacterium bovis bacillus Calmette-Guerin. (151). 
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Furthermore, NOD2 negatively regulates TLR2 driven activation of NF-κB subunit c-Rel (152). 

NOD2 stimulation also leads to MHC class II localization with microtubule-associated protein 

1A/1B/light chain-3 (LC3) autophagy dependent upregulation of surface MHC class II and 

generation of antigen-specific CD4 T cell responses. (146). 
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Figure 1.6. General activation pathway of NOD2. 

NOD2 is found in an auto-inhibited form in the cellular cytosol, and upon activation with MDP it 

dimerizes and localizes to actin-rich regions of the plasma membrane. This allows for association 

with RIP2, which facilitates the NF-κB and MAPK signaling cascade resulting in the secretion of 

pro-inflammatory cytokines like IL-8. Image created with Biorender.com. 
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1.3.4 RIP2 

RIP2 is a serine/threonine protein kinase. It is made up of a carboxy-terminal caspase activation 

and recruitment domain (CARD) which recognizes upstream signals through homomeric domain 

interactions, and an amino terminal kinase domain that can dimerize and phosphorylate 

downstream factors (153). 

RIP2 interacts specifically with NOD1/NOD2 to mediate NF-κB signaling in mouse and human 

models and is required for MDP-mediated enhancement of immune responses (154, 155). 

Ubiquitinated RIP2 acts as a platform for TAK1 and IKK, which facilitate NF-κB and MAPK 

activation (148). Polyubiquitination of RIP2 at K63 and K209 in the RIP2 kinase domain, is 

required for activation and oligomerization upon NOD1 or NOD2 stimulation (128, 154). This 

oligomerization induces NF-κB activation by forming RIP2 CARD homodimers/-oligomers 

(114, 135). RIP2 ubiquitination mediates recruitment of TAK1. RIP2 is also phosphorylated at 

Ser 176 upon engagement with NOD2, through presumed autophosphorylation, and is essential 

for downstream TAK1 activation (156). 

Activation of NEMO through K63 poly-ubiquitination on NEMO K285 was also found to occur 

through agonist dependent activation of NOD2. CYLD (de-ubiquitinating enzyme) can reverse 

this NEMO-dependent ubiquitination (141). Additionally, TRAF2/5 are required to interact with 

RIP2 for NOD1 mediated NF-κB activation (128). Cellular inhibitors of apoptosis proteins 

(cIAPs) cIAPs 1 and 2 are E3 ligases that are required for RIP2 K63 ubiquitination, which 

physically interact with RIP2 in its N terminal kinase region, facilitate NOD signaling (157). 

XIAP also mediates signaling from NOD activation. XIAP interacts with RIP2 via XIAP’s 

baculoviral IAP-repeat 2 (BIR2) domain mediating linkage to RIP2 C-terminal CARD domain to 

facilitate downstream NF-κB activation (158). Pellino3-induced ubiquitination of RIP2 may also 
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facilitate subsequent linear ubiquitination of RIP2 signaling complex by XIAP (148). 

Furthermore, LRRK2 is a positive regulator of RIP2, promoting inflammatory cytokine 

production. LRRK2 enhances RIP2 activity by promoting phosphorylation of RIP2 at Ser176 

(159).  

1.3.5 NLRP3 

The NLRP3 (NALP3/cryopyrin) inflammasome and all of its components is an extensively 

studied topic, and is discussed in great detail by numerous reviews (160-165). Below is a 

summary of the major points relevant to my thesis. An overview of general NLRP3 structure, 

and activation pathways is shown below for convenience (Fig. 1.7). 

The Nlrp3 (CIAS1) gene encodes for NLRP3. This tri-partite protein includes an amino terminal 

pyrin domain, a central nucleotide-binding domain, and a carboxy-terminal LRR domain (166). 

The LRR domain contains 12 repeats (167). In the absence of activators, NLRP3 exists in an 

auto-inhibited state via the interaction of its NOD and LRR domains (168). Thereby, it is 

assumed that NLRP3 exists in a monomeric state prior to activation. When activated, by its 

ligands, NLRP3 domains dissociate with each other to allow interaction between NLRP3 and 

ASC (168). It has been observed that NLRP3 is constitutively active in the absence of its LRR 

domain, thus indicating its importance in NLRP3 activity (169).  

NLRP3 is activated by many different sources, but has not been found to directly interact with 

any particular exogenous motifs (164). When NLRP3 senses danger signals, it oligomerizes to 

interact with the pyrin domain (PYD) of apoptosis-associated speck-like protein containing a 

caspase recruitment domain (ASC), an adaptor protein, through homophilic interactions (170). 

ASC then utilizes its CARD region to recruit the cysteine protease, pro-caspase-1 (170). This 
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causes the auto-catalysis and activation of caspase-1, which also triggers to the production of 

cytokine precursors, pro-IL-1β and pro-IL-18. These cytokine precursors get cleaved into their 

active forms by caspase-1 into IL-1β and IL-18, which in turn get secreted from the cell. This 

sequence of events under certain conditions leads to pyroptosis, a form of programmed 

inflammatory cell death (171-173). 

NLRP3 is primed, and up-regulated by the activation of the TLR/NF-κB pathway through 

multiple mechanisms (174, 175). NLRP3 is activated by various actions from bacterial and viral 

PAMPs. It can also be activated by DAMPs and other cellular perturbation signals such as 

potassium influx, ATP recognition, lysosomal destabilization and rupture, pore-forming toxins, 

and detection of mitochondrial ROS. This initiates the assembly of multi-protein complexes 

containing NLRP3, ASC, and pro-capase-1 (176-178). 

The mitotic serine/threonine kinase NEK7 is important for NLRP3 activation via direct 

interaction during interphase (167). In the LRR domain, the amino acids E800, D748, E743 are 

important and, Y916, E862, V705 are partially important for activity with NEK7. The NLRP3 

NBD amino acids Q636, E637, and E683 are all also required together for activity with NEK7 

(167). NLRP3 can also interact with NOD2 to process IL-1β in a CARD independent fashion 

(135). In macrophages, both NOD2 and NLRP3 play roles in MDP-induced IL-1β secretion 

(179). 

NLRP3 is found at baseline levels in primarily in immune and inflammatory cells, whereby 

activation of the cells by inflammatory stimuli causes an increased production of NLRP3 (174, 

180). Inside the cell it is found in the cytosol, where it fully assembles into the inflammasome 

complex in the cytoplasm (162). It is also found in the ER, and upon activation it has been 

observed to relocate to the Membrane-Associated ER Membranes (MAMs), and the Golgi (162). 
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IL-1β is a key pro-inflammatory cytokine that mediates inflammation in various tissues and cell 

types. It plays a role in sensing disturbances in cellular homeostasis (165). Activation of the 

inflammasome serves to reduce bacterial levels in Vibrio cholerae and Streptococcus 

pneumoniae infections in mouse models (181, 182). Effector proteins, translocated through the 

T3SS can also activate the NLRP3 inflammasome. For example, the effector protein, YopJ, from 

Yersinia pestis subspecies KIM is an acetyltransferase that induces apoptosis through the 

inactivation of MAPK and IκB kinases, activating the inflammasome (183, 184). NLRP3 

activation can play a role in protecting the host against viral, parasitic and fungal pathogens. 

Through the roles of IL-1β and IL-18, Influenza A infections can be controlled by the NLRP3 

inflammasome in vivo (185, 186). Candida albicans and Leishmania infections can also be 

controlled through the release of IL-1β stemming from NLRP3 inflammasome activation (187, 

188).  

NLRP3 activity also plays a role in maintaining homeostasis. It plays a regulatory role in the 

intestinal epithelium homeostasis, and mediating antimicrobial activity by maintaining 

expression of colonic defensins. This has been tested in mice in an experimental colitis model 

(189, 190). The NLRP3 inflammasome can also be a double-edged sword though, as it is also 

involved in multiple systemic inflammatory diseases that are characterized by recurrent fevers, 

leukocytosis, and elevated acute phase proteins (191, 192). Furthermore, it is also highly 

associated with multiple autoinflammatory and autoimmune diseases (192, 193).  
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Figure 1.7. General activation pathway of NLRP3.  

NNLRP3 is up-regulated when bacterial products/cellular damage is identified by the cell. 

NLRP3 is found in an auto-inhibited form in the cellular cytosol, and upon activation 

oligomerizes with ASC and caspase-1 to create the inflammasome complex in the cytosol. This 

allows for caspase-1 to cleave pro-IL-1β into IL-1β inside the cell, whereby the pro-

inflammatory IL-1β is secreted from the cell through a pore created by modified gasdermin-D 

(GSDMD). Image created with Biorender.com. 
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1.4 Rationale 

The data in this thesis investigates the functional results of SspH2 interaction with NLRs. Even 

though SspH2 has been implicated in the super-activation of NOD1 (56), it remains to be 

determined exactly how SspH2 is modulating this action on NOD1. In addition, the pathway of 

NOD1 super-activation by SspH2 still remains to be elucidated. It is thus tempting to 

hypothesize that SspH2 mediates super-activation through NOD1 activation because a catalytic 

mutant cannot do this (52). If this is truly the case, this prompts the question: where on NOD1 is 

SspH2 acting upon?  

Furthermore, it remains to be seen whether SspH2 is capable of interacting with other host 

receptors once inside of the cell. If SspH2 interacts with other host receptors, this then begs the 

question: what sort of functional effect does this interaction induce? 

 1.5 Hypotheses 

I hypothesize that: SspH2 is ubiquitinating NOD1 at specific lysines to mediate super-activation 

of NOD1, and that mutating these sites will reduce NOD1 super-activation. 

I am going to test this hypothesis by observing ubiquitination sites present on NOD1 in the 

presence of SspH2, SspH2C580A, and EV by utilizing LC-MS/MS. I will identify the resultant 

NOD1 ubiquitination sites unique to the presence of SspH2. I will then follow this up by 

identifying sites of ubiquitination that have higher intensity in SspH2 compared to SspH2C580A. 

These lysines will be mutated so that they cannot be ubiquitinated (K→R mutation). These 

NOD1 lysine mutants will then be transiently transfected into HeLa cells and assessed for their 

ability to react to NOD1 stimulation, and super-activation in the presence of SspH2 via IL-8 

ELISA. 
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I hypothesize that: SspH2 is interacting with other NLR proteins, and causes super-activation of 

the NLRs that SspH2 interacts with. 

I am going to test this hypothesis by transiently transfecting other NLRs (NOD2 and NLRP3) 

into cells alongside SspH2 and assessing their ability to interact via reciprocal 

immunoprecipitations. I will also assess whether the ability to interact with SspH2 is reliant upon 

catalytic activity by observing interaction with SspH2C580A and NLRs. I will further determine 

whether the ability to interact with NLRs is a characteristic of S. Typhimurium NELs, by 

transiently expressing SspH1, and comparing whether this effect is specific to SspH2. The 

activity of these possible interactions will be assessed via secretion of IL-8 or IL-1β. 
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CHAPTER 2 – METHODS 

2.1 Tissue culture 

HEK293T (ATCC CRL-3216) and HeLa (ATCC CCL-2) cells were cultured in Dulbecco’s 

modified eagle medium (DMEM) containing 4500mg/Litre glucose 4500mg/Litre L-glutamine, 

and 4500mg/Litre sodium bicarbonate (Sigma) supplemented with 10% fetal bovine serum 

(FBS) (123483‐020; Gibco), and 1% Penicillin-Streptomycin (1 unit penicillin/ml and 0.1 mg 

streptomycin/ml, P4333; Sigma) and routinely grown at 37oC and 5% CO2. 

