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ABSTRACT

ABSTRACT

In humans, serovars of Salmonella enterica cause diseases ranging from gastroenteritis to
systemic typhoid fever. Salmonella encodes numerous translocated virulence (effector) proteins
that enable the bacterium’s complex intracellular lifestyle. Three poorly characterised Salmonella
effectors are the SseK proteins: SseK1, SseK2 and SseK3. This work showed that all three effectors
are translocated by the SPI-2 type Ill secretion system into macrophages. Despite high amino
acid similarity between the proteins, SseK1 is cytosolic and SseK2 and SseK3 associate with the
Golgi network. When ectopically expressed in mammalian cells, SseK1, SseK2 and SseK3
suppressed NF-kB pathway activation. This inhibition was specific for TNFa-induced signaling
but not TLR4-, or interleukin-induced NF-kB pathway activation. After physiological delivery
of the effectors into macrophages during Salmonella infection, SseK1 and SseK3 inhibited NF-
kB activity in an additive manner and suppressed TNFa-induced necroptotic host cell death.
Despite stable interaction between Ssek3 and the E3-ubiquitin ligase TRIM32 in macrophages,
SseK3-mediated inhibition of NF-«kB activation and host cell death did not require TRIM32. In
addition, bacterial burden in Trim327- mice were indistinguishable from wild-type mice after
short-term infection with Salmonella. Catalytic activity of the SseK effectors required a DxD
motif, which in SseK1 and Ssek3 is essential for arginine-N-acetylglucosamine (GIcNAc)-
ylation of target proteins. In infected macrophages, SseK1 and SseK3 caused arginine-
GlcNAcylation of a diverse range of distinct bacterial and host proteins, including auto-
GlcNAcylation of SseK1 and SseK3. Both SseK1 and SseK3 induced arginine-GlcNAcylation of
TRADD, which is most likely the cause of the effector’s inhibitory effect on both NF-kB
activation and host cell death. In addition, a large number of Golgi network associated
proteins were identified as potential SseK3 GlcNAcylation targets. This suggests additional,
yet-to-be validated functions of the effectors during Salmonella infection besides inhibition

of NF-kB signalling and necroptosis in macrophages.
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1 INTRODUCTION

1.1 Salmonella pathogenesis

Recently the World Health Organisation identified twelve bacteria for which new
antibiotics are urgently needed, listing Salmonellae species among the pathogens with high
priority for research and development (WHO, 2017). With multi-drug resistant Salmonella
strains as an increasing and significant global problem, intensive research to understand the
fundamental mechanisms of Salmonella infection and subsequent rational treatment and

vaccine development is of great importance.

Salmonella species are Gram-negative, flagellated, rod-shaped, facultative anaerobic,
ubiquitous human and animal pathogens from the Enterobacteriaceae family. Using a
combination of molecular and serotyping techniques Salmonella can be further classified into
two species, Salmonella bongori and Salmonella enterica, and several Salmonella enterica
subspecies: enterica (1), salamae (l1), arizonae (111a), diarizonae (llIb), houtenae (1V) and indica
(V1) (Desai et al., 2013; Grimont and Weill, 2007; Malorny et al., 2011). Of the more than 2600
known Salmonella serological variants (serovars) only approximately 50 serovars account for
over 80% of all clinical isolates of Salmonella from humans (CDC, 2016). In humans,
Salmonella infection presents itself clinically in the form of acute gastroenteritis, invasive
bacteremia or severe typhoid fever with the severity of disease depending on host factors

and the serotype of Salmonella.

1.1.1 Human diseases caused by Salmonella species

S. enterica serovars Typhi and Paratyphi (S. Typhi and S. Paratyphi) are the cause of
severe forms of invasive typhoid fever (enteric fever) which is life-threatening in many parts
of the developing world. In 2010, there were an estimated 27 million typhoid fever episodes
worldwide with a case-fatality rate of 1% with effective treatment (Buckle et al., 2012; Crump
et al., 2004). Typhoidal Salmonella species are highly adapted and human-restricted
pathogens (Spand, 2016) and infection is caused by faeco-oral transmission. Following
ingestion of contaminated food or water only a small proportion of the bacteria survive the
passage of the acidic gastric environment and reach the small intestine. The inflammatory
response in the ileum is mild and S. Typhi can subsequently invade enterocytes and microfold
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cells (M cells) of Peyer’s patches within the epithelium of the small intestinal mucosa to access
the underlying immunological tissue. There, Salmonella multiplies within mononuclear
phagocytes of the mesenteric lymph nodes and causes bacteraemia and systemic infection by
spread to the liver, spleen, bone marrow, and gallbladder (Dougan and Baker, 2014). Clinical
manifestation of (para-) typhoid Salmonella infection is non-specific with sustained fever and
symptoms frequently including chills, abdominal pain, hepatosplenomegaly, rash, nausea,
anorexia, diarrhoea or constipation (Azmatullah et al., 2015). The infections are generally
resolved, but 2-5% of those who contract typhoid fever become chronic asymptomatic
carriers who can unwittingly facilitate bacterial spread (Gonzalez-Escobedo et al., 2011;

Levine et al., 1982).

Salmonella enterica ssp. enterica serovars Enteritidis and Typhimurium (S. Enteritidis and S.
Typhimurium) are the main cause of food-born gastroenteritis worldwide with an estimated
93.8 million cases and approximately 155,000 deaths annually (Majowicz et al., 2010). Due to
the broad host spectrum of non-typhoidal Salmonella (NTS) serovars, humans are commonly
infected through the consumption of contaminated food of animal origin, mainly meat,
poultry, eggs and milk. In contrast to typhoid fever, NTS cause acute inflammation of the
intestinal mucosa and Peyer’s patches manifesting in acute gastroenteritis and watery
diarrhoea. In the majority of cases, non-typhoidal Salmonella do not proceed beyond the
mesenteric lymph nodes and the disease is self-limiting, resolving within 4-7 days (Chen et al.,

2013; Zhang et al., 2003).

However, non-typhoidal Salmonella can cause an extra-intestinal disease leading to invasive
bacteraemia. Invasive non-typhoidal Salmonella (iNTS) disease closely resembles enteric
fever in that patients can suffer from high fever, hepatosplenomegaly, pneumonia-mimicking
respiratory complications, metastatic meningitis and osteomyelitis, with intestinal symptoms
often being absent (Feasey et al., 2012). iNTS is most prevalent in sub-Saharan Africa and has
a bimodal niche, predominantly affecting malarial and/or malnourished children or HIV-
infected adults (Uche et al., 2017). With an estimated 3.4 million cases of iNTS globally each
year (Ao et al., 2015) this disease is less frequent than typhoid fever but has a significantly
higher case fatality rate of approximately 20% but can exceed 50% in HIV-infected patients

(MacLennan and Levine, 2013; Uche et al., 2017).
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1.1.2 Experimental models of Salmonella infection

Most of our current understanding of the complex mechanisms that lead to
Salmonella infections in humans are derived from studies using various animal and tissue
culture models. While no ideal animal model exists to accurately simulate human
gastroenteritis and invasive disease, the mouse model has been successfully used to study a

diverse range of bacterial and host factors contributing to salmonellosis.

As S. Typhi is an exclusive human pathogen, no suitable animal model (other than higher
primates (Edsall et al., 1960)) is available to study typhoid fever. However, mice infected with
S. Typhimurium lack intestinal inflammation but develop a systemic disease that closely
resembles typhoid fever in humans (Zhang et al., 2003). Similar to S. Typhi in humans, S.
Typhimurium crosses the murine intestinal mucosa, enters the underlying reticuloendothelial
system and disseminates to the mesenteric lymph nodes, liver and spleen (Carter and Collins,
1974; Jones, 1994; Voedisch et al., 2009). Wild-type mice are able to contain bacterial loads
at these systemic sites, do not develop severe acute typhoid disease and can therefore be
used as a chronic infection model (Monack et al., 2004). In contrast, mice lacking the natural
resistance-associated macrophage protein-1 (NRAMP-1, also Slcl1al) are unable to control
bacterial loads and are highly susceptible to salmonellosis (Govoni et al., 1996; Nairz et al.,
2009). Therefore, Nramp-17- mice lineages like BALB/c and C57BL/6 are commonly used as a

model for acute typhoid fever.

Oral infection of primates and cattle with non-typhoidal Salmonella species are the best
models of gastroenteritis in humans (Costa et al., 2012; Higginson et al., 2016; Kent et al.,
1966). However, due to the ethical concerns, cost, and the inability for genetic manipulation
of both model systems, the mouse model is the most commonly used Salmonella-induced
colitis model. To mimic human gastroenteritis in the mouse, antibiotic pre-treatment
(Streptomycin) of adult mice is required to reduce the intestinal microbiota. This allows
Salmonella to efficiently colonise the cecum and colon and is characterised by overt intestinal

inflammation similar to human enterocolitis (Barthel et al., 2003; Kaiser et al., 2012).

Many aspects of Salmonella pathogenesis can be studied in in vitro tissue culture systems in
addition to animal models. Studies in disease-relevant cell types have contributed greatly to
our understanding of the molecular mechanisms of Salmonella infection. Epithelial cell lines
(e.g. Hela, Caco2) are commonly used to investigate active bacterial invasion and intracellular
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growth whilst intracellular replication and survival after phagocytosis is studied in murine and
human macrophage-like cell lines (e.g. RAW 264.7, 1774, U937), as well as primary bone

marrow-derived macrophages.

1.1.3 Salmonella virulence determinants

Salmonella has a very complex lifestyle, including extracellular motility, host cell
invasion, intracellular survival, replication and persistence. Fast adaptation to different
environmental conditions during infection is tightly regulated and is mediated by virulence
genes, many of which are present on horizontally-acquired genetic elements, such as

prophages, plasmids and pathogenicity islands (Marcus et al., 2000).

During the initial stages of Salmonella infection, the bacterium traverses through the stomach
and small intestine. In this extracellular environment chemotaxis and motility of the bacteria
is dependent on flagella. Currently the precise contribution of flagella to human disease is not
fully understood but studies in cultured cells and the calf ileal-loop model suggest flagella
facilitate motility towards, and infection of, the intestinal mucosa (Haiko and Westerlund-
Wikstréom, 2013; Schmitt et al., 2001). Salmonella fimbriae, hair-like structures on the
bacterial surface, have been shown to be important for colonisation of intestinal epithelium
by bringing the bacteria in close, direct contact with host cells (Humpbhries et al., 2001; van
der Velden et al.,, 1998). This favours the active invasion of mucosal cells by Salmonella,
leading to the intracellular stage of infection. Salmonella enterica species encode 21
Salmonella pathogenicity islands (SPI), dense clusters of virulence genes on the bacterial
chromosome (Fookes et al., 2011). SPI-1 and SPI-2 are essential for Salmonella pathogenicity
(Galan and Curtiss, 1989a; Hensel et al., 1995) and are present in all enteric serovars while
many other SPIs confer host specificity to different serovars (Sabbagh et al., 2010). One
important example is SPI-7, which is present in S. Typhi but absent from S. Typhimurium and
encodes the Vi capsule polysaccharide that reduces the inflammatory responses provoked by

S. Typhi in intestinal tissue (Seth-Smith, 2008; Tran et al., 2010).

SPI-1 and SPI-2 encode two type lll secretion systems (T3SSs) which facilitate bacterial
invasion (Zhou and Galan, 2001) and intracellular replication (Ochman et al., 1996),

respectively. T3SSs are needle-like structures that span the bacterial cell envelope and deliver
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effector proteins into mammalian cells through a translocon pore that is formed in the host
cell membrane (Mueller et al., 2008). Following activation in the intestine of the infected host,
the SPI-1 T3SS translocates effectors across the host plasma membrane (Galan, 2001)
inducing bacterial uptake into epithelial cells, as well as inflammation of the gut epithelium
(Patel and Galdn, 2005). After uptake into host cells, Salmonella resides in the Salmonella-
containing vacuole (SCV) where the SPI-2 T3SS is activated to facilitate intracellular replication
of bacteria (Figueira and Holden, 2012; Jennings et al., 2017) (Figure 1.1). The SPI-2 T3SS
translocates a range of bacterial effectors into the host cell that are encoded in various
locations on the Salmonella genome as well as on the pSLT virulence plasmid which contains
the spv (Salmonella plasmid virulence) operon in S. Typhimurium (e.g. Mazurkiewicz et al.
2008). Expression kinetics of the SPI-1 and SPI-2 secretion systems are tightly controlled by
two-component regulatory systems that sense changes in environmental signals such as pH,
osmolarity and antimicrobial peptides (Yoon et al., 2009). Of note are the PhoP/PhoQ,
EnvZ/OmpR and SsrA/SsrB systems which are required for the repression of SPI-1 and flagella
genes once the bacteria reside in the SCV and the upregulation of the SPI-2 T3SS genes (Bader
et al., 2005; Lee et al., 2000). Deregulation/deletion of either of the two-component or type
[l secretion systems leads to severe attenuation of the mutant bacteria in mouse infections
and therefore genes regulated or secreted by these systems are of special interest for studies
of virulence (Cirillo et al., 1998; Dorman et al., 1989; Galan and Curtiss, 1989b; Miller et al.,
1989).
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Figure 1.1. Schematic illustration of an epithelial cell infection by Salmonella enterica

Illustration of Salmonella host cell invasion and establishment of the Salmonella-containing vacuole (SCV) and
bacterial replication, including temporal (from left to right) and spatial expression of the SPI-1 and SPI-2 type IlI
secretion systems (T3SSs) (Adapted from. http://www.itgb.unl.pt/labs/infection-biology).

1.2 Innate host cell responses to Salmonella infection

The mammalian innate immune system is a rapid, non-specific defence system
intrinsic to all (nucleated) cell types and essential for the control of bacterial infections. A
large range of pattern recognition receptors (PRRs) including Toll-like receptors (TLRs),
nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs), retinoic acid-
inducible gene (RIG)-I like helicases (RLRs) and C-type lectin receptors mediate the recognition
of pathogen associated molecular patterns (PAMPs) (Kawai and Akira, 2009). TLRs recognise
bacterial lipopolysaccharide (LPS) (TLR4/CD14), flagellin (TLR5), lipoproteins (TLR1/2,
TLR6/TLR2) as well as microbial RNA (TLR3, TLR7, TLR8) and DNA (TLR9) on the plasma
membrane and in intracellular vesicles (Kaisho and Akira, 2006). In the host cell cytosol PRRs
detect bacterial peptidoglycan (NOD1/2), toxins (NLRP1), flagella (NAIP5/6), LPS (caspase-11),
RNA (RIG-1, MDAS5) and DNA (cGas), to name the most well studied examples (Mogensen,
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2009). PRR stimulation leads to the activation of various signalling pathways that ultimately
result in the production of inflammatory cytokines and/or death of the infected cell. This in
turn facilitates the infiltration of inflammatory immune cells to control and clear microbial

infection (Medzhitov, 2007).

1.2.1 Inflammatory signalling

Innate inflammatory signalling leads to the transcriptional induction of genes
encoding enzymes, chemokines and cytokines, to promote the recruitment and activation of
leukocytes which are crucial for the elimination of pathogens and cellular debris (Mastroeni
and Bryant, 2013). Three key inflammatory signalling pathways are activated by PRRs upon
PAMP recognition; the nuclear factor kB (NF-kB), mitogen-activated protein kinase (MAPK)
and interferon responsive factor (IRF) pathways which culminate in the activation of
transcription factors required for pro-inflammatory cytokine expression (Figure 1.2). These
pathways are essential for effective infection control and animals lacking components of
these signalling cascades are highly susceptible to bacterial infection. It is important to note,
that there is extensive cross-talk between the innate inflammatory signalling pathways
described below which is beyond the scope of this introduction but is reviewed here (Kawai

and Akira, 2011; Oeckinghaus et al., 2011).

1.2.1.1 The NF-kB pathway

During Salmonella infection NF-kB signalling is activated mainly by the engagement of
TLR4 with bacterial LPS but also by secondary cytokine signalling via tumor necrosis factor a
(TNFa) and interleukin-1 (IL-1) (see 1.2.1.4 below). Even though the initial events following
receptor activation differ between stimuli, they activate a conserved signalling cascade of
phosphorylation and ubiquitination events that culminate in the translocation of the NF-kB
transcription factors into the host cell nucleus (Figure 1.2) (Napetschnig and Wu, 2013). Under
normal physiological conditions, NF-kB/Rel transcription factors (including p65 (RelA), p50
and c-Rel) are bound and inhibited by cytoplasmic NF-kB inhibitor (IkB) proteins (Baeuerle

and Baltimore, 1988; Tam and Sen, 2001). Activation of the classical (or canonical) NF-kB
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Figure 1.2. Schematic representation of innate inflammatory signalling cascades upon bacterial infection

During bacterial infection, pattern recognition receptors (PRRs) like the toll-like receptors (TLRs), nucleotide-
binding and oligomerisation domain (NOD) proteins and RIG-I-like receptors recognise bacterial components
including lipopolysaccharide (LPS), DNA, RNA, peptidoglycan and flagella to initiate an immune response. Initial
events following receptor activation differ between stimuli but activate conserved signalling cascades, including
the nuclear factor kB (NF-kB), mitogen-activated protein kinase (MAPK) and interferon responsive factor (IRF)
signalling pathways. Each distinct signalling pathway is a conserved sequence of phosphorylation (and
ubiquitination) events culminating in the translocation of active transcription factors to the nucleus to initiate
pro-inflammatory gene expression. Due to space limitations, this schematic only includes well-studied ligands,
receptors and core signalling components directly upstream of the key transcription factors of the NF-kB, MAPK
and IRF signalling pathways.
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signalling pathway by different agonists leads to the activation of the IkB kinase complex
(IKKB, IKKa, and IKKy), which phosphorylates IkBa (Zandi et al., 1997). This subsequently leads
to ubiquitination and degradation of IkBa (Chen et al., 1995), freeing associated NF-kB dimers
which in turn translocate to the nucleus and initiate transcription of pro-inflammatory genes
(Oeckinghaus and Ghosh, 2009). Alternatively, NF-kB-inducing kinase (NIK) and IKKa can
induce cleavage of p100 to p52 via the proteasome that ultimately forms a heterodimer with
RelB, independent of the trimeric IKK complex (non-canonical or alternative NF-kB pathway)
(Sun, 2011). The activation of the p52/RelB complexes leads to the prolonged transcription of

an alternative subset of NF-kB responsive genes (Hoffmann et al., 2006, 2003).

1.2.1.2 The MAPK pathway

The mitogen-activated protein kinase cascades are central signalling pathways that
regulate a wide variety of cellular processes during homeostasis and microbial infection
(Figure 1.2) (Arthur and Ley, 2013). MAPK signalling is initiated by TLR activation and
comprises a three-tier kinase module in which MAPKK kinase (MAPKKK) phosphorylates and
activates MAPK kinases (MAPKK), which phosphorylate and activate downstream MAPKs.
Well studied MAPKs include Jun N-terminal kinase 1, 2 or 3 (JNK1/2/3), p38 and extracellular
signal-regulated kinase 1 or 2 (ERK1/2) (reviewed in (Bogoyevitch et al., 2010; Roskoski, 2012;
Weston and Davis, 2002)). These MAPKs in turn phosphorylate serine and/or threonine
residues in target proteins, mainly transcriptional factors of the AP-1 family like c-Fos, c-Jun,
ATF-2 and c-myc (Plotnikov et al., 2011). This leads to the transcriptional upregulation of pro-

inflammatory genes required for an effective inflammatory response.

1.2.1.3 IRF signalling

In contrast to the NF-kB and MAPK pathways, IRF signalling is mainly activated by PRRs
that recognise bacterial DNA and RNA in the host cell cytoplasm but also by various TLRs
including TLR3, TLR4, TLR7 and TLR9 (Figure 1.2) (Honda and Taniguchi, 2006). Despite diverse
initial stimulation and signalling events, the pathways converge at the TBK1-IKKe complex
(TBK1; TANK-binding kinase 1) (Kawai and Akira, 2009). Activation of TBK1 leads to the

phosphorylation of IRF3 and IRF7, resulting in IRF3/7 homo-and hetero-dimerisation
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(Fitzgerald et al., 2003; Sharma et al., 2003). These dimers subsequently translocate to the
nucleus where they bind to IFN-stimulated response element (ISRE)-promoters and activate

the transcription of type | interferon (IFN) genes (Grandvaux et al., 2002).