THP-1 cells (ATCC, Manassas, VA, USA), were modified by CRISPR Cas9 and generously 

provided by the Muruve lab (UCalgary) (194) were grown in RPMI-1640 (Thermo Fisher 

Scientific, Waltham, MA, USA) supplemented with 10% heat inactivated FBS (Thermo Fisher 

Scientific, Waltham, MA, USA), 1% Penicillin-Streptomycin (Sigma-Aldrich, Saint Luis, MO, 

USA) and with 1mM sodium pyruvate (11360-070; Gibco), and routinely grown at 37 °C and 

5% CO2. 

2.2 Cloning 

Domain truncation variants of NOD1 were generated by PCR amplification of NOD1 domains 

using pcDNA3-Nod1-FLAG (APB 117) as a template. Primer sequences can be found in 

supplementary Table 1. Truncation fragments were cloned into pcDNA3.1 using the KpnI and 

XhoI restriction enzymes to replace wt NOD1. To create the NOD1 domain mutants the 

following primer combinations were used. CARD: NOD1_CARD_For1 and 

NOD1_CARD_Rev2; NBD: NOD1_NBD_For1 and NOD1_NBD_Rev1; LRR: 

NOD1_LRR_For2 and NOD1_LRR_Rev1; ΔCARD: NOD1_NBD_For1 and 

NOD1_LRR_Rev1; ΔLRR: NOD1_CARD_For1 and NOD1_NBD_Rev1. ΔNBD was created by 

separately amplifying the CARD and LRR domains using primer pairs: 

NOD1_CARD_For1/NOD1_CARD_Rev1 and NOD1_LRR_For1/NOD1_LRR_Rev1. These 2 
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PCR fragments were then combined together using NOD1_CARD_For1 and NOD1_LRR_Rev1 

by crossover PCR. The lysine variants of NOD1 were generated in the pcDNA3.1NOD1 

background, using the Quikchange II site directed mutagenesis kit (Agilent) according to the 

outlined protocol from Agilent. In brief, primers to mutate the adenine to guanine in the lysine 

codon were generated using the QuickChange Primer Design tool (Agilent). All PCR-amplified 

products were sequence verified. All constructs were propagated in E. coli DH5ɑ using standard 

methods. 
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Table 2.1. Primers used for cloning 

Primer name Nucleotide sequence 

NOD1_a71g 5'-ccccacattcaattactgagaagcaatcgggaacttctg-3' 

NOD1_a71g_antisense 5'-cagaagttcccgattgcttctcagtaattgaatgtgggg-3' 

NOD1_a209g 5'-cctgacaaggtccgcagaattctggacctggta-3' 

NOD1_a209g_antisense 5'-taccaggtccagaattctgcggaccttgtcagg-3' 

NOD1_a425g 5'-ggccgtgactccaggttcgtgctgtgc-3' 

NOD1_a425g_antisense 5'-gcacagcacgaacctggagtcacggcc-3' 

NOD1_a728g 5'-gcatgttcagctgcttcagggaaagtgacaggc-3' 

NOD1_a728g_antisense 5'-gcctgtcactttccctgaagcagctgaacatgc-3' 

NOD1_a971g 5'-cagtgggaagctgctcaggggggctag-3' 

NOD1_a971g_antisense 5'-ctagcccccctgagcagcttcccactg-3' 

NOD1_a983g 5'-ctcaagggggctagcaggctgctcacagc -3' 

NOD1_a983g_antisense 5'-gctgtgagcagcctgctagcccccttgag -3' 

NOD1_a1418g 5'-ccggggcatggagaggagcctctttgtct-3' 

NOD1_a1418g_antisense 5'-agacaaagaggctcctctccatgccccgg-3' 

NOD1_a1745g 5'-cgggaagacctcttcaagaacagggatcacttcca-3' 

NOD1_a1745g_antisense 5'-tggaagtgatccctgttcttgaagaggtcttcccg-3' 

NOD1_a1799g 5'-ggctgttgtccaaagccagacagaaactcctgcg-3' 

NOD1_a1799g_antisense 5'-cgcaggagtttctgtctggctttggacaacagcc-3' 

NOD1_a1853g 5'-cctgaggagaaagcgcagggccctgtg-3' 

NOD1_a1853g_antisense 5'-cacagggccctgcgctttctcctcagg-3' 
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NOD1_a2111g 5'-cctgcatcacttccccaggcggctggc-3' 

NOD1_a2111g_antisense 5'-gccagccgcctggggaagtgatgcagg-3' 

NOD1_a2237g 5'-cactgacggtggggtaagggtgctaagcg-3' 

NOD1_a2237g_antisense 5'-cgcttagcacccttaccccaccgtcagtg-3' 

NOD1_a2261g 5'-gctaagcgaagagctgaccagatacaaaattgtgacctatt-3' 

NOD1_a2261g_antisense 5'-aataggtcacaattttgtatctggtcagctcttcgcttagc-3' 

NOD1_a2333g 5'-gccaggtacgtcaccagaatcctggatgaatgc-3' 

NOD1_a2333g_antisense 5'-gcattcatccaggattctggtgacgtacctggc-3' 

NOD1_a2351g 5'-ccaaaatcctggatgaatgcagaggcctcacgc-3' 

NOD1_a2351g_antisense 5'-gcgtgaggcctctgcattcatccaggattttgg-3' 

NOD1_a2405g 5'-caagtgaaggagggaggtatctcgccctggc-3' 

NOD1_a2405g_antisense 5'-gccagggcgagatacctccctccttcacttg-3' 

NOD1_a2426g 5'-ctcgccctggctgtgaggaacagcaaatcaatct-3' 

NOD1_a2426g_antisense 5'-agattgatttgctgttcctcacagccagggcgag-3' 

NOD1_a2696g 5'-gaaatgttgaaagtcaaccagacgttaaggcatttatggcttatc-3' 

NOD1_a2696g_antisense 5'-gataagccataaatgccttaacgtctggttgactttcaacatttc-3' 

NOD1_a2810g 5'-ttgcctaaatggaaacctgataagaccagaggaggc-3' 

NOD1_a2810g_antisense 5'-gcctcctctggtcttatcaggtttccatttaggcaa-3' 

NOD1_CARD_For1 5’-gaggggtaccgatatcaccatgg-3’ 

NOD1_CARD_Rev1 5’-ctggaagtgatccttgttcatgtagatctcctccag-3’ 

NOD1_CARD_Rev2 5’-gaggctcgagcatgtagatctcctccag-3’ 

NOD1_NBD_For1 5’-gaggggtaccgatatcaccatggacaccatcatggagctggttggc-3’ 

NOD1_NBD_Rev1 5’-gaggctcgagcttgaagaggtcttcccg-3’ 
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NOD1_LRR_For1 5’-ctggaggacgatctacatgaacaacaaggatcacttccag-3’ 

NOD1_LRR_For2 5’-gaggggtaccgatatcaccatgaacaaggatcacttccag-3’ 

NOD1_LRR_Rev1 5’-gaggctcgaggaaacagataatccg-3’ 
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Table 2.2. Mutated NOD1 descriptions 

Mutation Stock name Strain number Strain description 

a71g pcDNA3-

NOD1FLAG-a71g 

APB 218 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a71g which is K24R 

a209g pcDNA3-

NOD1FLAG-

a209g 

APB 219 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a209g which is K70R 

a425g pcDNA3-

Nod1FLAG-a425g 

APB 238 Nod1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites . This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a425g which is K142R 
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a728g pcDNA3-

Nod1FLAG-a728g 

APB 239 Nod1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites . This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a728g which is K243R 

a971g pcDNA3-

NOD1FLAG-

a971g 

APB 220 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a971g which is K324R 

a983g pcDNA3-

Nod1FLAG-a983g 

APB 240 Nod1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites . This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a983g which is K328R 
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a1418g pcDNA3-

NOD1FLAG-

a1418g 

APB 221 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a1418g which is K473R 

a1745g pcDNA3-

NOD1FLAG-

a1745g 

APB 202 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a1745g which is K582R 

a1799g pcDNA3-

NOD1FLAG-

a1799g 

APB 208 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a1799g which is K800R 
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a1853g pcDNA3-

NOD1FLAG-

a1853g 

APB 203 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a1853g which is K618R 

a2111g pcDNA3-

NOD1FLAG-

a2111g 

APB 222 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2111g which is K704R 

a2237g pcDNA3-

NOD1FLAG-

a2237g 

APB 223 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2237g which is K746R 
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a2261g pcDNA3-

NOD1FLAG-

a2261g 

APB 204 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2261g which is K754R 

a2333g pcDNA3-

NOD1FLAG-

a2333g 

APB 209 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2333g which is K778R 

a2351g pcDNA3-

NOD1FLAG-

a2351g 

APB 205 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2351g which is K784R 
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a2405g pcDNA3-

NOD1FLAG-

a2405g 

APB 206 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2405g which is K802R 

a2426g pcDNA3-

Nod1FLAG-

a2426g 

APB 241 Nod1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites . This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2426g which is K809R 

a2696g pcDNA3-

NOD1FLAG-

a2696g 

APB 224 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2696g which is K899R 
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a2810g pcDNA3-

NOD1FLAG-

a2810g 

APB 225 NOD1-FLAG was cloned with a 

Kozak sequence into pcDNA3 

between KpnI and XhoI restriction 

sites. This clone gives a 2.8kb 

dropout when cut with these 

enzymes. site directed mutagenesis 

causes a2810g which is K937R 

Nod1-CARD pcDNA3-

NOD1FLAG-

CARD 

APB 263 NOD1-FLAG-CARD was cloned 

with a Kozak sequence into 

pcDNA3 KpnI and XhoI restriction 

sites. This clone gives a 0.5 kb 

dropout when cut with these 

enzymes. 

Nod1-NBD pcDNA3-

NOD1FLAG-NBD 

APB 237 NOD1-FLAG-NBD was cloned 

with a Kozak sequence into 

pcDNA3 KpnI and XhoI restriction 

sites. This clone gives a 1.1 kb 

dropout when cut with these 

enzymes. 

Nod1-

LRR_alone 

pcDNA3-

NOD1FLAG-

LRR_alone 

APB 229 NOD1-FLAG-LRR_alone was 

cloned with a Kozak sequence into 

pcDNA3 KpnI and XhoI restriction 

sites. This clone gives a 1.124 kb 
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dropout when cut with these 

enzymes. 

Nod1ΔCARD pcDNA3-

NOD1FLAG-

ΔCARD 

APB 226 NOD1-FLAG-ΔCARD was cloned 

with a Kozak sequence into 

pcDNA3 KpnI and XhoI restriction 

sites. This clone gives a 2.384 kb 

dropout when cut with these 

enzymes. 

Nod1ΔNBD pcDNA3-

NOD1FLAG-

ΔNBD 

APB 227 NOD1-FLAG-ΔNBD was cloned 

with a Kozak sequence into 

pcDNA3 KpnI and XhoI restriction 

sites. This clone gives a 1.618 kb 

dropout when cut with these 

enzymes. 