1.2.1.4 Secondary immune signalling

All three above described inflammatory pathways, NF-kB, MAPK and IRF signalling,
lead to the transcriptional activation of chemokines and cytokines including IL-1a/B, IL-6,
TNFa, IFN-a, B, v (IFNa/B/y), IL-8 and RANTES. These proteins in turn can activate the same
signalling pathways in an auto- and paracrine manner, leading to a positive feedback-loop and
recruitment of immune cells. In addition, interferons induce janus kinase (JAK) and two signal
transducer and activator of transcription (STAT) signalling pathways. Type | interferons
(IFNa/B) initiate the phosphorylation and hetero-dimerisation of STAT1 and STAT2, which in
turn binds to IRF9 (ISGF3 complex) to activate ISRE-dependent gene expression. This leads to
a dampening of TLR-induced immunity by repression of neutrophil chemotaxis, reduced IL-1
cytokine family activity and increased macrophage cytotoxicity, enabling bacterial
dissemination (Perkins et al., 2015; Robinson et al., 2012). Type Il interferon (IFNy) initiates
STAT1 homo-dimerisation and subsequent binding to GAS elements to initiate transcription
(Platanias, 2005). In contrast to type | interferons, IFNy is crucial for the control of Salmonella
infection by activation of macrophages and induction of major histocompatibility complex II

(MHCII) expression necessary for adaptive immunity (Bao et al., 2000; Steimle et al., 1994).

1.2.2 Host cell death

Host cell death is an effective mechanism by which mammalian cells eliminate the
intracellular niche of pathogenic bacteria and expose the microbes to neutrophil-mediated
killing. Recognition of infection by PRR leads to programmed cell death signalling pathways
resulting in apoptosis, necroptosis or pyroptosis (see below and Figure 1.3) (Jorgensen et al.,
2017). Additionally, host cell death is regulated by death domain (DD)-containing receptors
that are activated by soluble TNFa or FAS ligand (FASL) and TNF-related apoptosis-inducing
ligand (TRAIL) on cytotoxic T cells, natural killer cells and macrophages, respectively

(Guicciardi and Gores, 2009).
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Figure 1.3. Schematic representation of signalling receptors resulting in host cell death upon bacterial infection

Engagement of pattern recognition receptors (PRRs) including toll-like receptors (TLRs), NOD-like receptors
(NLRs) and caspase-11 by bacterial components like lipopolysaccharide (LPS), DNA, RNA flagella and toxins leads
to the induction of programmed host cell death. In addition, activation of cytokine receptors like tumour necrosis
factor a receptor 1 (TNFR1), TRAIL receptor (TRAILR) or FAS receptor (FASR) by their respective ligands induces
cytotoxicity. Resulting apoptosis, necroptosis and/or pyroptosis differ in their molecular components and
phenotypic characteristic, and in concert contribute to pathogen control. Due to space limitations, this
schematic only includes well-studied ligands and receptors leading to apoptosis, necroptosis or pyroptosis as
well as essential components and key characteristics of the cell death types.

26



INTRODUCTION

1.2.2.1 Apoptosis

Apoptosis is a tightly controlled physiological form of programmed cell death required
for homeostasis and innate immunity (Elmore, 2007). During bacterial infection apoptosis is
mainly activated through external signals (extrinsic apoptosis) but can also be activated
intrinsically by damage to mitochondria or DNA. Extrinsic apoptosis is largely initiated by
engagement of death domain-containing receptors (TNFR, TRAILR and FASR) and TRIF
mediated TLR signalling (Figure 1.3) (Ruckdeschel et al., 2004; Walczak, 2013). Activation of
caspases, a group of specialised cysteine proteases, is an integral part of apoptosis common
to all types of activation (Mcllwain et al., 2015). Initiator caspases (e.g. casp-8) are activated
upon different stimuli and cleave effector caspases (casp-3, casp-7) which then proteolytically
degrade a large range of intracellular proteins to carry out the cell death programme.
Apoptosis is morphologically characterised by cell shrinkage, gradual condensation and
degradation of DNA, exposure of phospholipids on the cell surface and blebbing of the plasma
membrane followed by fragmentation of the cell into small membrane-coated apoptotic
bodies (Hacker, 2000). Apoptotic bodies are non-inflammatory but late apoptotic bodies can

become inflammatory when not phagocytised by macrophages.

1.2.2.2 Necroptosis

Mainly activated by death-domain containing receptors (e.g. TNFR, TRAILR, FASR),
necroptosis is a secondary, highly inflammatory form of cell death (Figure 1.3) (Pasparakis and
Vandenabeele, 2015). Activation of these death domain receptors leads to the formation of
the death-inducing signalling complex (DISC). This complex consists of FAS-associated death
domain protein (FADD) and pro-caspase-8 but can additionally include TNFR1-associated
death domain protein (TRADD) (see example for TNFR1 Figure 1.4). Unlike apoptosis, during
necroptosis caspase-8 is not activated and instead RIPK1 (rip interacting protein kinase 1) and
RIPK3 associate, auto- and transphosphorylate each other, and form a complex (necrosome)
that phosphorylates the pseudokinase MLKL (mixed-lineage kinase domain-like) (Li et al.,
2012; Sun et al., 2012; Zhang et al., 2009; Zhao et al., 2012). Phosphorylated MLKL localises
to the plasma membrane where it is suggested to oligomerise and form pores that allow the

influx of cations (Wang et al., 2014; Xia et al., 2016). This membrane permeabilisation leads
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to membrane rupture and release of the cellular contents into the extracellular environment
which is highly inflammatory, yet necroptosis does not directly kill intracellular bacteria
(Jorgensen et al., 2016). Instead bacteria are released into the extracellular medium upon

necroptosis and eliminated by attracted neutrophils.

1.2.2.3 Pyroptosis

Pyroptosis is another form of programmed lytic cell death in response to microbial
infection (Jorgensen and Miao, 2015). Key molecular components of pyroptosis are
inflammasomes composed of NLR proteins or AIM2-like receptor proteins that recognise
cytosolic bacterial components like DNA (cGas), flagellin (NAIP5/6), toxins (NLRP1), the T3SS
needle (NAIP1) and rod subunits (NAIP2) (Broz and Dixit, 2016). This leads to polymerisation
of apoptosis-associated speck-like protein containing CARD (ASC) and to activation of
caspase-1. This protease subsequently cleaves pro-IL-1B, pro-IL-18 and gasdermin D.
Processed gasdermin D then associates with the cell membrane and oligomerises to form the
pyroptotic pore (Ding et al., 2016; Liu et al., 2016). Alternatively, caspase-11 can recognise
cytosolic LPS directly and induce cleavage of gasdermin D independently of caspase-1 (Shi et
al. 2014; Aglietti et al. 2016). Due to the plasma membrane permeabilisation by gasdermin D,
pyroptosis is phenotypically characterised by rapid cell swelling, membrane rupture and
highly inflammatory release of damage associated molecular pattern molecules (DAMPs),
including a large number of cytokines (IL-1a, IL-1B, IL-6, IL-18 and TNFa) (Bergsbaken et al.,
2009). Similar to apoptosis, DNA fragmentation occurs during pyroptosis, however the
underlying mechanism is distinct from apoptosis and currently not fully understood.
Pyroptosis is insufficient to kill intracellular bacteria directly in vivo; instead bacteria are
released into the extracellular space, taken by to neutrophils and killed by ROS (Jorgensen et

al., 2016).

1.2.2.4 Alternative forms of cell death

ETosis is a specialised form of cell death utilised by specialised immune cells (e.g.
neutrophils, eosinophiles and mast cells) to combat infections (Brinkmann et al., 2004;

Remijsen et al.,, 2011). This form of regulated necrosis is characterised by chromatin
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decondensation and the subsequent release of extracellular traps (ETs). These traps are
composed of DNA, chromatin, and histones that immobilise and kill bacteria and fungi in the

extracellular space.

In addition to these programmed forms of cell death it has been proposed that mammalian
cells can be overwhelmed by bacterial replication and physically rupture due to a large

bacterial burden.

1.2.3 TNF signalling - linking inflammatory signalling and cell death

TNFa is a pro-inflammatory cytokine that has important roles in cellular homeostasis
and mammalian immunity (Kalliolias and Ivashkiv, 2015). TNFa binds to the TNF receptor 1
(TNFR1), which subsequently initiates the NF-kB and cell death pathways via its cytoplasmic
death domain (Figure 1.4). Upon stimulation TNFR1 translocates to lipid rafts (Legler et al.,
2003) and the cytoplasmic domain of the receptor undergoes a conformational change which
allows the recruitment of TRADD and the formation of a large membrane-bound receptor
complex. This, so called complex |, includes TRADD (Hsu et al., 1995), RIPK1 (Hsu et al., 1996a),
TNF receptor-associated factor 2 (TRAF2) (Hsu et al., 1996b) and cellular inhibitor of apoptosis
proteins (clAPs) (Shu et al., 1996). Complex | in turn activates NF-kB and MAPK signalling via
the TAB-TAK complex (Wang et al., 2001) but can also transition into the death-inducing
signalling complex. This complex (l1A) is not receptor-associated and consists of TRADD, the
FAS-associated death domain protein (FADD), and pro-caspase-8 (Figure 1.4) (Micheau and
Tschopp, 2003). Activation of caspase-8 leads to the cleavage of the executer caspases
(caspase-3/-7) and ultimately results in apoptotic cell death. Alternatively, if the levels of
caspase-8 activity are low, RIPK1 and RIPK3 associate, auto- and trans-phosphorylate each
other, and form complex IIB with MLKL (Figure 1.4), which is required for the induction of
necroptosis (Li et al., 2012; Vercammen et al., 1998; Zhang et al., 2009; Zhao et al., 2012).
Activation of the NF-kB signalling pathway by TNFa leads to the upregulation of pro-survival
factors that counteract the simultaneous cell death activation. This results in a tightly
controlled balance that can be tipped towards either survival or cell death by additional

stimuli.
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Figure 1.4. Schematic representation of TNFR1 signalling

Tumour necrosis factor a (TNFa) activation of the TNF receptor 1 (TNFR1) results in the recruitment of the
TNFR1-associated death domain protein (TRADD), receptor-interacting serine/threonine-protein kinase 1
(RIPK1), TNF receptor-associated factor 2 (TRAF2) and cellular inhibitor of apoptosis proteins (c-IAP) (complex |).
Complex | activates nuclear factor kB (NF-kB) and mitogen activated protein kinase (MAPK) signalling pathways
via the TAB-TAK complex resulting in the expression of pro-survival genes. Additionally, complex | can transition
into the death-inducing signalling complex (DISC, complex lla). Complex lla is not receptor-associated and
consists of TRADD, the FAS-associated death domain protein (FADD), and pro-caspase-8. Activation of caspase-
8 leads to the cleavage of the executer caspase (casp-3) and results in apoptotic cell death. Alternatively, if
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caspase-8 activity is low, RIPK1 and RIPK3 associate with complex lla and auto- and trans-phosphorylate each
other to form complex 1IB with the mixed-lineage kinase domain-like protein (MLKL) to induce necroptosis.

1.3 Manipulation of host cell processes by Salmonella effector proteins

In an evolutionary race, Salmonella has evolved remarkably sophisticated mechanisms
to specifically and potently interfere with host cell functions and achieve favorable conditions
for bacterial survival and replication. Many of these functions are carried out by effector
proteins that are translocated into the host cell by T3SSs (Figueira and Holden, 2012; Jennings
et al., 2017) (also see 1.1.3). Salmonella effectors mainly exert their function by enzymatic
activity (e.g. AvrA, SteC,) but can also function as adaptors to facilitate or enhance the
interaction and activity of host proteins (e.g. SseF, SteD). Often various bacterial proteins
modulate the same biological process resulting in a complex interplay of cooperating (e.g.
SseF/SseG) and opposing (e.g. SifA/SopD2) Salmonella effector function. In addition, effectors
differ in the range of biological functions they modulate. Numerous effectors exert more than
one function via multiple host cell targets (e.g. SipA, SopB) whereas others have very specific,

even host cell type restricted function (e.g. SteD) (further detailed in 1.3.1 and 1.3.2)

Due to the frame of this thesis, the following section mainly focuses on the function of
immune modulatory effectors translocated by the SPI-2 T3SS but will also provide an overview

of other processes regulated by SPI-1 and SPI-2 T3SS effectors.

1.3.1 Functions of SPI-1 T3SS effectors

Invasion of intestinal cells including M cells and epithelial cells by Salmonella, is
essential to establish infection. Active cell invasion is mediated by at least five effector
proteins (SipA, SipC, SopB, SopE, and SopE2) that are translocated into the host cell by the
SPI-1 T3SS. These effectors trigger intensive remodeling of the actin cytoskeleton, membrane
ruffling and bacterial internalisation by macropinocytosis (Patel and Galan, 2005). This is
achieved by direct effector interaction with actin (SipA (Zhou et al., 1999), SipC (Hayward and
Koronakis, 1999)), as well as by activation of small GTPases required for the formation of actin
networks (SopB, SopE, SopE2 (Patel and Galan, 2006)). Following complete Salmonella

internalisation the host cell cytoskeleton returns back to its resting state. This is due to the
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effector SptP, which reverses the activation of RAC1 and CDC42 by SopE, SopE2 and SopB (Fu
and Galan, 1999), presenting a sophisticated example of opposing bacterial effector
functions. Salmonella then establishes its intracellular niche, the Salmonella containing
vacuole (SCV). SopB and SptP manipulate the host membrane phosphoinositide contents,
regulate early endosome-SCV fusion and induce highly dynamic spacious vacuole-associated
tubules that favour bacterial survival in the host cell (LaRock et al., 2015; Ramos-Morales,
2012). During the intermediate stage of SCV development in epithelial cells, it is moved to a
juxtanuclear position by the activity of the SPI-1 T3SS effectors SipA and SopB and there
tethered and further modified by various SPI-2 T3SS effectors (Ramos-Morales, 2012; Salcedo
and Holden, 2003) (see 1.3.2).

SPI-1 T3SS effectors also trigger acute intestinal inflammation which is beneficial for the
transmission of gastrointestinal serovars of Salmonella and typical for gastroenteritis
(Byndloss et al., 2016). Of note are SopE, SopE2 and SopB which induce the MAPK and NF-kB
pathways by activation of Rho GTPases leading to the production of pro-inflammatory
cytokines and the recruitment of leukocytes to the intestinal mucosa (Bruno et al., 2009; Patel
and Galdn, 2006). The SPI-1 T3SS is also known to activate caspase-1-mediated pyroptotic cell
death through secretion of flagellin, SipB and rod components in macrophages (Hersh et al.,
1999; Miao et al., 2010, 2006). In addition, SopE activates caspase-1 in intestinal stromal cells
to augment cell death and inflammation (Mdller et al., 2009). Conversely, SptP and AvrA act
to inhibit the action of the MAPK-dependent immune response and dampen host cell
cytotoxicity (Jones et al., 2008; Lin et al., 2003) to maintain the intracellular niche by reducing

clearance of the bacteria by the immune system.

1.3.2 Functions of SPI-2 T3SS effectors

The intracellular phase of Salmonella growth within epithelial cells and macrophages
protects the bacteria from extracellular immunity and is essential for pathogenesis. To date,

28 effector proteins have been identified that are translocated by the SPI-2 T3SS system.
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Figure 1.5. Localisation and functions of Salmonella SP1-2 T3SS effector proteins in the host cell

Many effectors are associated with tubules that emanate from the Salmonella-containing vacuole (SCV),
including SifA, PipB2, Ssel, SopD2 and SteA. Other translocated effectors associate with the Golgi network (SseK2
and SseK3) or are integral membrane proteins (SteD, SseF, SseG). In contrast, SseK1, SpvC, SpvD, GogB and SIrP
are mainly cytosolic whilst GtgA and SspH1 accumulate in the host nucleus (adapted from Figueira and Holden,
2012).
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These proteins mediate functions including controlling SCV membrane dynamics and SCV
positioning in the host cell, manipulating the host cytoskeleton and interfering with immune

activation (summarised in Figure 1.5).

Once inside the host cell Salmonella faces two potentially harmful environments, the cytosol
and/or the lysosome-vacuolar system. Upon SPI-1 T3SS-mediated invasion or passive
phagocytosis, Salmonella resides in the SCV but can stochastically escape into the cytosol.
Both the cytosol of epithelial cells as well as macrophages has been shown to limit bacterial
replication by autophagy (Birmingham et al., 2006), cell extrusion (Knodler et al., 2010),
pyroptotic cell death (Aachoui et al., 2013) and an additional unidentified mechanism of
growth restriction (Thurston et al., 2016). To avoid this hostile environment various SPI-2 T3SS
effectors function in a coordinated manner to regulate SCV membrane dynamics and
maintain an intact vacuolar membrane. Integral to this process are SifA, PipB2, SopD2, SteA
and SselJ which positively (SifA (Beuzdn et al., 2000), PipB2 (Henry et al., 2006)) and negatively
(SseJ (Ruiz-Albert et al., 2002), SopD2 (Schroeder et al., 2010)) affect SCV integrity as well as
SCV partitioning (SteA (Domingues et al., 2014)). These effectors are also required for the
formation of Salmonella induced filaments (Sifs) (Schroeder et al., 2011). Sifs are lysosomal
glycoprotein-containing membrane tubules that extend centrifugally from SCVs along
microtubules and have recently been suggested to enable nutrient acquisition for vacuolar
bacteria (Liss et al.,, 2017) but their complete functional significance (if any) is not fully

understood.

Bacteria-containing vacuoles frequently fuse with lysosomes leading to the exposure of the
bacteria to degradative hydrolytic enzymes. SifA actively attenuates lysosome function by
subverting retrograde trafficking of mannose-6-phosphate receptors required for the delivery
of hydrolases to endosomes (McGourty et al., 2012). In addition, SopD2 and GtgE have been
shown to interfere with endosome to lysosome trafficking (D’Costa et al., 2015; Spano et al.,

2016). Together, these SPI-2 T3SS effectors enable Salmonella replication in a less toxic SCV.

In epithelial cells, bacterial replication occurs in tight microcolonies, which are tethered to the
Golgi network by the bacterial adaptors SseF and SseG’s interaction with the Golgi protein
ACBD3 (Salcedo and Holden, 2003; Yu et al., 2016). This is thought to enable the acquisition
of membrane and nutrients by interactions with the dense vesicular tubular compartments

of the Golgi network.
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In various cell types these SCV clusters of replicating bacteria are surrounded by a dense F-
actin meshwork (Méresse et al., 2001). This is dependent on the SPI-2 T3SS effector kinase
SteC and leads to restrained bacterial growth in epithelial cells (Odendall et al., 2012; Poh et
al., 2008). In contrast, SpvB, a Salmonella effector encoded on the spv operon of the
Salmonella virulence plasmid, has been demonstrated to prevent F-actin polymerisation by
adenosine 5'-diphosphate (ADP)-ribosylation of G-actin (Hochmann et al., 2006; Lesnick et al.,
2001). Interestingly, deletion of spvB results in an increased actin network surrounding the
SCV in epithelial cells (Miao et al., 2003), suggesting direct opposing effects of SteC and SpvB
to tightly control bacterial replication. In addition, SpvB causes an apoptotic-like cell death
during late stages of macrophage infection (Browne et al., 2008). This cytotoxicity requires
SpvB catalytic activity and is characterised by actin cytoskeleton destabilisation and increased
levels of caspase-3 activation (Browne et al., 2008), yet the precise molecular mechanism is

not understood.

To date, half of the SPI-2 T3SS effectors with known functions are involved in the manipulation
of the host innate and adaptive immune system (summarised in Table 1.1). Even though
inflammation is beneficial for the transmission of gastrointestinal serovars of Salmonella
(Byndloss et al., 2016), it can also result in pathogen clearance and is therefore a major target

for bacterial intervention.

SpvC is a phosphothreonine lyase that irreversibly dephosphorylates active ERK, p38 and JNK
MAPKs, thereby inhibiting transcription of pro-inflammatory cytokines and reducing
inflammation of the gut mucosa (Haneda et al., 2012; Mazurkiewicz et al., 2008). Currently,
SpvC is the only SPI-2 T2SS effector known to inhibit MAPK signaling during Salmonella

infection.

In contrast, at least six SPI-2 T3SS effectors (SpvD, GtgA, SspH1, GogB, SseK1, Ssek3) have
been shown to inhibit various components of the NF-kB pathway. Of main interest to this
work is the SseK family of effectors, SseK1, SseK2 and SseK3. SseK1 and SseK3 have previously
been described to inhibit NF-kB reporter activity after ectopic expression (Li et al., 2013; Yang

et al., 2015) and are discussed in detail in section 1.4.

SpvD binds to Exportin-2 (XPO2) in the host cell cytoplasm and thereby deregulates nuclear-
cytoplasmic recycling of importins. This prevents efficient nuclear import of p65 which relys
on importins to take it to the nucleus and thus leads to reduced activation of NF-kB responsive
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genes (Rolhion et al., 2016). Based on biochemical analysis and the effectors crystal structure,
SpvD is proposed to function as a cysteine hydrolase (Grabe et al., 2016). However, its only
known host interaction partner, XPO2, does not appear to be modified by SpvD. Nevertheless,
catalytic activity of SpvD is required for its inhibition of NF-kB activity (Grabe et al., 2016),

suggesting that SpvD can function both as an adaptor and enzyme to inhibit NF-kB signaling.