Nod1ΔLRR pcDNA3-

NOD1FLAG-

ΔLRR 

APB 228 NOD1-FLAG-ΔLRR was cloned 

with a Kozak sequence into 

pcDNA3 KpnI and XhoI restriction 

sites. This clone gives a 1.766 kb 

dropout when cut with these 

enzymes. 

sspH2-LRR pcDNA3-

2xHAsspH2LRR 

APB 234 This clone expresses a double 

hemagluttinin tagged version of the 

Salmonella SL1344 SspH2 LRR 
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domain (residues 171-481) 

constitutively expressed in 

mammalian cells from the pcDNA3 

backbone. sspH2LRR was 

amplified using sspH2LRRfor and 

sspH2LRRrev oligos and cloned 

into pcDNA3-2xHA using the SrfI 

and BamHI sites. This clone will be 

used to test binding partner 

interactions. This is clone A2 that 

has correct dropout with HindIII 

and EcoRI digestion and has been 

sequenced. Strain Genotype: F-

mcrA ∆(mrr-hsdRMS-mcrBC) 

φ80lacZ∆M15 ∆lacX74 recA1 

endA1 araD139∆(ara, leu)7697 

galU galK λ-rpsL nupG 

sspH2-NEL pcDNA3-

2xHAsspH2NEL 

APB 235 This clone expresses a double 

hemagluttinin tagged version of the 

Salmonella SL1344 SspH2 NEL 

domain (residues 492-788) 

constitutively expressed in 

mammalian cells from the pcDNA3 
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backbone. sspH2NEL was 

amplified using sspH2NELfor and 

sspH2NELrev oligos and cloned 

into pcDNA3-2xHA using the SrfI 

and BamHI sites. This clone will be 

used to test binding partner 

interactions. This is clone B2 that 

has correct dropout with HindIII 

and EcoRI digestion and has been 

sequenced. Strain Genotype: F-

mcrA ∆(mrr-hsdRMS-mcrBC) 

φ80lacZ∆M15 ∆lacX74 recA1 

endA1 araD139∆(ara, leu)7697 

galU galK λ-rpsL nupG 
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2.3 Western Blotting 

Proteins were separated on 4-20% acrylamide 1.0mm gels or 10% acrylamide 1.5mm gels and 

separated at 180V for 75 min. Once gels were run, they were transferred to nitrocellulose 

membranes using the Transblot turbo transfer machine (BioRad) with the 1.5 mm gel run setting 

2x to ensure protein transfer. Once transferred, the nitrocellulose membranes were dried for 1 

hour between 2 dry stacks of membrane transfer towel. Once 1 hour had elapsed, the 

nitrocellulose membrane was rehydrated completely with TBS for 2 minutes. This ensures that 

the proteins in the nitrocellulose are firmly cemented. Membranes were then blocked with TBS 

blocking buffer (927-60001; Li-Cor) for 1 hour at room temperature with gentle rotation, and 

incubated in 0.2% v/v Tween in TBS blocking buffer with primary (overnight at 4oC, with gentle 

rotation) and secondary antibodies (1 hour at room temperature, gentle rotation) using gentle in 

the following concentrations: mouse α-FLAG (clone M2) 1:2 500; rabbit α-FLAG 

(SAB4301135; Sigma) 1:2 500; rat α-HA (clone 3F10 (Roche Diagnostics); mouse α-Myc 

(9E10; Santa Cruz Biotechnology) 1:2 500; goat α-mouse (926-68020; IRDye680LT) 1:5 000; 

goat α-rabbit (925-32211; IRDye800CW) 1:5 000; goat α-rat (926-32219; IRDye800CW) 1:5 

000. Proteins were imaged on a LiCor Odyssey and visualized using Licor Image Studio 

detection software. 

2.4 NOD1/ NOD2 functional assays 

HeLa cells were cultured as outlined above, and seeded at either 2.5x105 cells per well in a 6-

well dish or at 6x104 cells per well of a 24-well dish. Cells were transfected with a total 1μg or 

0.25 μg respectively of equivalently proportioned plasmid DNA using JetPrime transfection 

reagent (Polyplus) at 60-80% cell confluency. 2 days after transfection, cells had media replaced 

with 0.5% FBS in DMEM with Nod1/ Nod2 agonist (1μg/ml C12-iE-DAP (Invivogen)+ 10ng/ml 

human interferon gamma (AbD serotec) and 5μg/ml L-18 MDP (InvivoGen) + 10ng/ml human 
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interferon gamma, respectively). Cells were stimulated overnight and the following day, 

supernatants were collected and quantified using a human IL-8 ELISA kit according to the 

manufacturer’s specifications (BD-Bioscience). For NF-κB pathway inhibition experiments, 

20μM of Bay 11-7082 (Sigma-Aldrich) was pre-incubated with samples for 45 mins to allow for 

Bay 11 to bind to its target, before replacement of media and addition of agonist. 

2.5 THP-1 functional assays 

THP-1 cells were cultures as outlined above, and 1 x 106 THP-1 cells were nucleofected with 1 

µg of total plasmid using Lonza Nucleofection kit FF-100 protocol (Lonza) and seeded in a 6-

well dish supplemented with RPMI with 100 ng/mL phorbol-12-myristate 13-acetate (PMA, 

Sigma-Aldrich, Saint Luis, MO, USA) for 48 hours (195, 196). Cell differentiation was verified 

by evaluating cell adhesion and spreading under an optical microscope at 10x magnification. 

THP-1 cells, were washed and had their media replaced with fresh RPMI with 100ng/mL 

lipopolysaccharide (LPS) for 3 hours. This was followed by another cell wash and replacing the 

media again with RPMI and 10µM Nigericin for 1 hour. Supernatants were collected and 

quantified using a human IL-1β ELISA kit according to the manufacturer’s specifications (BD-

Bio-Science). 

2.6 Immunoprecipitation 

2.6.1 Manual immunoprecipitation assay 

For manual immunoprecipitations HEK293T cells were seeded at 1 x 106 cells per 10 cm dish 

and transfected when cells reached 60-80% confluency with a total of 6μg of equivalently 

proportioned plasmid DNA using JetPrime transfection reagent (Polyplus). Lysates were 

harvested by washing HEK293T cells with PBS, and applying 800μl lysis buffer (20 mM 

Tris/HCl, pH 7.5, 150 mM NaCl, and 1% Nonidet P-40 (all from Sigma)) supplemented with 
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EDTA-free protease inhibitor mixture cocktail (Roche Applied Science). This was incubated on 

ice for 10 minutes. Debris was precipitated at 16 000xg and 4oC for 20 minutes, and the 

supernatant was collected. Immunoprecipitations were performed as per the outlined protocol 

from Invitrogen. In brief, 20μl Dynabeads™ Protein G beads (Invitrogen) were coupled to 2.5μg 

α-HA (high affinity) antibody (Roche Diagnostics) or 5μg α-FLAG (M2 clone) antibody for 10 

mins with end-over-end/ medium shaking. Beads were then washed to ensure that the only 

antibodies present are coupled to the magnetic beads. Antibody-coupled beads were incubated 

overnight at 4oC with end-over-end rotation to facilitate protein-bead binding. 

Immunoprecipitated proteins were analyzed via Western blot with α-HA (Roche Applied 

Sciences), α-FLAG (SAB4301135; Sigma)/α-FLAG (clone M2) antibodies as identified above, 

to confirm expression of NELs and NLRs respectively. 

2.6.2 Automated immunoprecipitation for mass spectrometry 

This protocol was done in collaboration with Shu Luo from the Julien Lab. I prepared the cell 

lysate, and assisted in preparing the KingFisher machine. Transfected HEK293T cell lysate 

supernatant was prepared as outlined above. Automated immunoprecipitation was performed 

using the KingFisher Duo Prime Purification System (5400110; Thermo Scientific). The IP 

protocol was adapted and modified from Invitrogen manual (publication No. MAN0016198) and 

executed on BindIt software (v4.0.0.45). All reagents were added to a 96 deep-well plate prior to 

launching the run, allowing for parallel processing of different samples. In brief, 20 µL of 

Protein G Dynabeads (Invitrogen; 10003D) were binding to 7 µg of anti-DYKDDDDK antibody 

(SAB4301135; Sigma) in 200 µL of PBS-T (Phosphate Buffered Saline with 0.02% Tween 20) 

for 10 min, and subsequently washed with 200 µL PBS-T. The Dynabeads with the bound 

antibody complex then undergo binding to 800 µL of transfected cell lysates (~2.5 mg protein) 
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for 10 min at RT, and washed 2X with 500 µL PBS. The bound proteins were eluted from 

Dynabeads using 30 µL of 4x Laemmli buffer (Bio-Rad) without reducing agents and heated to 

70˚C for 10 min. The eluants were collected from the plate, and diluted with 20 µL ddH2O to run 

on an SDS-PAGE gel. 

2.7 Mass spectrometry  

2.7.1 In-gel sample preparation for mass spectrometry 

This procedure was done by Shu Luo in the Julien lab. The eluted IP samples were run on a 

precast SDS-PAGE (Mini-PROTEAN TGX Stain-Free Protein Gels, 4-20%, 10 well, 50 µl; Bio-

Rad) at 160 V for 10 min. The proteins in the gel were fixed by incubating with 50% EtOH, 2% 

phosphoric acid at room temperature for 30 min, then the gel was washed twice with ddH2O for 

10 min. The gel was subsequently stained by Blue-Silver stain (20% pure ethanol, 10% 

phosphoric acid, 10% w/v ammonium sulfate, 0.12% w/v Coomassie Blue G-250) at room 

temperature overnight. 

After staining, the gel was washed twice with ddH2O for 20 min. Each lane was cut into four 

fractions of gel pieces and transferred to a round-bottom 96-well plate to be repetitively 

destained by 150 µL destaining solution (50 mM ammonium bicarbonate, 50% acetonitrile) in 

each well at 37˚C. The gel pieces were then dried by incubating with acetonitrile at 37˚C, 

rehydrated and reduced with 175 µL of reducing solution (5 mM β-mercaptoethanol, 100 mM 

ammonium bicarbonate) at 37˚C for 30 min, and alkylated with 175 µL of alkylating solution (50 

mM iodoacetamide, 100 mM ammonium bicarbonate) at 37˚C for 30 min. The gel pieces were 

washed twice with 175 µL of 100 mM ammonium bicarbonate at 37˚C for 10 min, and 

completely dried by incubating with acetonitrile at 37˚C. Proteins in each well were digested by 
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1 µg of sequencing-grade trypsin (Promega Inc.) in 75 µL of 50 mM ammonium bicarbonate and 

incubated overnight.  

Tryptic peptides in the gel pieces were extracted by incubating with 2% acetonitrile, 1% formic 

acid, then with 50% acetonitrile, 0.5% formic acid, each at 37˚C for 1 h. The extracted peptides 

were transferred to another round-bottom 96-well plate, dried using a Genevac (EZ-2 plus). Each 

sample was injected in 4 gel-fractionated injections. 

2.7.2 Mass spectrometry analyses  

This procedure was done by Shu Luo in the Julien lab. Peptides were separated using a 

nanoflow-HPLC (Thermo Scientific EASY-nLC 1200 System) coupled to Orbitrap Fusion 

Lumos Tribrid Mass Spectrometer (Thermo Fisher Scientific). A trap column (5 μm, 100 Å, 100 

μm × 2 cm, Acclaim PepMap 100 nanoViper C18; Thermo Fisher Scientific) and an analytical 

column (2 μm, 100 Å, 50 μm × 15 cm, PepMap RSLC C18; Thermo Fisher Scientific) were used 

for the reverse phase separation of the peptide mixture. Peptides were eluted over a linear 

gradient over the course of 90 min from 3.85% to 36.8% acetonitrile in 0.1% formic acid. Data 

were analyzed using ProteinProspector (v5.22.1) against the concatenated database of the human 

proteome (SwissProt.2017.11.01. random.concat), with maximum false discovery rate at 5% for 

proteins, and 1% for peptides. Search parameters included a maximum of 3 missed trypsin 

cleavages, a precursor mass tolerance of 15 ppm, a fragment mass tolerance of 0.8 Da, with the 

constant modification carbamidomethylation (C), and variable modifications of acetyl (protein 

N-term), deamidated (N/Q), oxidation (M), and GlyGly (uncleaved K). The maximum number of 

variable modifications was set to 4. 
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2.8 Statistical analysis 

All error bars are representative of SD. NOD1 and NOD2 activation were analyzed in HeLa cells 

and statistical analyses were determined by non-parametric Student t test (Mann-Whitney U 

test). The semi-quantitative mass spectrometry peptide fragment analysis was analyzed by linear 

regression with 95% confidence intervals (seen as a solid line and dotted line, respectively). 