GtgA, GogA and PipA are a family of zinc metalloproteases that specifically and redundantly
target components of the NF-kB signaling pathway (Sun et al., 2016). All three proteases
cleave the DNA-binding loop of the transcription factors p65 (RelA) and RelB, preventing
transcriptional NF-kB activity (Sun et al.,, 2016). Despite high amino acid identity and
functional redundancy of the effectors, to date only GtgA has been demonstrated to be
translocated by the SPI-2 T3SS (Niemann et al., 2011), suggesting that the effectors have
different translocation kinetics during Salmonella infection. By directly or indirectly targeting
p65 - the final component of the NF-kB signaling pathway, both SpvD and the
GgtA/GogA/PipA family effectors inhibit NF-kB-driven cytokine production, independent of

the stimulus activating the pathway.

Tight regulation of ubiquitination and subsequent degradation of signaling components is
essential for effective immunity and is targeted by different SPI-2 T3SS effectors. SspH1,
SspH2 and SIrP are bacterial E3-ubiquitin ligases, which evolved independently from
mammalian E3 enzymes and contain the catalytic site in a unique fold in the proteins C-
terminal region (novel E3 ligase domain, NEL) (Quezada et al., 2009). Overexpression of SspH1
inhibits NF-kB pathway activity (Haraga and Miller, 2003), however this is independent of the
effectors catalytic function (Keszei et al., 2014). Yet catalytic activity of the effector is required
for the ubiquitination and proteasome-dependent degradation of PKN1 by SspH1, leading to
attenuated androgen receptor responsiveness (Keszei et al., 2014). SspH2 modulates immune
signaling by forming a trimeric complex with the NLR co-chaperone SGT1 and the receptor
NOD1, and ubiquitination of both SGT1 and NOD1 (Bhavsar et al., 2013; Fiskin et al., 2016).
This leads to significantly enhanced NOD1-mediated IL-8 secretion (Bhavsar et al., 2013),
suggesting a pro-inflammatory function for SspH2 which is in direct contrast to other SPI-2
T3SS effectors. SIrP has been reported to interact with thioredoxin (TRX1) and the
endoplasmic reticulum (ER) chaperone ERdj3 (Bernal-Bayard et al., 2010; Bernal-Bayard and

Ramos-Morales, 2009). In addition, SIrP has recently been demonstrated to inhibit

36



INTRODUCTION

inflammasome activation and prevent IL-1B-mediated anorexia (Rao et al., 2017). Whether

this phenotype is linked to Slrp’s published targets is currently unknown.

In addition to these E3 ubiquitin ligases, Salmonella also translocates Ssel, a lysine 63-specific
deubiquitinase (Rytkonen et al., 2007). Ssel has been proposed to suppress pro-inflammatory
NF-kB signaling by counteracting IkBa ubiquitination (Le Negrate et al., 2008), however two
other studies found no effect of Ssel on cytokine production (Mesquita et al., 2013; Rytkdnen

et al., 2007).

GogB also inhibits IkBa degradation and NF-kB activation in macrophages. This effector
interacts with SKP1 and FBX022 and thereby targets the SCF ubiquitin ligase complex to
dampen the host inflammatory response in a not yet fully characterised manner (Pilar et al.,

2012).

After oral ingestion, Salmonella encounters dendritic cells (DCs) in the epithelium and Peyer’s
patches of the small intestine (Farache et al., 2013). DCs are specialised antigen-presenting
cells, that displaying antigenic (Salmonella) peptides on MHCIlI molecules to CD4+ T cells,
leading to their activation, proliferation, and differentiation (Lipscomb and Masten, 2002).
This is crucial for bacterial clearance and the establishment of an effective immunological
memory. Two SPI-2 T3SS effectors stand out due to their inhibition of adaptive immunity. Ssel
(also called SrfH) inhibits normal cell migration of primary macrophages and dendritic cells
(McLaughlin et al., 2009). This is dependent on the effectors interaction with IQGAP1, an
important regulator of cell migration, and allows long-term chronic systemic Salmonella
infection in mice (Lawley et al., 2006; McLaughlin et al., 2009). SteD functions as an adaptor
between MHCII and the E3-ubiquitin ligase MARCHS, leading to increased ubiquitination and
surface depletion of MHCII. This results in reduced T cell activation during Salmonella

infection of mice (Bayer-Santos et al., 2016).

In combination, all the above-described effectors counteract the host’s defense mechanisms
during Salmonella infection by a diverse set of molecular functions and targets. Yet, despite
intensive research, the physiological and/or biochemical function of many SPI-2 T3SS
effectors is not, or only poorly, understood (e.g. PipB, SteA, Srfl, SifB, SteB, SteE, SseK2, Ssel)

and therefore requires further investigation.
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Table 1.1. Summary of the biochemical activity, host cell interaction partners and physiological functions of

immune modulatory SPI-2 T3SS effectors
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1.4 The SseK — NleB effector family
1.4.1 Salmonella SseK effectors

Prior to this study, three Salmonella effector proteins, SseK1, SseK2 and SseK3,
represented an interesting and yet poorly characterised group of SPI-2 T3SS translocated
proteins. SseK1l and SseK2 were identified in 2004 based on their homology to the
enterohaemorrhagic E. coli protein Z4328 and the Citrobacter rodentium (C. rodentium)
effector protein NleB (Kujat Choy et al., 2004). The genes encoding SseK1l (STM4157;
SL1344_4096) and SseK2 (STM2137; SL1344_2113) are located outside the major SPIs in the
Salmonella genome and are widely distributed amongst the known Salmonella serovars
(Nuccio and Baumler, 2014). The third, more recently discovered family member Ssek3 (sb26;
STM1344_1928), is encoded within the phage ST64B lysogen and only carried by some
Salmonella subspecies that contain the phage (e.g. S. Typhimurium strains SL1344 and NTCC
12023) (Brown et al., 2011) (Figure 1.6).

SseK1 —[STM4155><STM4156—  sseKi [ <7 thiH ]

STM4158
Ssek2 sseK2 sreA |<_steD |-
CyaR
SseK3 SL19278—  sseK3 STM2705 |—
STnc1280

bacteriophage ST64B

Figure 1.6. Genomic location of the S. Typhimurium effector genes sseK1, sseK2 and ssek3

Using in vitro growth techniques in SPI-1 or SPI-2 inducing media it was shown that all three
SseK family members are translocated by one or both SPI T3SSs (Brown et al., 2011; Kujat
Choy et al., 2004; Niemann et al., 2011). Selective use of different SPI deletion mutants
revealed that SseK1 can be secreted and translocated by both the SPI-1 and SPI-2 T3SSs from
as early as 4 hours post uptake (h.p.u.) in epithelial cells and 8 h.p.u. in macrophages (Baison-
Olmo et al., 2015; Kujat Choy et al., 2004). Both SseK2 and Ssek3 have been shown to be
translocated into Hela cell at late infection time points (18 and 21 h.p.u., respectively) (Brown
et al., 2011; Kujat Choy et al., 2004). However, in contrast to Ssekl, SseK2 and SseK3 are

secreted exclusively by the SPI-2 T3SS in vitro and which T3SS facilitates translocation into
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host cells has not yet been demonstrated (Brown et al., 2011; Kujat Choy et al., 2004). mRNA
expression of all three SseK effectors is upregulated in SPI-2 inducing conditions in vitro as
well as in macrophages (Kroger et al., 2013; Srikumar et al., 2015), however the underlying
regulatory mechanisms have not been studied in detail. SseK1 expression in macrophages is
dependent on the PhoP/Q two-component system (Baisén-Olmo et al., 2015) whilst in vitro
studies suggest that the OmpR/EnvZ and SsrA/B regulatory systems are also required for the
effectors optimal mRNA expression under SPI-2 inducing conditions (Colgan et al., 2016).
MRNA expression of both SseK2 and SseK3 is completely abolished in mutants of the PhoP/Q,
OmpR/EnvZ and SsrA/B two-component systems (Colgan et al., 2016) and SseK3 protein
expression was absent during infection with an AssrB mutant in Hela cells (Brown et al.,

2011).

10 20 30

SseK1 - - - - - - o e - | PPLNRYVPALSK- NELVKTVTNRDIQFTS C FIED E K L 50
SseK2 MARFNAAFTRIKIMFSRIRGLI SCQSNTQTIAPTLSPPSSGHVS L PENHQ \Y 64
SseK3 - - - - - - - - - FSRVRGFLSCQNYSHTATPAITLPSSGSAN L PEDQH L 51
90 100
SseK1 K D Kl T L E
Ssek2 N | | R
SseK3 N | T N E
190
SseK1 IDF SMPEEK QL L SDIQEG--NDS I K 17¢€
SseK2 LNY T L AQSASE NGV EDVLKNNPEETEI S 192
SseK3 LDY AQPANYV GE |
SseK1 YLLDK MAM AGQL D V STNS
SseK2 HN KD K LFL GSDA QPGG
SseK3 HD KR L VR LFL GSNA QPGG
260
I DGRAIM-DI . -TI

NEVLKNNPEESEVS 17¢
\% E
SseK2 | SRKDNHV
SseK3 Vi SR KGN SM
:§40

250
G1MI 24(
TLYL 25¢€
TLYL 24:
300 ?310
330

SseK1 N SIECID DN | MN ARHVQ 336

SseK2 ND AFCD ENFE | MN ---- 348

SseK3 E EIECIN EHIRFMD ---- 335

FDA sPlcVCNE | RKHEN YELNED 304

PYG NDWL SKGLLRH YFDGISH I oD 32¢

PYG IBIGVCGGLRHYENCS | RHN 307
Figure 1.7. Amino acid alignment of the SseK family members

114

118

Amino acid sequence alignment of the S. Typhimurium NTCC 12023 SseK effectors produced with Jalview
(Waterhouse et al., 2009). The conserved DxD motif is highlighted with the red box.

These expression and secretion data indicate that the translocation kinetics of the SseK
effectors might be very diverse even though the proteins share a high protein sequence
similarity (>60%, Figure 1.7). Interestingly, the N-terminal region (aa 1-32) of the proteins

shows highest sequence diversity and in SseK1 is essential for protein translocation (Kujat
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Choy et al., 2004). Variation in this region might therefore additionally contribute to different

translocation kinetics and functions of the effectors.

The SseK effectors contain no known motifs or domains that might indicate the intracellular
localisation of the proteins. So far it was shown that ectopically expressed or translocated
SseK1 is distributed uniformly throughout the host cell cytosol with no specific localisation to
the SCV or the actin cytoskeleton (Knodler et al., 2011; Kujat Choy et al., 2004). In contrast,
localisation of translocated SseK3 to host membranes has been demonstrated and ectopically
expressed GFP-SseK3 localises closely to the Golgi network (Brown et al., 2011; Yang et al.,
2015). The localisation of SseK2 is unknown, as SseK2 expression levels were below the
detection limit (Kujat Choy et al., 2004). The differential localisation of the SseK1 and Ssek3

suggests that these proteins might have different host cell targets and functions.

When ectopically expressed, both SseK1 and SseK3 have been shown to inhibit TNFa-induced
NF-kB signalling (Li et al., 2013; Yang et al., 2015). In addition, overexpressed SseK1 was
reported to post-translationally modify TRADD by arginine-GlcNAcylation in the death
domain, which is proposed to be the underlying mechanism of the effector’s NF-kB phenotype
(see 1.4.2) (Li et al., 2013). Independently, both our group and Yang et al. 2015 showed that
ectopically expressed SseK3 can bind stably to tripartite motif containing protein 32 (TRIM32).
However, no modification of TRIM32 by Ssek3 has been reported and the physiological
consequence of this interaction is unknown. Overall, the role of SseK1 and SseK3 during

Salmonella infection is unknown and no function(s) have been reported for Ssek2.

During Salmonella infection AsseK1 and AsseK2 mutants reside in intact SCVs and induce
dynamic Sifs that are indistinguishable from wild-type infected cells, suggesting that they are
not involved in SCV modulation (Rajashekar et al., 2014). Analysis of the intracellular bacterial
growth of single (AsseK1, Assek2, Assek3), double (AsseK1/2, AsseK1/3) and triple
(Assek1/2/3) deletion mutants in macrophages showed no significant reduction in replication
(Figueira et al., 2013). In addition, sseK single deletion mutants were not significantly
attenuated compared to wild-type bacteria in a competitive index experiment and the
AsseK1/2/3 mutant was indistinguishable from wild-type bacteria in its ability to disseminate
and colonise the liver and spleen in short term mouse infections (Buckner et al., 2011; Kidwai

et al., 2013). Interestingly, an AsseK2 mutant was highly attenuated in long term infection (50
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days) of mice, suggesting that SseK2 contributes to persistence of S. Typhimurium during

systemic infection (Lawley et al., 2006).

1.4.2 NleB - a bacterial GIcNAc transferase

Escherichia coli (E. coli) and S. Typhimurium are both Gram-negative enterobacteria
that share a large proportion of their genome, including some horizontally transferred
pathogenicity determinants such as the T3SSs (Porwollik and McClelland, 2003). Even though
the lifestyle and pathogenesis of both bacteria are vastly different, molecular mechanisms of
effector function might still be shared by both species. NleB from enterohemorrhagic E. coli
(EHEC), enteropathogenic E. coli (EPEC) and C. rodentium are the best studied homologues of
the SseK effectors and share 57-76% amino acid identity and 80-92% similarity to the
Salmonella proteins. In EHEC and EPEC NleB is involved in the regulation of the host
inflammatory response (Nadler et al., 2010; Newton et al., 2010) while C. rodentium NleB is
essential for colonisation and virulence in mice (Kelly et al., 2006). Two seminal studies have
identified NleB as an arginine-specific N-acetyl-D-glucosamine (GIcNAc)-transferase able to
inhibit death receptor signalling pathways by specifically modifying the death domain of
proteins such as FADD and TRADD (Li et al., 2013; Pearson et al., 2013). This prevents the
proteins dimerisation and thereby reduces the activation of death receptor signalling
pathways. By targeting a protein family common to both the NF-kB and cell death signalling
pathways (Figure 1.4) arginine-GlcNAcylation by NleB results in reduced host cell immune
signalling and cytotoxicity during EPEC/EHEC infection (Li et al., 2013; Pearson et al., 2013). In
addition to the modification of death domain proteins, NleB has also been proposed to
disrupt GAPDH mediated poly-ubiquitination and activation of TRAF2 and TRAF3, resulting in
NF-kB pathway inhibition (Gao et al., 2016, 2013).

1.4.3 Protein Glycosylation

Half of all human proteins are estimated to contain at least one glycan site, making
protein glycosylation one of the most common post-translational modifications characterised
to date (Apweiler et al., 1999; Hart and Copeland, 2010). Glycosylation is facilitated by

specialised glycosyltransferases (GT) that are specific for both the sugar donor substrate and
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the acceptor substrate. In eukaryotes protein glycosylation mainly involves the covalent
attachment of glycans to serine, threonine, or asparagine residues, resulting in N- or O-
glycosidic bonds between the carbohydrate and the polypeptide backbone protein (Hurtado-
Guerrero and Davies, 2012). Both O-glycosylation and N-glycosylation can be the starting
point for the formation of an extraordinary array of complex glycans found on extracellular
glycoproteins (Moremen et al., 2014). In contrast, monosaccharide O-glycosylation of
intracellular portions is not elongated or further modified and is characterised by the
attachment of a single N-acetylglucosamine. The mammalian O-GIcNAc transferase (OGT)
utilises UDP-N-acetylglucosamine derived from the hexosamine pathway to covalently attach
the sugar to the hydroxyl moiety of serine or threonine residues in target proteins, which in
turn can be actively removed by the O-GIcNAcylase (OGA) (Hart and Akimoto, 2009). This
makes monosaccharide O-GlcNAcylation a transient form of post-translational modification,
often thought to compete with protein phosphorylation, that is involved in diseases such as
cancer (Slawson and Hart, 2011; Yi et al., 2013), diabetes (Ma and Hart, 2013; Yang et al.,
2008) and Alzheimer’s (Yuzwa et al., 2012; Zhu et al., 2014).

In contrast to OGT, NleB targets arginine residues for mono-glycosylation by transferring N-
acetylgucosamine to the amino acids reactive amide group, making NleB a non-canonical N-
GIcNAc transferase (Li et al., 2013; Pearson et al., 2013). Arginine-GlcNAcylation by NleB
differs significantly from mammalian O-GlcNAcylation (Figure 1.8) and cannot be removed by
mammalian O-GlcNAcylases, suggesting that it is irreversible (Li et al., 2013). NleB is classified
as a GT-8 gylcosyltransferase, based on its predicted structural homology to known proteins
of this family (Gao et al., 2013). These enzymes typically adopt a GT-A fold consisting of an
o/B/a sandwich resembling a Rossmann fold and a Asp-X-Asp (DxD) catalytic motif (Lairson
et al., 2008). The DxD motif is required for the coordination of a divalent cation (usually
magnesium or manganese) and/or the sugar donor and mediates the sugar transfer to target

proteins (Lairson et al., 2008).

Both the predicted GT-A fold and DxD motif of NleB are fully conserved in the Salmonella SseK
effector family (Figure 1.7) suggesting that these proteins are glycosyltransferases with
similar enzymatic activity to NleB. Indeed, SseK1 has been shown to GIcNAcylate TRADD when
overexpressed ectopically (Li et al., 2013). However, even though SseK1 is therefore

considered to be functionally identical to NleB the precise amino acid in TRADD that is
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modified by SseK1 has not been determined. Mutation of the DxD motif in SseK3 abolished
the proteins inhibitory effect on NF-kB signalling (Yang et al., 2015) however, direct evidence

for catalytic activity of SseK3 is missing.
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Figure 1.8. Schematic representation of protein GIcNAcylation

Mammalian protein O-GIcNAcylation on serine or threonine residues is controlled by two highly conserved
enzymes, OGT and OGA. In contrast, NleB-mediated N-GIcNAcylation of death domain containing proteins
occurs on arginine residues and is proposed to be irreversible. Ser, serine; Arg, arginine.
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1.5 Tripartite motif proteins
1.5.1 TRIM proteins in innate immunity

Tripartite motif (TRIM) E3 ligases form a family of over 70 mammalian proteins
involved in the regulation of a large spectrum of essential biological processes, including
regulation of cell growth and differentiation, development, and immunity (Hatakeyama,
2011; McNab et al., 2011; Tocchini and Ciosk, 2015). All TRIM proteins share a conserved
domain architecture consisting of an N-terminal Really Interesting New Gene (RING) domain,
one or two B-box (BB) domains, a Coiled-Coil (CC) region and a variable C-terminal protein
interaction domain (Borden, 1998; Meroni and Diez-Roux, 2005; Reymond et al., 2001). TRIM
proteins mainly exert their biological functions by ubiquitination of specific substrates via
their RING domain, which confers E3 ligase activity. This post-translational modification
results in the covalent attachment of the ubiquitin peptide to target proteins and can,
depending on the ubiquitin linkage, mediate different signals ranging from proteasome-
mediated degradation to localisation and specific pathway activation (Komander and Rape,
2012). Additional functional diversity of the TRIM proteins results from differing C-terminal

domains that are involved in a wide range of target protein interactions.

A large proportion of TRIM proteins have been reported to be involved in the regulation of
innate immune signalling and anti-viral restriction (Rajsbaum et al., 2014a; Uchil et al., 2013;
Versteeg et al., 2013). TRIM proteins positively (e.g. TRIM8 (Tomar et al., 2012), TRIM20 (Chae
et al., 2008)) and negatively (e.g. TRIM9 (M. Shi et al., 2014), TRIM30a (Shi et al., 2008))
modulate the NF-kB pathway in a complexinterplay between the TRIM E3 ligases and proteins
at different steps in the NF-kB signalling cascade (Tomar and Singh, 2015). In addition,
recognition of cytosolic DNA and subsequent IRF-mediated gene expression can also be
activated (e.g. TRIM®6 (Rajsbaum et al., 2014b), TRIM15 (Uchil et al., 2013)) and repressed (e.g.
TRIM11 (Lee et al., 2013), TRIM28 (Liang et al., 2011)) by TRIM proteins, resulting in altered
levels of type | and Il interferons. Tight regulation of all these processes is required for efficient
anti-viral and anti-microbial activities and dysregulation is often linked with auto-immunity
and auto-inflammatory disease (Jefferies et al., 2011). Various TRIM proteins also restrict
virus entry, replication and release (Uchil et al., 2008) with the best characterised example
being TRIM5a. The c-terminal SPRY domain of TRIM5a directly binds to the retroviral capsid

and promotes its disassembly before completion of reverse transcription of viral RNA.

45



INTRODUCTION

Currently the precise mechanism involved in this process is not fully understood but
functional TRIM5a is required for the control of human immunodeficiency virus in rhesus
macaque or N-tropic murine leukemia viruses in humans (Gritter and Luban, 2012).
Conversely, TRIM proteins required for efficient immune signalling are targeted by viral
proteins, which is best understood for TRIM25. Following RNA recognition, RIG-I undergoes
K63-linked ubiquitination by TRIM25, which is crucial for subsequent activation of MAVS (a
key signalling adaptor protein) and therefore TRIM25 is required for IFNB production and NF-
kB promoter activation (Gack et al., 2007). This is inhibited by the Influenza NS1 protein which
specifically interacts with the CC domain of TRIM25, preventing TRIM25 oligomerisation and

thereby abolishing RIG-1 ubiquitination and downstream signalling (Gack et al., 2009).