NOD1 lysine variants activation in HeLa cells were analyzed by 1-way ANOVA with Dunnett’s 

multiple comparison test to a control sample (NOD1 + EV or against NOD1 + SspH2). All 

Statistical comparisons were performed using Prism 6.01. 

2.9 Microscopy 

Adherent THP-1 cells in cell culture were imaged at 10x magnification using the confocal and 

GFP filters before and after cell wash with PBS using the EVOS cell imaging system 

(Invitrogen, Thermo Fisher Scientific). 
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CHAPTER 3 – RESULTS 

3.1 SspH2 interacts with multiple NLRs 

 

As it stands there is a paucity of information on the way that SspH2 interacts with host receptors 

inside the cell. What is known so far is that SspH2 interacts with NOD1 to super-activate it in a 

manner that is dependent on the catalytic cysteine of SspH2 (56). The fact that SspH2 has only 

been documented to interact with 1 immune intracellular receptor sparked my curiosity, because 

there are many different receptors present inside of host cells that contribute to anti-bacterial 

immune responses. Therefore, I was curious as to what other receptors SspH2 could be 

interacting with inside of host epithelial cells.  

To ensure that I would be able to effectively ask this question of other receptors, I first 

recapitulated the already documented binding characteristics of SspH2 to NOD1. I confirmed, in 

my own hands, that NOD1 is able to interact with both SspH2 and SspH2C580A, which are the 

catalytically active and inactive forms of SspH2, respectively. I identified this interaction by 

reciprocally co-immunoprecipitating (Co-IPing) NOD1 and SspH2 in cell lysate (Fig. 3.1A). I 

found that the band intensity of co-IPed SspH2C580A was reduced relative to SspH2 wild-type. 

Nonetheless the reciprocal co-IP of SspH2C580A and NOD1 are suggestive of their interaction 

(Fig. 3.1A).  

To start investigating other intracellular receptors, I moved my focus onto NOD2, another 

prototypical member of the NLR family of receptors. I found that both SspH2 and SspH2C580A 

were capable of interacting with NOD2 through reciprocal co-IP, however the signal intensity for 

SspH2C580A co-IPs were reduced compared to SspH2. (Fig 3.1B). This might indicate that 

SspH2C580 may play a role facilitating increased strength of protein interaction. 
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To take my inquiry even further, and beyond just the NLRC family, which NOD1 and NOD2 are 

a part of, I wanted to know if SspH2 could interact with proteins of other NLR families. I chose 

to look at NLRP3, a well studied member of the NLRP family of proteins (197) By utilizing co-

IP, I found that SspH2 and SspH2C580A can also interact with NLRP3. But, like with NOD1 

and NOD2 the signal intensity of the SspH2C580A co-IP protein signal was not as intense as 

SspH2, indicating a possible role that the catalytic cysteine plays in facilitating strong protein 

interaction with the NLRs (Fig 3.1C).  

Because Salmonella injects many different NELs to mediate infection, I next wanted to ensure 

that the interactions found between SspH2 and NLR proteins were specific to SspH2, or whether 

it was just a property of NELs. Previously, it has been shown that NOD1 does not interact with 

SspH1 (56), a closely related protein which has 69% sequence homology with SspH2 and is 

present in the cell at the same time during Salmonella infection (198). By utilizing reciprocal co-

IP I observed that SspH1 does not interact with NOD2 (Fig 3.1D). This finding also extends to 

NLRP3, which also does not interact with SspH1 (Fig 3.1E). It should be noted that SspH1 is 

expressed less in the cell lysate of both of these experiments compared to SspH2, and thus there 

may be weak protein interactions with the NLRs that is below the limit of detection. 

To control for whether any of the transfected proteins interact with our immunoprecipitation (IP) 

materials, I expressed all constructs, and immunoprecipitated without any specific antibodies. I 

perceived that the magnetic IP beads were incapable of binding to NOD1-FLAG, NOD2-FLAG, 

NLRP3-FLAG, HA-SspH2, HA-SspH2C580A or HA-empty vector (EV) (Fig 3.1F). Taken 

together, these data indicate that SspH2 is capable of specifically interacting with multiple NLRs 

which originate from the NLRC and NLRP families. 
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Figure 3.1. Interactions between S. Typhimurium SspH2 and NLRs.  

Plasmids were transiently transfected in HEK293T cells and subjected to reciprocal co-

immunoprecipitation (co-IP) analysis, imaged by western blot. A. Reciprocal co-IP analysis of 

NOD1 with SspH2 or SspH2 C580A B. Reciprocal co-IP analysis of NOD2 with SspH2 or 

SspH2C580A. C. Reciprocal co-IP analysis of NLRP3 with SspH2 or SspH2 C580A. D. 

Reciprocal co-IP analysis of NOD2 with SspH2 or SspH1. E. Reciprocal co-IP analysis of 

A B 
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E 
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NLRP3 with SspH2 or SspH1. F. Reciprocal co-IP analysis without binding of antibody to 

magnetic beads of NOD2, NLRP3, SspH1, SspH2, SspH2C580A, and empty vector (EV). IPs 

and immunoblotting were performed with indicated antibodies. 
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3.2 SspH2 LRR and NEL domains mediate interaction with NLRs. 

Due to SspH2 having the ability to interact with multiple NLRs, I was curious to find out which 

of SspH2’s domains, its amino terminal-LRR domain or its carboxy-terminal NEL domain (52), 

was responsible for mediating these interactions. To investigate how these domains individually 

contribute to NLR binding, I transiently transfected HEK 293T cells with the individual SspH2 

domains alongside the afore-mentioned NLRs (NOD1, NOD2, and NLRP3). I utilized SspH2 

constructs made by Bhavsar et. al. (56), which consisted of the SspH2 LRR domain (residues 

171-479) and the SspH2 NEL domain (residues 492-788). By utilizing co-IP, I was able to gather 

insights as to how each SspH2 domain interacted with NOD1, NOD2, and NLRP3. I found that 

both the LRR and NEL domain of SspH2 appeared to interact with NOD1 (Fig 3.2A). This result 

was consistent across NOD2 (Fig 3.2B) and NLRP3 (Fig 3.2C). It is notable, that in these 

experiments the SspH2 NEL band is more intense than the SspH2 LRR band in the lysate, which 

may account for the intensity difference seen in the FLAG IP. However, more NLR is co-IPed by 

SspH2 LRR compared to SspH2 NEL, despite the lower expression levels of SspH2 LRR. This 

may indicate that there is different binding strength between the SspH2 regions and all of the 

NLRs tested where SspH2 LRR interacts better with NLRs than SspH2 NEL. This data in 

aggregate suggests that both SspH2 domains facilitate interactions with full-length host NLRs.  
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Figure 3.2. S. typhimurium SspH2 domain interaction with multiple NLRs.  

Plasmids were transiently transfected in HEK293T cells and reciprocal co-IP analyses were 

performed with SspH2 domain fragments with A. NOD1, B. NOD2, and C. NLRP3. IPs and 

immunoblotting were performed with indicated antibodies. 
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3.3 The NOD1 NBD and LRR domains interact with SspH2. 

After determining that both domains of SspH2 interacted with all of the NLRs tested, I wanted to 

focus in on the NOD1 interaction, to further my understanding of how an archetypical NLR 

interaction occurs. It has been previously reported that SspH2 interacts with SGT1 and NOD1 

(56). However, the mechanistic details of how SspH2 interacts with NOD1 remain unexplored. 

To further hone in on this binding interaction, I created domain deletions of NOD1 using single-

step and two-step PCR. I transiently transfected NOD1 domain fragments alone (CARD 

[residues 1-160], NBD [residues 134-584], and LRR [residues 697-1053]), or single domain 

deletion constructs (ΔCARD [residues 160-1053], ΔNBD [residues 1-160 & 580-1053], and 

ΔLRR [residues 1-584]) to identify whether these proteins could be expressed in cell culture and 

identify which domains are critical for NOD1 interaction with SspH2 (Fig. 3.3A). These 

expressed proteins correlated to the expected observed size of each of the NOD1 domains.  

Through reciprocal co-IP in HEK293T cells, I determined that the NBD and LRR domains of 

NOD1 interact with SspH2, while the CARD region was not required (Fig. 3.3B). In summary, 

these data show that NOD1 interacts with SspH2 through its NBD and LRR domains. 
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Figure 3.3. NOD1 domain fragment interactions with SspH2.  

A. Schematic diagram of NOD1 domain fragments. Created with Biorender.com. B. Reciprocal 

co-immunoprecipitation (co-IP) of NOD1 domain fragments with SspH2 transiently expressed in 

HEK293T cells. IPs and immunoblotting were performed with indicated antibodies. * non-

specific bands.  

 

A 
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3.4 SspH2 super-activates NOD1. 

Upon observing which domains of NOD1 and SspH2 were interacting with each other, I next 

wanted to elucidate more clearly the specific pathway that this interaction signals through. To be 

able to ask this question, I first needed to be able to recapitulate experiments that showed 

reported super-activation of NOD1 with SspH2 (56). I was able to reproduce the previously 

observed results of NOD1 super-activation with NOD1 in HeLa cells. There is a significant 

(P<0.0001) difference between IL-8 secreted in the absence and presence of exogenous NOD1 of 

~10 fold, (Fig. 3.4). I observed that the presence of SspH2 induced super-activation of NOD1 by 

~4 fold over NOD1 activation alone, and confirmed that SspH2C580A did not induce the same 

super-activation as the wild-type SspH2 (Fig. 3.4). This indicates that SspH2 super-activates 

NOD1 beyond normal activation with NOD1 agonist, which is dependent on the catalytic 

activity of SspH2. 
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Figure 3.4. Functional interaction between SspH2 and NOD1.  

NLR functional assay illustrating IL-8 secretion in HeLa cells. NOD1, SspH2, SspH2C580A 

(C580A) or empty vector (EV), were transiently transfected as indicated, in the presence of 

NOD1 agonist (1µg/mL c12-iE-DAP and 10ng/mL human IFNγ). Data is presented as the mean 

with standard deviation for 4-9 biological replicates with 2-3 technical replicates each. Each dot 

represents 1 technical replicate. Data were analyzed using a non-parametric Mann-Whitney test 

where **** denote P < 0.0001 and n.s. is no significance between the indicated sample groups.  

See materials and methods for more details. 
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3.5 SspH2 super-activates NOD2. 

Since I found that SspH2 also interacts with NOD2, I was curious as to what sort of functional 

response this would result in. There is a significant (P<0.0001) difference between IL-8 secreted 

in the absence and presence of exogenous NOD2 of ~25 fold, (Fig. 3.5). When expressed in 

HeLa cells, I saw that the interaction of SspH2 with NOD2 induces ~10 fold more IL-8 secretion 

above NOD2 stimulation. Furthermore, the interaction between NOD2 and SspH2C580A caused 

~3-fold increase in IL-8 secretion. I also found that NOD2 activity was not increased by SspH1, 

and there is no statistical significance between NOD2+EV and NOD2+SspH1 which 

corroborates with the finding that SspH1 and NOD2 do not interact. To ensure that these results 

were a result of the protein being expressed, I checked for protein expression alongside the IL-8 

secretion, and found all of the expected proteins present (Fig 3.5). This indicates that the 

presence of SspH2 super-activates NOD2, which is partially dependent on the catalytic activity 

of SspH2.  
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Figure 3.5. Functional interaction between SspH2 and NOD2.  