In contrast to the well-studied role of TRIM E3 ligases as anti-viral proteins, little is known
about their function during bacterial infection. Due to their role in immune signalling
homeostasis and autophagy (Hatakeyama, 2017; Mandell et al., 2014), a large proportion of
TRIM proteins are likely to be involved in anti-microbial recognition and restriction. Individual
studies have addressed the effects of TRIM21, TRIM38, TRIM56 and TRIM65 on Salmonella
infections (see below). However, to date no studies have been published that systematically
address effects of TRIMs protein on bacterial invasion and replication. TRIM21 is a cytosolic
antibody receptor that recognises antibody-coated pathogens including Salmonella,
activating NF-kB signalling and cytokine production (McEwan et al., 2013; Rakebrandt et al.,
2014). In addition, recognition of opsonised Salmonella by TRIM21 is proposed to restrict
intracellular replication by targeting the bacteria for antibacterial autophagy (Rakebrandt et
al., 2014). TRIM38 negatively regulates TLR3/4-mediated signalling and is required to dampen
the innate immune response to Salmonella. As a consequence Trim387- mice are highly
susceptible to S. Typhimurium—induced septic shock (Hu et al.,, 2015). Two independent
studies reported recently that the Salmonella SPI-1 T3SS effector SopA can ubiquitinate
TRIM56 and TRIM65 during bacterial infection. TRIM56 and TRIM65 are enhancers of RIG-1
and MDA-5 mediated signalling, respectively. However, the studies came to opposing
conclusions on whether the SopA-TRIM56/65 interaction positively or negatively affects TRIM
protein stability and therefore innate immunity (Fiskin et al., 2017; Kamanova et al., 2016).
Overall these data suggest that TRIM proteins are important for the control of microbial

infections and therefore plausible targets for bacterial effector proteins.
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1.5.2 Tripartite motif protein 32

Tripartite motif protein 32 (TRIM32) features an N-terminal RING domain required for
E3 ligase catalytic activity, a type 2 B-box domain, a Coiled-Coil domain necessary for
dimerisation of the protein and 6 C-terminal domain NHL repeats (NHL domain) involved in
target protein interaction (Koliopoulos et al., 2016) (Figure 1.9A). Dimerisation of TRIM32 is
required for its E3 ligase activity and the protein is proposed to adopt a homo-tetrameric

tertiary structure consisting of two anti-parallel dimers (Koliopoulos et al., 2016) (Figure 1.9B).

A RING BB2 CcC NHL repeats
aa 21-65 96-139 139-262 359-647
B

Figure 1.9. Schematic representation of TRIM32 domain structure and proposed model of TRIM32
tetramerisation

(A) TRIM32 domain structure consisting of an N-terminal E3 ligase domain (RING), B-box 2 (BB2), coiled-coil
domain (CC) and c-terminal NHL-domain for target interaction. (B) Proposed model of TRIM32 tertiary structure
based on (Koliopoulos et al., 2016).

TRIM32 mediates the majority of its functions via ubiquitination of itself (auto-ubiquitination)
and target proteins, which requires the TRIM32 RING domain and interaction with different
E2 ligases (Koliopoulos et al., 2016; Napolitano et al., 2011). TRIM32-mediated K48
ubiquitination is mainly implicated in proteasome-mediated target degradation (Fu et al.,
2015; Mokhonova et al., 2015), whereas K63 ubiquitination is implicated in immune signalling

(Zhang et al., 2012). Due to its wide spectrum of substrates TRIM32 is involved in the
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regulation of different molecular processes including muscle physiology, neuronal

differentiation, cancer and innate immunity (Figure 1.10).
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Figure 1.10. Summary of TRIM32 interaction partners clustered into biological processes

The information in this figure was compiled from references in the text and does not include unverified TRIM32
interaction partners identified in large-scale screens. Ub, ubiquitin.

Mutations in TRIM32 have been linked to two distinct diseases, Bardet—Biedl syndrome (BBS)
and Limb Girdle Muscular Dystrophy type 2H (LGMD2H). BBS is a pleiotropic ciliopathic
disorder caused by a mutation in the TRIM32 B-box (Chiang et al., 2006), whereas LGMD2H is
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a mild form of autosomal recessive muscular dystrophy resulting from different disease-
causing deletions and mutations in the TRIM32 NHL-domain (Borg et al., 2009; Cossée et al.,
2009; Frosk et al., 2002; Nectoux et al., 2014; Neri et al., 2013; Saccone et al., 2008). To date
it is not fully understood how mutation of TRIM32 leads to disease but TRIM32 has been
shown to interact with (and ubiquitinate) different muscle-relevant proteins such as actin, a-
actinin, desmin, tropomyosin and dysbindin (Cohen et al., 2012; Kudryashova et al., 2005;
Locke et al., 2009). In addition, TRIM32 is involved in muscle regeneration by activation and
differentiation, as well as reduced senescence of satellite cells (Kudryashova et al., 2012;
Yonghua Liu et al., 2017; Mokhonova et al., 2015; Nicklas et al., 2012). Interesting, Trim327
mice show muscular dystrophy with both neurogenic and myogenic characteristics
(Kudryashova et al., 2009). During neuronal development TRIM32 is necessary for the correct
induction of neuronal differentiation by suppressing proliferation and inducing differentiation
of neuronal stem cells (Gonzalez-Cano et al., 2013; Hillje et al., 2011; Nicklas et al., 2015; Sato
et al., 2011; Schwamborn et al., 2009). In addition, altered expression levels of TRIM32 have
been linked to Alzheimer’s disease, autism, attention deficit hyperactivity disorder, anxiety,
and obsessive compulsive disorder (Lionel et al., 2014, 2011; Ruan et al., 2014; Yokota et al.,

2006).

TRIM32 expression is elevated in a large number of diverse cancer types (Horn et al., 2004;
Kano et al., 2008; Liu et al., 2014) and has recently been proposed as a prognostic marker for
gastric cancer (Ito et al.,, 2017). Interestingly, TRIM32 has been reported to have both
oncogenic and tumour suppressive properties depending on the tumour type investigated.
Through ubiquitionation and subsequent degradation of p53, ABI2 and PIASy, TRIM32
supressess apoptosis whilst promoting cell growth, transforming activity and cell motility,
suggesting oncogenic function of TRIM32 (Horn et al., 2004; Kano et al., 2008; Liu et al., 2014).
On the other hand, TRIM32 can promote apoptosis by facilitating degradation of XIAP and

enhances cell death in neuroblastomas (Izumi and Kaneko, 2014; Ryu et al., 2011).

Even though TRIM32 was originally identified due to its binding to lentiviral Tat proteins
(Fridell et al., 1995) little is known about the role of TRIM32 in anti-viral and anti-microbial
restriction. TRIM32 stably binds to Tat proteins in the host nucleus but it has not been
established whether TRIM32 displays any effect on Tat function (Fridell et al., 1995). In large-

scale screens, TRIM32 has been shown to suppress retroviral gene expression and lentiviral
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particle release from the host cell (Uchil et al., 2008). However, the underlying mechanism
has not been investigated. During influenza infection, TRIM32 mediates K48-linked
ubiquitination of PB1, which results in augmented PB1 degradation and reduced viral
polymerase activity (Fu et al., 2015), strengthening earlier findings that TRIM32 is an anti-viral
protein. Interestingly, TRIM32 has been reported to hetero-dimerise with the anti-viral
protein TRIM5 (Woodsmith et al., 2012), the relevance of this interaction has not been further
addressed though. To date, nothing is known about the function of TRIM32 during bacterial
infection. Unpublished work from our laboratory and a report from Yang and colleagues (Yang
et al., 2015) showed that TRIM32 interacts stably with the Salmonella SPI-2 T3SS SseK3 when
expressed ectopically. However, the physiological relevance of this interaction has not been
addressed prior to this thesis. In addition, TRIM32 has been shown to regulate different innate
immune signalling pathways and alter cytokine expression. Overexpression of TRIM32
increases basal levels of NF-kB and AP-1 reporter activity (Uchil et al., 2013). TRIM32-
mediated activation of NF-kB signalling occurs prior to TAK1 activation (Uchil et al., 2013) and
in keratinocytes this is dependent on TRIM32-mediated ubiquitionation and subsequent
degradation of the NF-kB pathway inhibitor PIASy (Albor et al., 2006). In contrast to these
data, TRIM32 has also been shown to interact directly with and ubiquitinate IkBa (Ruelas et
al., 2015); however to date this finding has not been confirmed by any other study. TRIM32
potently enhances STING-mediated activation of ISRE and IFN-promoters in response to viral
infection (Zhang et al., 2012). Interestingly, which cytokines are regulated by TRIM32
overexpression or deficiency differs greatly between published reports, which is likely due to
the different cell types and tissues analysed (Fu et al., 2017; Liu et al., 2010; Yuangang Liu et
al., 2017; Zhang et al., 2012). Overall, these data show that TRIM32 has diverse functions in
innate immune signalling and might therefore be a likely target for bacterial effector-

mediated intervention with host cell immunity.
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1.6 Aim of this work

The aim of this project is to investigate the functions of the SPI-2 T3SS SseK effector
proteins. This includes identification of host processes targeted by the effectors as well as the

mechanism(s) underlying their effects and their physiological relevance.