NLR functional assay illustrating IL-8 secretion in HeLa cells. Cells are subsequently lysed for 

protein expression analysis. NOD2, SspH2, SspH2C580A (C580A) or empty vector (EV), were 

transiently transfected as indicated, in the presence of NOD2 agonist (5µg/mL MDP and 

10ng/mL human IFNγ). Data is presented as the mean with standard deviation for 4 biological 

replicates with 2-3 technical replicates each. Each dot represents 1 technical replicate. Data were 

analyzed using a non-parametric Mann-Whitney test where ***, and **** denote P < 0.001, and 

< 0.0001 respectively, between the indicated sample groups. See materials and methods for more 

details. 
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3.6 SspH2 interaction with NLRCs mediates enhanced NLRC activation via NF-κB 

pathways. 

NOD1 and NOD2 are thought to produce IL-8 through the activation of the NF-κB pathway 

(199). To investigate whether SspH2 super-activation of NOD1 and NOD2 was through NF-κB, 

IL-8 secretion assays were performed in the presence of the NF-κB pathway inhibitor, Bay-11. 

Bay-11 inhibits NF-κB activation by preventing the phosphorylation of IκBα. This prevents p65 

from traveling to the nucleus and binding to the NF-κB promoter, thus preventing initiating pro-

inflammatory cytokine release (200, 201). 

My data shows that the NF-κB inhibitor Bay-11, reduced NOD1 activation. I measured this by 

observing the levels of IL-8 secretion. This reduction was ~4.5 fold and ~9 fold in the absence 

and presence of SspH2 respectively (Fig 3.6A). I also found that the levels of IL-8 being secreted 

in the presence of NOD1+SspH2 with Bay11 compared to NOD1+EV with Bay11 were not 

statistically significant (Fig. 3.6A). This indicates that NOD1 super-activation with SspH2 is 

primarily being driven by NF-κB signaling. Due to SspH2 binding to both NOD1 and NOD2, I 

also investigated the effect of Bay 11 on NOD2 super-activation. I found that NOD2 signaling 

was also reduced in the presence of Bay-11. This reduction was ~2.5 fold and ~3 fold in the 

absence and presence of SspH2, respectively (Fig 3.6B). I also found that the levels of IL-8 

being secreted in the presence of NOD2+SspH2 with Bay11 compared to NOD2+EV with 

Bay11 was significantly increased by ~4.5 fold (P<0.0001) (Fig. 3.6B). This indicates that 

NOD2 super-activation with SspH2 may not entirely be due to NF-κB. This could be further 

investigated by observing the contribution that MAPK signaling pathway is having on NOD2 

signaling by inhibiting that signaling pathway. Taken together, these data indicate that SspH2 

mediates increased NLR activation through NF-κB signaling in NOD1, and partially through 

NF-κB in NOD2. 
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Figure 3.6. S. typhimurium SspH2 causes NLR activation through NF-κB pathway.  

NLR functional assay illustrating IL-8 secretion in HeLa cells. Cells are subsequently lysed for 

protein expression analysis. A. NOD1, SspH2 or EV with NOD1 agonist (1µg/mL c12 iE-DAP 

and 10ng/mL human IFNγ) with or without the addition of 20µM Bay-11. C. NOD2, SspH2 or 

EV with NOD2 agonist (5µg/mL MDP and 10ng/mL human IFNγ) with or without the addition 

of NF-κB inhibitor, Bay11. NOD1 and NOD2 were tagged with FLAG. SspH2 was tagged with 

HA. Data is presented as the mean with standard deviation for 4 biological replicates with 2-3 

technical replicates each. Each dot represents 1 technical replicate. Data were analyzed using a 

non-parametric Mann-Whitney test and **, ***, and **** denote P <0.01, < 0.001, < 0.0001 

respectively, between the indicated sample groups. See materials and methods for more details.  
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3.7 NLRP3 functional assays. 

I have been previously able to show that NLRP3 also interacts with SspH2 (Fig. 3.1C, 3.1E, and 

3.2C). To investigate the activation of NLRP3, I utilized THP-1 monocytes, which are a well-

recognized model for studying NLRP3 activation. NLRP3 activation initiates the assembly of the 

inflammasome, which initiates inflammatory cell death in response to infection. This is mediated 

by secretion of pro-inflammatory cytokines such as IL-1β (160-165). To observe IL-1β secretion 

as a functional output of inflammasome activation, the monocytes must be differentiated into 

macrophages. Unfortunately, I was unable to successfully transfect SspH2 into this in vitro cell 

model to examine the effects of SspH2 interaction on NLRP3 activation, thus I cannot show the 

data here. However, the work that I performed to establish this assay is found in appendix 1. 

3.8. SspH2-mediated NLR activation is not dependent on NLR stimulation by agonists. 

Since SspH2 mediates increased NOD1 activation in the absence of agonist (56), I sought to 

determine whether this effect was replicated in NOD2. I repeated the super-activation 

experiments without NOD2 agonist (MDP/h-IFNγ). Intriguingly, in the absence of NOD2 

agonist, both SspH2 wt and SspH2C580A induced a significant increase in IL-8 secretion. 

SspH2 caused a ~14 fold increase in IL-8, while SspH2C580A caused a ~6 fold increase in IL-8 

over baseline NOD2 (Fig 3.7A). There were also no statistically significant differences in IL-8 

secretion between EV and EV+NOD2 groups, indicating that presence of NOD2 alone does not 

increase IL-8 secretion over baseline (Fig 3.7A). This result is consistent with SspH2 and 

SspH2C580A interactions with NOD2 in the presence of agonist and indicates that SspH2 

mediated super-activation is not specifically dependent on the activated form of NOD2. 

I next performed control experiments to determine what effect NLR agonists interacting with 

SspH2 may contribute to the super-activation seen in the presence of NLRs. I observed that 

SspH2 expression alone increased IL-8 secretion by ~3 fold (Fig 3.7B). This was increased to 
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~10 fold in the presence of NOD1 agonist (Fig 3.7C) and NOD2 agonist (Fig 3.7D). However, I 

observed that this is still approximately ~20 fold lower than enhancements observed in the 

presence of exogenous NLR. These data suggest that SspH2 is interacting with either 

endogenous NOD1/NOD2 (in the case of Fig 3.7 B-D) or is specifically interacting with NLR 

agonists (Fig 3.7 C & D) to contribute to the increased IL-8 secretion seen when interacting with 

transiently transfected NLRs. 

 

 

 

 

 

 

 

 

 



73 
 

 

Figure 3.7. SspH2 activity, and SspH2 stimulation in the absence of NOD agonist.  

IL-8 secretion assays of plasmids transiently transfected in HeLa cells. A. NOD2, SspH2, 

SspH2C580A (C580A), or empty vector (EV) as indicated in the absence of NOD2 agonist 

(5µg/mL MDP and 10ng/mL human IFNγ). B-D. SspH2, C580A, and EV as indicated, in the 

absence of agonist; B), presence of NOD1 agonist (1µg/mL cDAP and 10ng/mL human IFNγ); 

C), and presence of NOD2 agonist (5µg/mL MDP and 10ng/mL human IFNγ); D). Data is 

presented as the mean with standard deviation for 3-4 biological replicates. Data were analyzed 

using a non-parametric Mann-Whitney test and ** and **** denote P < 0.01, P < 0.0001 

respectively between the indicated sample groups. See materials and methods for more detail. 
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3.9 SspH2 interaction with NLRs does not cause poly-ubiquitination in vitro 

It has been reported that SspH2 creates K48-linked polyubiquitin chains, suggesting that its 

targets are meant for proteosomal degradation (202). K48-linked polyubiquitination indicates 

proteasomal degradation, which would presumably diminish pro-inflammatory activities of 

NLRs, due to reduced levels of NLR proteins in the cell. As I have observed so far, there is no 

inhibition of NLR activation. Instead, there is super-activation, which is inconsistent with NLR 

degradation. To better understand SspH2 ubiquitination of NOD1 in vitro I looked at the 

ubiquitination pattern present on NLRs in the presence of SspH2. To do this, I transiently 

transfected NLRs with EV/SspH2C580A/SspH2 and ubiquitin into HEK293T cells, and 

immunoprecipitated the NLRs to look at their ubiquitination patterns by western blot. I identified 

ubiquitination by observing the general staining pattern of ubiquitin on the immunoblots. My 

findings indicate that in the presence of transiently transfected NOD1, SspH2, and ubiquitin 

there was no distinct ubiquitin smearing, which if present, would indicate poly-ubiquitination. 

There is however, a band of ubiquitin above where NOD1 is present, and no loss of NOD1 signal 

in the presence of SspH2 compared to EV or SspH2C580A (Fig 3.8A). Furthermore, when 

investigating SspH2’s interaction of NOD2 in the presence of ubiquitin, there is no distinct 

pattern of ubiquitin smearing, and a very faint band above NOD2 in the presence of SspH2, 

coupled with a consistent signal intensity around NOD2 in the anti-myc stained western blot (Fig 

3.8B). These results are mirrored with NLRP3 (3.8C).  

These results are contrary to previously published SspH2 activity in vitro which claims that 

SspH2 causes poly-ubiquitination when only the proteins are present in the reaction (202). These 

findings are however, consistent with the previously reported findings that SspH2 causes mono-

ubiquitination of NOD1 in vitro, and does not cause degradation of NOD1 (56). It remains to be 

identified whether poly-ubiquitination of these proteins is possible: to do that in cell culture 
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requires the use of proteasomal inhibitor, which was not used in these experiments. Thus, these 

data suggest that in vitro, SspH2 may cause mono-ubiquitination of multiple NLRs which is not 

utilized for protein degradation. 
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Figure 3.8. Identification of characteristic ubiquitination patterns.  

Plasmids were transiently transfected into HEK293T cells, enriched via FLAG IP and subjected 

to Western blot analysis. All samples had EV, SspH2C580A or SspH2 expressed in them with 

either NOD1, NOD2, or NLRP3. The NLRs found in each blot are A. NOD1, B. NOD2, C. 

NLRP3. Immunoblotting was performed with indicated antibodies. 
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3.10 Identifying ubiquitination of NOD1 due to SspH2. 

 

I next narrowed my focus to NOD1 interaction with SspH2 as a proof of concept. To further 

elucidate the mechanism by which SspH2 causes increased IL-8 secretion when interacting with 

NOD1, I identified putative ubiquitination sites on NOD1 via liquid chromatography mass 

spectrometry (LC-MS/MS). I transiently co-transfected FLAG-tagged NOD1, SspH2 (wt, 

C580A or empty vector) and ubiquitin in HEK293T cells, and harvested and lysed, the cells. I 

worked in conjunction with Shu Luo, a PhD student from the Julien lab to IP NOD1using anti-

FLAG magnetic beads. Shu Luo then isolated NOD1-enriched sample bands using SDS-PAGE, 

and performed in-gel digestion with trypsin, followed by LC-MS/MS (Fig 3.9A). To identify 

ubiquitinated lysines, we searched the resultant peptides for the presence of remnant Gly-Gly 

motifs on lysine side chains (K-ε-GG), which is derived from the carboxy terminus of ubiquitin 

after trypsin digestion (203). 

The overexpressed NOD1 protein was identified via more than a hundred distinct peptides with a 

NOD1 sequence coverage of ~80%, which are both very accurate identifiers for mass-

spectrometry experiments (O. Julien, personal communication). We found that there were 12 

ubiquitination sites in the presence of NOD1 and EV (Fig. 3.9B). There were 23 ubiquitination 

sites in the presence of SspH2C580A (Fig. 3.9C), and 22 sites on NOD1 in the presence of 

SspH2 (Fig. 3.9D). Because there were so many ubiquitin sites identified on NOD1 from the 

different combination of proteins, I first sought to identify ubiquitinated lysines that were 

uniquely present on in the presence of SspH2. I found one unique lysine on NOD1 at lysine 142 

(Fig 3.9D). Through this data, we identified the first evidence of NOD1 ubiquitination in cells, 

albeit with over-expressed ubiquitin and NOD1, and found a SspH2-specific unique site of 

ubiquitination.  
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Figure 3.9. Mass spectrometry experimental design, and identification of ubiquitinated 

lysines between sample types.  

A. Schematic diagram of mass spectrometry experiment (created with Biorender.com). All 

samples had NOD1 and ubiquitin protein transfected into HEK293T cells, and ubiquitination 

sites were identified by LC-MS/MS. B. ubiquitination sites identified with EV. C. ubiquitination 

sites identified with SspH2C580A. D. ubiquitination sites identified with SspH2. 
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3.11 Comparing ubiquitination sites on NOD1. 

 

To ascertain whether any of the other ubiquitination sites on NOD1 were of possible importance 

for SspH2 activity, I performed a semi-quantitative analysis on the intensities of identical 

peptides present in all of the sample populations. I compared SspH2 to EV (Fig 3.10A), 

SspH2C580A to EV (Fig 3.10B) and SspH2 to SspH2C580A (Fig 3.10C). When comparing the 

maximum intensities found for each ubiquitinated lysine on NOD1, I performed a linear 

regression and applied a 95% confidence interval, and identified points as significant if they fell 

outside of the 95% confidence interval. None of the regressions showed a 45-degree association. 

My data analysis showed that lysines 473 and 746 were at a higher intensity in both SspH2 and 

SspH2C580A compared to EV (Fig 3.10D). Lysines 778 and 809 were at a lower intensity in 

both SspH2 and SspH2C580A compared to EV (Fig 3.10D). When I compared SspH2 to C580A, 

lysine 784 was at a higher intensity in SspH2, and lysine 328 was at a lower intensity in 

SspH2C580A (Fig 3.10D). Taken together, this gave direction for determining which lysines in 

NOD1 to mutate to ascertain SspH2 lysine dependency for super-activation.  
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Figure 3.10. Semi quantitative analysis of mass spectrometric intensity values between 

sample types.  

Gly-gly peptides were plotted as a function of their maximum intensities identified by LC-

MS/MS and intensities are scaled on the plot to 1x107. A linear regression, denoted by the solid 

black line, was generated based upon this analysis and outliers from the 95% CI, denoted by the 

dashed line, were identified as residues of interest. A. comparison of SspH2 to EV. B. 

C 

B 

A 

D 
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comparison of SspH2C580A to EV. C. comparison of SspH2 to SspH2C580A. D. Summary 

diagram of amino acid sequence of NOD1 with Caspase Activation Recruitment Domain 

(CARD), Nucleotide Binding Domain (NBD), and Leucine Rich Repeat (LRR) regions 

highlighted. Individual lysine residues highlighted in black denote lysine residues that were 

identified with di-glycyl modifications in any sample. Red denotes di-glycyl residues that were 

upregulated in SspH2 vs SspH2 C580A. Blue denotes residues that were downregulated in 

SspH2 compared to SspH2 C580A. Light green denotes di-glycyl residues that were upregulated 

in both SspH2/ SspH2 C580A over empty vector (EV). Pink denotes di-glycyl residues that were 

downregulated in both SspH2/ SspH2 C580A over EV. See materials and methods for more 

details. 

 

 

 

 

 

 

 

 

 

 



83 
 

3.12 Four lysine residues on NOD1 are critical for its activation by SspH2. 

 

Through my analysis, I selected 19 lysine residues that contained di-glycyl remnants that were 

identified to be of interest through semi-quantitative mass spectrometry analysis, and to ensure 

coverage of lysine residues on NOD1 (Fig 3.11A). These lysines were chosen via a hierarchy 

that put unique lysines first (K142), lysines identified outside of the linear regression (K328, 

K473, K776, K778, K784, and K809) second, and finally random lysines throughout the protein 

third.  

To assess whether these lysine residues were required for basal NOD1 activity, I individually 

mutated the lysine residues to arginine to prevent ubiquitination and tested these NOD1 variants 

in my NOD1 functional assay (Fig. 3.11B). My data indicated that the mutation of lysine 

residues to arginine had no suppressive effects on the ability of NOD1 to be activated by its 

agonist (1µg/mL c12-iEDAP and primed by 10ng/mL human IFNγ). Interestingly, the mutation 

of lysine to arginine of NOD1 at positions 784, 802, and 858 increased IL-8 secretion slightly 

(Fig. 3.11B). To ensure that the mutation of lysine to arginine does not alter the ability of the 

NOD1 proteins to be expressed from transiently transfected cells, I confirmed that the NOD1 

single lysine variants were detectable via western blot (Fig 3.11C). 

To determine whether the mutated lysine to arginine residues were important for SspH2’s super-

activation of NOD1 activity, I repeated the NOD1 functional assay in the presence of 

SspH2.  Lysine variants in the NOD1 CARD (K24) and NBD (K324, 328, and K473) domains 

abrogated the enhanced IL-8 secretion phenotype elicited by SspH2 more than 50% (Fig. 3.11D). 

Lysine variant 784 also decreased IL-8 mediated super-activation by ~30%. This result is modest 

in comparison to the other lysine mutants, and was not investigated further. It is notable that the 
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CARD region of NOD1 does not interact with SspH2, yet K24 ubiquitination in the CARD 

region seems to be important for SspH2-mediated super-activation of NOD1. Even more 

intriguingly, even though K142 ubiquitination was identified to only be present as a result of 

SspH2, it does not appear to be critical for super-activation of NOD1 via SspH2. To ensure that 

mutation of lysine residues 24, 324, 328, or 473 to arginine did not affect the ability of SspH2 to 

bind to NOD1, I performed reciprocal co-IP from cell lysates co-expressing SspH2 and the 

variant NOD1 constructs. This analysis indicated that SspH2 continues to interact with NOD1 

even when these single lysine residues are mutated into arginine. Taken together, these data 

further support a model where SspH2 specifically ubiquitinates lysines in the N-terminal CARD 

and NBD domains of NOD1 to augment its pro-inflammatory signaling (Fig. 3.11A). 

 

 

 

 

 

 

 

 



85 
 

    

 

 

 

B 

C 

A 

D 



86 
 

 

Figure 3.11. NOD1 point mutant activation capacity.  

A. Schematic representation of all NOD1 lysines changed to arginine, with points of interest 

marked in red. B. IL-8 secretion assay in HeLa cells transiently expressing NOD1/NOD1 

mutants in the presence of NOD1 agonist (1µg/mL cDAP and 10ng/mL human IFNγ). The 

dotted line represents the 100% activation level. C. Protein expression of NOD1 lysine variants 

or empty vector (EV) transiently expressed in HEK293T cells. NOD1 lysine variants were 

tagged with FLAG. Immunoblotting was performed with FLAG antibodies. D. IL-8 secretion 

assay in HeLa cells transiently expressing NOD1/NOD1 mutants in the presence of NOD1 

agoinst (1µg/mL cDAP and 10ng/mL human IFNγ) and SspH2. The dotted line represents the 

100% activation level. E. Reciprocal co-IP analysis of NOD1 lysine variants with SspH2 

transiently expressed in HEK293T cells. NOD1 point mutants were tagged with FLAG. IPs and 

immunoblotting were performed with indicated antibodies. Data is presented as the mean with 

upper limit of standard deviation for 3-5 biological replicates. Data were analyzed using a One-

way ANOVA, *, **, ***, and **** denote P < 0.01, P < 0.005, P < 0.001, and P < 0.0001 

respectively between the indicated sample groups. See materials and methods for more details. 

Dashed line indicates samples run on another gel. 

 

E 
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CHAPTER 4 – DISCUSSION 

4.1 Summary of results. 

Throughout my studies, I have used cell culture to uncover novel aspects of Salmonella bacterial 

effector biology. Using co-immunoprecipitations, I report that SspH2 is able to interact with 3 

different tripartite NLRs: NOD1, NOD2, and NLRP3. Both SspH2-LRR and SspH2-NEL 

regions are able to interact with all 3 of these NLRs. Furthermore, the NBD, and LRR regions of 

NOD1 facilitate this interaction with SspH2. Using IL-8 ELISAs I was next able to demonstrate 

that SspH2 super-activates NOD1 and NOD2 in the presence of their respective agonists. The 

super-activation was mediated, in-part, by NF-κB activation. After identifying the binding 

capacities and functional consequences of SspH2 inside of host cells, I next looked at how 

SspH2 could be super-activating NLRs. I found that SspH2 does not elicit normal poly-

ubiquitination characteristics when interacting with NLRs, and there is no apparent loss of NLR 

signal. However, SspH2 may be mono-ubiquitinating multiple NLRs to cause their super-

activation. Using LC-MS/MS, I next looked at ubiquitination specifically on NOD1. I found, for 

the first time that NOD1 shows patterns of ubiquitination on its own. I further found that there 

was SspH2-specific ubiquitination occurring on NOD1, and that some ubiquitin sites showed 

stronger relative signal intensities in the presence of SspH2. However, the lysine residues 

highlighted from LC-MS/MS required further validation analyses to identify important lysine 

residues. I mutated all lysine residues of interest identified with LC-MS/MS, and found that 4 

sites in the NBD and CARD regions of NOD1 were important for SspH2-induced super-

activation (Fig. 4.1). 

4.2 SspH2 interacts with multiple NLRs. 

One of the most fascinating aspects of my findings is the multiple different ways that SspH2 can 

engage with the host immune system. It was known previously that SspH2 could interact with 
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the NOD1 receptor (56), but there was no knowledge on whether it was able to interact with 

other NLRs. It is known previously that SspH2 can interact with multiple other proteins inside of 

the host cell, such as: UbcH5 (57), and SGT1 (56). However, my findings show that SspH2 can 

interact with NOD1, NOD2, and NLRP3, insinuating that it facilitates a multi-factorial approach 

to mediating pathogenesis.  

Since SspH1 is able to interact with PKN1 via its LRR domain (204), and the LRR domain of 

SspH2 mediated interaction with SGT1 (56), I thought that perhaps the LRR domain of SspH2 

may be mediating its interaction with the NLRs. From IP experiments, I found that both the LRR 

and NEL domains of SspH2 were responsible for interaction with NOD1, NOD2, and NLRP3. 

This was unexpected, as documented protein interactions with NOD1 and NOD2 are via 

homotypic interaction (e.g. homotypic CARD interactions with RIP2) and the LRR is known to 

sense pathogens (205), and be used for interaction with HSP70/90 (118). 

Given that SspH2 super-activates NOD1 (56), and that the CARD region of NOD1 is required 

for downstream signaling by interacting with RIP2 (108, 116), it could be assumed that SspH2 

might be interacting with this domain. It also could be reasoned that because the LRR domain is 

used to sense bacterial subunits like iE-DAP (117), SspH2 may be interacting solely with the 

LRR domain. By utilizing co-IP to investigate the interaction of NOD1 domains with SspH2, I 

was able to find that CARD is actually the only NOD1 domain that SspH2 does NOT interact 

with and SspH2 interacts with NOD1 NBD and LRR. Furthermore, the fact that SspH2 interacts 

with 2 domains is interesting to note. It remains to be seen which domain of SspH2 interacts with 

which domain of NOD1. This could be done as a future experiment using the same constructs 

outlined above in my thesis to further elucidate the interaction mechanisms of SspH2. It would 

also be interesting to see whether these binding characteristics were the same for NOD2 and 
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NLRP3, or whether the introduction of an additional CARD region (in NOD2) or the pyrin 

domain (in NLRP3) altered the binding pattern. 

The physiological importance of these interactions during a S. typhimurium infection remains to 

be determined. To identify whether these protein interactions are present during human cell 

infection, fluorescently-tagged SspH2 could be expressed in S. typhimurium and used to infect 

human gut epithelial cells that express different fluorescently-tagged NLRs. The cells could then 

be imaged to identify any overlap of the fluorescent signals to verify if these protein interactions 

occur in human cell infection. 

4.3 SspH2 super-activates multiple NLRs. 

Upon interacting with NOD1, SspH2 has been shown to super-activate NOD1, inducing higher 

than normal IL-8 secretion (56). Since SspH2 interacts with multiple different NLRs, I wanted to 

know whether this super-activation was similar when interacting with NOD2, and NLRP3. 

SspH2 is able to super-activate both NOD1 and NOD2. The super-activation of NOD2 is present 

with or without NOD2 agonist. NOD1 is super-activated to induce ~3x more IL-8 secretion, 

while NOD2 is super-activated to induce ~10x more IL-8 secretion. SspH2C580A was also able 

to induce some additional super-activation of NOD2, which was not the case in NOD1. This may 

hint that there is possibly something about the physical nature of SspH2 that can cause super-

activation of NOD2. One notable difference between NOD1 and NOD2 is that NOD2 has two 

CARD motifs (134), compared to the single CARD motif in NOD1 (111). This difference could 

possibly contribute to the change in IL-8 secretion magnitudes, but there may also be different 

protein interaction patterns or ubiquitination of NOD2 which may contribute to this observed 

difference in activations.  
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4.4 SspH2 activity is mediated in part through NF-κB. 

The NF-κB pathway is subject to much regulation by multiple proteins injected into host cells by 

Salmonella, such as GogB, SpvB, SseK1-3, SspH1 and SspH2 (206). The only protein that is not 

encoded by SPI-I, and does not inhibit NF-κB activity, is SspH2. It is interesting to note that 

even though SspH1 and SspH2 are very similar in sequence (~70% sequence homology), and 

target the same pathway, they have opposing NF-κB pathway functions (207). Other examples of 

Salmonella effector proteins with antagonistic functions, e.g., SptP antagonism of the 

SopE/SopE2/SopB, are well-studied and suggest that dynamic regulation of critical host cell 

processes is important to Salmonella pathogenesis (206).  

I was able to infer that NOD1 and NOD2 super-activation is mediated in part by NF-κB by 

inhibiting NF-κB signaling from both NLRs with Bay11. BAY11 irreversibly inhibits NF-κB 

activation by blocking the phosphorylation of IκBα, which suppresses the nuclear translocation 

of p65 and its binding to NF-κB response elements, thus effectively preventing pro-inflammatory 

cytokine production (200, 201). I found that NOD1 super-activation was completely abrogated in 

NOD1, but NOD2 is only inhibited ~3 fold by Bay11. This could be interpreted to mean that the 

other 6-7 fold increase over baseline could be due to an alternative pathway which results in IL-8 

secretion. This could possibly be caused by MAPK activation, which is also activated by NOD2 

(208). This could be tested by utilizing a MAPK phosphorylation western blot from cells 

transfected with NOD2 and SspH2, and stimulated with NOD2 agonist. This could also be tested 

by blocking the MAPK pathway with inhibitors of MAPK P38 like SB203580, SB202190, or 

BIRB-796 (209). 
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4.5 SspH2 ubiquitination of other host proteins.  

When S. typhimurium infects host epithelial cells it alters not only the actin architecture to 

facilitate invasion of the cell, but it also greatly alters the host ubiquitinome. It has been reported 

that this infection mediates ubiquitination-mediated Rho GTPase (e.g. CDC42, and LUBAC) and 

NF-κB activities. It is known that SspH2 can interact with actin cytoskeletal components such as 

filamin (58). It has also been found that in HEK293T cells, SspH2 was found to be able to 

ubiquitinate actin cytoskeletal/co-chaperone proteins like ACTR8, ARPC5, FLNA, MYH9, and 

SGT1 (210). In this paper, the authors utilize mass spectrometry targeting di-glycyl proteomics 

to systematically and quantitatively monitor the changes in the host epithelial cell ubiquitinome 

in response to S. typhimurium infection. Their results insinuate that SspH2 does not ubiquitinate 

NLRs during bacterial infection in epithelial cells. An alternative reading of this could also be 

that they simply were unable to identify di-glycyl sites on NLRs during their mass spectrometry 

analysis. This is notable because the NLRs in this study were not over-expressed. Meanwhile, in 

Yersinia pestis, the bacterial E3 ligase, YopM, has been observed to decrease NLRP3 activation 

via K63 linked ubiquitination of NLRP3 (211). YopM is an unconventional E3 ubiquitin ligase, 

which contains an LRR domain, but no NEL domain (102). 

It is notable that while there are reports that NLR signaling can be regulated by ubiquitination, 

there have been no reports of direct ubiquitination on NLRCs. NOD1 and NOD2 interact with 

host proteins to mediate downstream activation of NF-κB through homotypic CARD domain 

interaction with RIP2 (106, 114, 134, 135). This process involves many proteins interacting with 

RIP2 to increase or decrease signaling capacity to maintain appropriate levels of inflammatory 

activation. Polyubiquitination of RIP2 by host E3 ligases, e.g. XIAP, cIAP1/2, ITCH, and 

Pellino3 induces RIP2 activation upon NOD1/NOD2 stimulation (114, 134, 135). The 
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deubiquitinase proteins A20, OTULIN, and CYLD remove ubiquitin from RIP2 to repress its 

activation (130, 212, 213). Once RIP2 is ubiquitinated, TAK1 is recruited to phosphorylate IκBα 

of the IKK complex, leading to NF-κB translocation to the nucleus and production of pro-

inflammatory cytokines (128). These conserved host signaling pathways downstream of 

receptors are where bacterial E3 ligases like IpaH4.5 and SspH1 usually modulate inflammation 

(214, 215). On the other hand, NLRP3 inflammasome activity can be regulated by host proteins 

through modification with ubiquitin. Ubiquitination via Pellino2 (216), and de-ubiquitination on 

the NLRP3 LRR domain via BRCC3 (212, 217) have been shown to activate NLRP3. 

Alternatively, de-ubiquitination via IRAK1 (216), and ubiquitination by TRIM31 have also been 

shown to decrease NLRP3 activity by inducing proteasomal degradation in the case of the latter 

(218).  

It has been reported that SspH2 creates K48-linked polyubiquitin chains, suggesting that its 

targets are meant for proteosomal degradation (202). However, when identifying ubiquitin via 

immunoblot analysis from samples with ubiquitin and NLR, I did not observe the characteristic 

smear of poly-ubiquitination. This infers that SspH2 is mono-ubiquitinating NLRs to mediate its 

function, consistent with previously reported findings (56). In my experimental workflow with 

LC-MS/MS, I anticipated detecting enhanced, or differential ubiquitination of NOD1 in the 

presence of catalytically active SspH2 to mediate super-activation (52). Due to the absence of 

markedly identifiable increases in Gly-Gly lysine remnants (K-ε-GG) following trypsin digestion 

of NOD1, this suggests that ubiquitination by SspH2 is nuanced. I did however, find one 

ubiquitinated lysine that was present only in SspH2 at K142. I next looked at the semi-

quantitative analysis of LC-MS/MS intensities, which revealed that the majority of the 

ubiquitinated lysines with statistically significant differential intensities between C580A and 
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SspH2 occurred in the LRR domain of NOD1. Surprisingly, I found that mutation of lysines in 

the LRR domain had little effect on SspH2’s capacity to increase pro-inflammatory production. 

There are accounts that NOD1 can interact with ubiquitin at tyrosine 88 and glutamate 84 in the 

CARD region, and NOD2 interacts at the corresponding CARD region sites, isoleucine 104 and 

leucine 200. This binding of ubiquitin is distinct from post-translational ubiquitin modification, 

and prevents RIP2 binding to NLRs, to negatively regulate signaling (130, 131). There are also 

predictions of ubiquitin binding at K436 and K445 on NOD2 (130).  

Out of the lysines mutated in the NDB and CARD regions, only 2/6 retained the ability to super-

activate with SspH2. In the NBD region, all of the C-terminal lysines mutated (K324, K328 & 

K473) showed statistically significant decreases in SspH2-mediated super-activation. K324, 328, 

and K473 were all shown to be able to be expressed in cell culture and interact with SspH2. 

Based off of the identified NOD1 lysines that abrogate SspH2-super-activation, it could by 

hypothesized that all of these Lysines (K24, K324, K328, and K473) are all in proximity to each 

other. K784 is a specifically interesting lysine, as it exhibits increased basal activation and ~30% 

decrease in super-activation with SspH2. This reduction is modest when compared to the other 

lysine mutants (K24, K324, K328, and K473) that showed >50% reduction in SspH2- mediated 

super-activation. This lysine might be important for SspH2 interaction with SspH2 in the LRR 

domain. A more definitive answer could be obtained by using x-ray crystallography to visualize 

how NOD1 and SspH2 interact with one another. 

My ubiquitination analyses focused on NOD1; thus, it is unclear if SspH2 would target both 

NOD2 CARD domains for ubiquitination. Further LC-MS/MS investigation are required to study 

this possibility. Due to the ability of SspH2 to interact with multiple NLRCs, it is tempting to 
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speculate that it interacts with other proteins within this family, or even across NLR families e.g., 

NLRP3. 

4.6 Lysine placement on theoretical crystal structure of NOD1. 

The theoretical protein structure of NOD1 has recently been released using artificial intelligence 

to predict, with great accuracy based on its ability to correctly identify already modeled proteins, 

how proteins would fold in 3D space (219). In this model, the lysines that were identified 

through mass-spectrometry are highlighted. The colours of the lysines correlate with where in 

NOD1 they are found: yellow is the CARD region, blue is the NBD region, and green is the LRR 

domain. 3 lysines, K324, K328, and K473 are present on the same plane, where K324 and K473 

are both solvent exposed, and K328 is oriented into the protein. This incidence of lysines that are 

statistically significant for NOD1 super-activation being in the same plane is particularly 

interesting. This localization could suggest that this highlighted area in the NBD region is where 

the catalytic cysteine of SspH2 is exerting the majority of its activity, and could be where the 

NEL region of SspH2 is specifically binding to.  

This hypothesis could be further tested by investigating which of the two individual domains of 

SspH2 is interacting with the NOD1 NBD region through co-IP. This interaction could be further 

investigated by using X-ray crystallography to fully elucidate where NOD1 NBD and SspH2 

fully interact with one another. Being able to assess this information would give a greater 

understanding of how NELs could be interacting with NLRs, and allow for possible 

pharmacological treatments to be formulated. 
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Figure 4.1. Lysine location on theoretical model of NOD1. 

Conceptual domain model and theoretical structure of NOD1 using the AlphaFold modeling 

system (219). The coloured amino acids are lysines found throughout NOD1. Lysine colour 

correlates to which domain it is found in: yellow is the CARD region, blue is the NBD region, 

and green is the LRR domain Outlined in red are the position of lysines, whose mutation reduces 

NOD1 super-activation by SspH2. 
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4.7 THP-1 NLRP3 activation assay. 

To further elucidate how SspH2 interacted with NLRs in the host cell, I sought to investigate the 

functional effects of SspH2 interaction with NLRP3. I initially looked to use a cell model that 

would allow me to recapitulate the NLRP3 inflammasome. THP1 cells are a model cell line to do 

this in an immune cell context. I was able to procure NLRP3 KO cells from the Muruve lab from 

University of Calgary, which had previously been used to identify NLRP3 function (194). I 

hoped to use them to be able to investigate how SspH2 affects cells that lack NLRP3, and 

compare these findings to cells expressing endogenous levels of NLRP3. This gives the benefit 

of seeing exactly how SspH2 could function inside of immune cells that would normally be 

targeted by S. typhimurium infection. However, I was unable to get a robust working system 

established for investigating the effect of SspH2 on NLRP3 using CRISPR edited THP1 cells. 

This avenue of investigation is an obvious next step in further exploring the effect of SspH2 on 

NLRs. NOD2 has been reported to interact with NLRP3 (135), so investigation into this pathway 

would be an interesting link between all of these NLRs. 

I have already optimized the culturing and stimulation conditions for THP1 cells, but I believe 

that using non-edited THP1 cells may prove to be more fruitful. This is because non-edited cells 

could be heartier, as they have not been genetically modified, and thus be less susceptible to cell 

death following uptake of new genetic materials. I did not compare these CRISPR-modified cells 

to non-edited cells, so it remains to be seen. However, after transfecting the CRISPR-modified 

cells, I observed through microscopy that there are fewer adherent cells, compared to non-

transfected cells. By being able to successfully transfect SspH2 into these cells, one could 

investigate how SspH2 could affect the inflammasome. If THP1 cells are unable to be used, there 

are also other methods of investigating inflammasome activation. For example, HEK293T cells 
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can be utilized to study inflammasome activation by transiently expressing all of the required 

components and then identifying IL-1β secretion (220). 

4.8 Additional considerations. 

NOD1 and NOD2 proteins are also known to interact with other proteins that affect their stability 

and functional capacities called chaperones (208). Some of these chaperones include HSP70/90 

and SGT1 (208). I did not investigate the effect that SspH2 has on these proteins, or even 

whether SspH2 can interact with them at all. It is known however, that SspH2 does interact with 

SGT1 (56).  This could also be a further avenue of study to fully explore the effect that SspH2 

has on host NLRs. 

Since my thesis was done in a cell culture model, it has the limitations of being restricted to 

biochemical functions. Further experiments could investigate the systemic effects of SspH2 

interaction with NOD1/NOD2/NLRP3 during S. Typhimurium infection utilizing a mouse 

model. It would be interesting to speculate how blocking or interrupting the NLR mediated 

function during S. Typhimurium infections would affect the course of infection. This could be 

performed by creating NOD1/NOD2 specific inhibiting drugs to block this interaction, and 

seeing how well the mice were able to clear infection. The independent effects of SspH2 could 

be identified by utilizing a ΔSspH2 or SspH2C580A S. typhimurium mutant, and comparing it to 

wild-type infections with the NLR blocking drugs. 

4.9 Final Conclusion. 

Throughout my thesis, I make the novel discovery that SspH2, a bona fide member of the NEL 

family (102, 221), interacts with multiple members of the NLRC family to enhance pro-

inflammatory signaling that result from targeted ubiquitination. Here, I report that the interaction 
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between the S. typhimurium E3 ubiquitin ligase SspH2 and NOD1 is facilitated by the NBD and 

LRR domains of NOD1. The interaction of SspH2 and NOD1 super-activates NOD1 signaling, 

and corroborates what we had found in our previous study (56). This super-activation is 

mediated through SspH2 specifically ubiquitinating NOD1 on lysine residues in the CARD and 

NBD regions of NOD1 (Fig. 4.1). 

To my knowledge, this is the first report that mechanistically links NEL effector activity to 

functional enhancement of an NLR. Though my cell culture studies do not unequivocally 

demonstrate that SspH2 directly ubiquitinates NOD1, the report that YopM directly ubiquitinates 

NLRP3 (211) suggests that SspH2 might also work in a direct fashion. When NOD1 activates, it 

undergoes a structural change whereby its LRR domain un-inhibits access to its CARD and NBD 

regions (114), It remains to be seen what ubiquitination of NOD1 does to physically alter NOD1 

and its ability to interact with other proteins in the cell but several models can be envisioned. 

One possibility is that by binding and ubiquitinating NOD1, SspH2 is mediating increased 

affinity between NOD1 and its agonist, thereby enhancing activation. Ubiquitination of NOD1 

could also cause NOD1 to oligomerize more readily, allowing for enhanced interaction with 

downstream effectors. Another possibility is that ubiquitinating NOD1 in the vicinity of adapter 

binding sites, could alter interaction dynamics with RIP2, leading to increased IL-8 secretion 

(Fig. 4.2). Further study of protein visualization techniques like cryo-EM are required to discern 

between these models. My current work has illustrated the sophisticated nature of bacterial 

pathogenesis, and sheds new light on the mechanism by which a traditionally antimicrobial 

pathway is subverted for pathogenesis. 
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Figure 4.2. Model of SspH2 activation of NOD1 inside the cell. 

(left) normal NOD1 activation from interaction with ieDAP, resulting in secretion of IL-8 

cytokines. (right) NOD1 super-activation in the presence of SspH2. SspH2 interacts with the 

NBD and LRR domains of NOD1, and acts upon lysine residues in the CARD and NBD 

domains to super-activate NOD1 and cause increased IL-8 secretion. 
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APPENDIX 1 

CRISPR/Cas9 modified THP-1 cells are able to differentiate into macrophages. 

Since I was able to see interaction with NLRP3 with SspH2, I sought to use a cellular model 

whereby I could observe the effects that SspH2 had on NLRP3 signaling. To do this, I 

endeavored to use THP-1 cells, which are a well-studied in vitro model for NLRP3 

inflammasome activation. These are a good model because they are human cells, and have all of 

the necessary components for inflammasome activation in the cell already. In addition, the 

inflammasome is typically activated in macrophages (179). THP-1 cells are monocytes 

suspended in culture, but upon stimulation with phorbol 12-myristate 13-acetate (PMA), which is 

analogous to diacyl glycerol, these cells differentiate into adherent macrophages. This results in 

their secretion of IL-1β, which is measurable by ELISA.   

I obtained CRISPR/Cas9 NLRP3 and mock KO cells from the Muruve lab at the University of 

Calgary that they had previously used to asses NLRP3 function in vitro (194). To ensure that 

these cells were culturable and able to differentiate from THP-1 cells into macrophages, I tested 

multiple different PMA stimulation conditions. I observed that in accordance with literature on 

NLRP3 activation (195, 196), 100ng/ml of PMA was sufficient to cause the majority of cells to 

have the flattened and adherent phenotype characteristic of macrophages (Fig S1). This data 

indicates that I was successfully able to differentiate THP-1 monocytes into macrophages to be 

used for further NLRP3 dependent activity studies. 
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Supplementary Figure 1. THP1 cell culture differentiation.  

THP-1 cells were stimulated with or without 100ng/mL PMA for 48 hours, and imaged pre- and 

post-wash. The arrows indicate adherent macrophages in culture.  
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THP-1 cell activation 

I next assessed whether I am able to observe IL-1β secretion from the THP-1 cells following 

stimulation. LPS is known to prime THP-1 cells for activation by initiating the production of 

NLRP3 inflammasome components, and Nigericin induces K+ efflux, which activates the 

NLRP3 inflammasome (195, 196). I investigated different concentrations LPS and nigericin for 

range-finding, in both the mock KO, which have NLRP3 present in them, and the NLRP3 KO 

THP-1 cells (Fig S2 A-B). I found that the optimal dosing of LPS, for NLRP3 priming, was 

100ng/mL and the optimal nigericin concentration was between 5-10 µM for the THP-1 mock 

KO cells (Fig. S2A). The concentrations of LPS and nigericin had little discernable effect on the 

NLRP3 KO THP-1 cells. They were not able to secrete IL-1β at a comparable amount to mock 

KO THP-1s (~10x less), which functionally reaffirms that NLRP3 has been knocked out of these 

cells (Fig S2B). I next optimized the nigericin dosing for the mock KO THP-1 cells and found 

that 7.5 µM was an effective dose to observe stimulation of THP-1 cells (Fig S2C). Thus, this 

data indicates that I have optimised the experimental design for observing NLRP3 dependent 

activation through IL-1β secretion. 
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Supplementary Figure 2. THP-1 cell stimulation optimization.  

IL-1β secretion assay performed on THP-1 cells stimulated with varying concentrations of 

Nigericin and LPS. A. THP-1 Mock KO (NLRP3+) cells were tested in the presence of 0ng-

1µg/mL LPS and 0-20 µM Nigericin. B. THP-1 NLRP3 KO cells were tested in the presence of 

0ng-1µg/mL LPS and 0-20 µM Nigericin. C. THP-1 Mock KO (NLRP3+) cells were further 

optimized with 100ng/mL and 5-10µM Nigericin. Data is presented as the mean with standard 

deviation for 1-2 biological replicates. 
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THP-1 cell transfection 

I next sought to understand whether these cells can receive plasmids via electroporation by 

transfecting these cells with GFP. I observed that these cells were able to uptake the GFP 

plasmid and express GFP, but not at a high efficiency rate (Fig S3). I also found that 

electroporating these cells in accordance with manufacturer specifications lead to poor viability 

and a reduction of adherent cells observable after 48 hours (Fig S3). Thus, this data indicates that 

THP-1 cells are transfectable. 
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Supplementary Figure 3. THP1 cell electroporation.  

THP-1 cells were electroporated with 1µg of GFP plasmid and stimulated with PMA for 48 

hours, and imaged pre- and post-wash. 
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Effect of transient expression of SspH2 in THP-1 cells 

Seeing that THP-1 cells were able to uptake plasmids, and able to be effectively activated to 

produce IL-1β, I determined the effect of transfecting SspH2, SspH2C580A, or EV via 

electroporation. I observed that the addition of SspH2 or SspH2C580A had no statistically 

significant differences on IL-1β secretion between response groups in THP-1 mock KO and 

THP-1 NLRP3 KO cells cells (Fig S4A-D). I next sought to confirm, why that may be by 

observing whether the SspH2 constructs were detectable via Western blot. In THP-1 mock KO 

cells, I could clearly identify GAPDH in the THP-1 cell lysates, but could not detect any SspH2 

bands in the presence or absence of NLRP3 stimuli (Fig. S4E). This result was replicated in 

THP-1 NLRP3 KO cells (Fig. S4F). Taken together, these data indicate that I could not see any 

discernable difference in IL-1β secretion from THP-1 cells transfected with SspH2, 

SspH2C580A or EV, however this was likely due to the inability for the protein to be effectively 

transfected into the cells. This could be remedied by using a different cell system, such as 

expression of the inflammasome in HEK293T cells to measure IL-1β secretion (220), or by using 

non CRISPR-edited THP-1 cells so that the cells are more vital, and less likely to be adversely 

affected by transfection. 
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Supplementary Figure 4. THP1 IL-1β assays.  

THP-1 cells were electroporated and stimulated with 100ng/mL PMA and 100ng LPS. A. IL-1β 

secretion assay in THP-1 mock KO cells (NLRP3+) transiently expressing SspH2, SspH2C580A 

(C580A), or empty vector (EV) as indicated in the presence of NLRP3 agonist (7.5µM 

Nigericin). B. IL-1β secretion assay in THP-1 NLRP3 KO cells transiently expressing SspH2, 

A B 

C D 
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SspH2C580A (C580A), or empty vector (EV) as indicated in the presence of NLRP3 agonist 

(7.5µM Nigericin). C. IL-1β secretion assay in THP-1 mock KO (NLRP3+) cells transiently 

expressing SspH2, SspH2C580A (C580A), or empty vector (EV) as indicated. D. IL-1β 

secretion assay in THP-1 NLRP3 KO cells transiently expressing SspH2, SspH2C580A 

(C580A), or empty vector (EV) as indicated. E. Western blot analysis of Mock KO THP-1 cells 

in the presence/absence of NLRP3 agonist (7.5µM Nigericin). F. Western blot analysis of 

NLRP3 KO THP-1 cells in the presence/absence of NLRP3 agonist (7.5µM Nigericin). Data is 

presented as the mean with standard deviation for 3 biological replicates. Data were analyzed 

using a non-parametric Mann-Whitney test. See materials and methods for more detail. Protein 

expression in THP-1 cell lysate following transient electroporation of indicated constructs. 

 

 

 

 

 

 

 

 

 