Specifically, the project aims were:

(i) Investigation of the SseK family members physiological functions during macrophage
infection with focus on innate immune signalling and host cell death

(i) Identification, validation and characterisation of SseK family interaction partners and/or
enzymatic targets

(iii) Analysis of whether the identified SseK host interaction partners from aim (ii) are

required for the observed phenotypes from aim (i)
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2 MATERIALS AND METHODS

2.1 General buffers
LB broth - 2% Lennox L Broth Base (Invitrogen #12780-052), autoclaved

LB agar - LB broth, supplemented with 1.5% (w/v) agar (Thermo Fisher #LP0011B),

autoclaved

SOC medium - 2% (w/v) tryptone (SLS #LP042B), 0.5% (w/v) yeast extract (SLS #LP021B),
0.5% (w/v) NaCl (Sigma #57653), 10 mM MgCl, (Sigma #M8266), and 20 mM glucose (Sigma
#G5767)

10x PBS - 1.37 M NaCl (Sigma# S7653), 27 mM KCI (Sigma #P9541), 100 mM Na;HPO4 (Sigma
# 53264), 20 mM KH2PO,4 (Sigma #P5379), adjusted pH to 7.4 with HCI (VWR # 20252.335)

10x TBS - 48.22 g Tris base (Sigma # T1503), 175.32 g NaCl (Sigma# S7653), adjusted to pH
7.4 with conc. HCI (VWR # 20252.335), H,O to 2 |

1x TBST buffer - 1x TBS, 0.1% Tween-20 (Sigma # P2287)

FSB - 125 mM Tris-Cl pH 6.8 (Sigma # T1503), 4% SDS (VWR #442444H), 10% glycerol (Sigma
#G5516), bromophenol blue (Sigma #B5525), H,O

2.2 Bacterial cell culture

All bacterial strains detailed in Table 2.1 were cultured at 37°C on LB agar plates or in
LB medium with agitation at 200 rpm. Cultures were inoculated from a single colony for

overnight growth and when necessary supplemented with antibiotics as below:

Carbenicillin (Carb, Sigma #C1389) 100 pg/ml
Kanamycin (Kan, Sigma #K1377) 50 pg/ml
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Table 2.1. Bacterial strains

Name Description Source or Reference

S. Typhimurium NCTC 12023 strains

wild-type 12023 S. Typhimurium wild-type NTCC

AssaV AssaV::km (Deiwick et al., 1998)
Assel Assel::km (Rytkonen et al. 2007)
AsseK1 AsseK1::km (Figueira et al. 2013)
Assek2 AsseK2::km (Figueira et al. 2013)
Assek3 AsseK3::km (Figueira et al. 2013)
AsseK1/2 AsseK1/Dssek2::km (Figueira et al. 2013)
AsseK1/3 AsseK1/AsseK3::km (Figueira et al. 2013)
AsseK1/2/3 AsseK1/AsseK2/AsseK3::km (Figueira et al. 2013)
AsifA AsifA::mTn5 (Beuzdn et al., 2000)

E. coli strains

BL21(DE3) Protein expression strain New England
DH5a Cloning procedures Thermo Scientific
2.3 Genetic techniques

2.3.1 Transformation of chemically competent E. coli cells

50 pl of chemically competent E. coli cells (DH5a or BL12) were mixed with 5-7.5 ul of
ligation reaction and incubated on ice for 30 min. Bacteria were heat shocked at 42°C for 45
sec for DNA uptake and then returned on ice for two more minutes. Cells were recovered at

37°Cfor 1 hin 500 pl of SOC medium and plated on LB agar with appropriate antibiotics.

2.3.2 Preparation and transformation of electro-competent S. Typhimurium cells

S. Typhimurium cultures were inoculated (1:33 dilution) from overnight cultures in
fresh LB medium and grown for 2.5 h at 37°C. Then the bacteria were collected, washed three
times in ice-cold sterile water and once in ice-cold 10% glycerol (Sigma #G5516). The cells
were resuspended in 100 pl of ice-cold 10% glycerol, mixed with 100 ng of the appropriate
plasmid and electroporated at 2.5 kV, 200 Q, 25 pF. Afterwards 500 pl of SOC medium was
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added for cell recovery at 37°C. Transformed bacteria were selected on LB agar plates with

appropriate antibiotics.

24 Nucleic acid techniques

Concentrations of nucleic acid solutions were determined by measurements using a

NanoDrop Lite Spectrophotometer (Thermo Fisher).

2.4.1 DNA isolation

S. Typhimurium and E.coli genomic DNA was isolated using the Wizard Genomic DNA

Purification Kit (Promega #A1120) according to the manufacturer’s instructions.

Plasmid DNA was extracted from transformed DH5a cells using the GenElute Plasmid
Miniprep Kit (Sigma Aldrich #PLN350) or the NucleoBond Xtra Midi Plus Kit (Macherey-Nagel

#740412.10) following the manufacturer’s recommendations.

2.4.2 Plasmid construction

All primers and plasmids used in this study are detailed in Table 2.2 and Table 2.3,

respectively.

SseK1, ssek2, and ssek3 and their upstream promoter regions (200 bp, 200 bp, and 1000 bp,
respectively) were amplified from S. Typhimurium 12023 genomic DNA (see 2.4.1) by PCR.
DNA fragments were purified (QIAquick PCR Purification Kit, Qiagen #28106) and digested
with EcoRI (NEB #R0101) and BamHI (NEB #R0136S) for 2 h at 37°C. Subsequently genes were
in-gel ligated (1.5% NuSieve GTG agarose, Lonza #50081; T4 ligase system, NEB #M0202T)
into pWSK29-2HA (Pruneda et al., 2016) using EcoRl and BamHI restriction sites, which

resulted in C-terminal hemagglutinin (HA)- tagged effectors.

For protein expression in mammalian cells, the open reading frames of SseK1, SseK2, and
SseK3 were amplified from S. Typhimurium 12023 genomic DNA by PCR. N-terminal deletion
mutants of SseK3 (AN13, AN31, AN44) were amplified from the m4pGFP-SseK3 plasmid and
the neutral N-terminal SseK3 mutant (R4Q/R6Q/L9Q) was created by using a site specific
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mutagenesis primer at the 5’ end. All amino acid substitutions to alanine (e.g. SseKaaa
constructs) were created by using overlap-PCR with site specific mutagenesis primers (Higuchi
et al., 1988). SseK1-Ssek3 chimeras were created using the same overlap-PCR technique. Nl/eB
was amplified from genomic DNA from the E. coli 0157:H7 Sakai strain. Full-length Fadd,
Tradd, Trim2, Trim3 and Trim32 were amplified from murine cDNA. Mutant FADDg1174 and
TRADDRg233n were created by overlap-PCR. Human XIAP was digested from the plasmid
m6pPPAC-FLAG-XIAP (T. Thurston). Human /IRAK1 and IRAK4 were digested from plasmids from
F. Randow. Murine Piasy was amplified from the commercial plasmid pCMV6-PIASy (Origene).
PCR template for human dominant negative (DN) /kB (532A/S36A) was a gift from F. Randow.
The Renilla luciferase gene was amplified from the plasmid pRLTK (Promega) and ligated into
m6pPAC (Ncol-Notl) without a tag. After PCR amplification DNA fragments were purified
(QlAquick PCR Purification Kit, Qiagen #28106 ) and digested with Pcil (NEB #R0655) and Notl
(NEB #R0189) for 2 h at 37°C. For genes containing internal Pcil or Notl restriction sites, Ncol
(NEB #R0193), Bsal (NEB #R0535S) or BsmBI (NEB #R0580) were used. The genes were ligated
into the mammalian expression plasmid m4pGFP or m6pPAC-FLAG (both gifts from F.
Randow). The ptCMV-GFP and ptCMV-FLAG plasmids (T. Thurston) are a derivative from the
PEGFP-N1 plasmid (Clontech). PCR fragments were ligated into the mentioned plasmids that
were digested with Pcil and Notl restriction enzymes resulting in an N-terminal GFP or FLAG-

tag, respectively.

For protein purification full-length ssek1, nleB and Trim32 PCR fragments were ligated into
petM30 or petM41 using the plasmids Ncol and Notl restriction sites in the multiple cloning
site. This resulted in N-terminally tagged His- Glutathione S-transferase (GST) or His- maltose-

binding protein (MBP) fusion proteins, respectively.

All plasmids were checked by sequencing (GATC).
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Table 2.2. Synthetic DNA oligonucleotides used for plasmid cloning and sequencing

DOVIIOVIOLVLIVLIVOVVIOVIOVIOVIVIVVLIOVVLIOLIIVLILILD  €20CT wnunwiydAl s  A3Y VWVENDSS 4 99€-Xd1
OVVVL9OVIOVLIOVLIIOIVIIOIO9IDDLIDIVIVIVIOII9919D  €20¢T wnunwiydAl s Md VWVENDSS 4 GSE-XIL
J19V.IVOLI9VOOVIILILIVLIIDIINDID 999090  €20¢T wnunwiydAl s AJY ENSSS 4 86T-XIL
DLL1199VOVILOVOILIOLLLIDIVYIOOLYIIODDDID)  €20CT wnunwiydAl's M ENSSS 4/61-XI1
09J0VIIIVIOLVLIVIVOVVYIOVIOVIOVLIVIVVLIOVVIOVILVLILIOV  €20CT wnunwiydAl ‘s  A3Y VWSS ¥ 980-05Y
1OVVYVLIVOLOVLIIOVLIIDIVIODIDDIIDLIDIVIVIVIODLIDODLID9DD  €20TT wnunwiydAl's M VWVZNSsSS 4 S80-09Y
OVI9DLIVVOVVIILIIVLIIODIIDDIDDDDID)  €20TT wnunwiydAl's A3y OI9SS 4 06T-XIL
090091VVLLLIDIVIDDLIVVILOIVIVIODDIDD  €20TT wnunwiydAl's M OI9SS 4 68T1-XI1
1V1DVIIIVIVLVLIVIVOVVIOVIOVIOVIVILVVLIVOLOIDLLLLIOV  €20TT wnunwiydAl s  A3Y VWVIN8sS ¥ #80-05Y
1OVVYVYVVYOOIVILYLIVOLIVIIOIODIIOLIDIVIVIVIOLIOD91IOVIY  €20¢T wnunwiydAl's M VWVIN8sS 4 €80-09Y
51¥2229010091VIVIOLOVIII9II99I999909)  €20¢T wnunwiydAl ' A3y TYSSS d 88T-XI1
OVLVVVLLVYIOVIIILVOLY VIIO1VIVODDIDD  €70¢T wnunwiydAl's M TISSS 4 /81-XI1
OVVVILOVIVOLIIOVOOVIOLOLIIIIVYOODDDDIDD  €20¢T wnunwiydAl s AFY  €)3sS-dq 000T d 70€-XI1
952229101101VVLIIVVIOVIVIOLIYYDODDDDDD  €20¢T wnunwiydAl's M4 €N9sS-dg 000T 41 6€€-XI1
V119VI991IVVYOVVYII1IDIIIVYIODDDOIDD  €70¢T wnunwiydAl s A 2)I9sS-dq 00¢ d 20€e-xIL
OVOVLLIDOVIIIOIDOOIVVYILIVYOODDID)  €70¢T wnunwiydAl s M4 ZX9ss-dg 00C 4T10€-XI1
91VJ3229010091VIVIOLIIDLVDD99DID)  €20ZT wnunwiydAl 'S A3Y  TM9sS-dq 00T d 00€-XI1
9910111VIIDLIVOLVIVVVILLVYYDDODIDD  €20¢T wnunwiydAl's M4 TH9sS-dq 00T 41 66¢-XI1

sidwnd Suluod

?suanbas apnospnu £ 03 ,§ sapads asn Q| |eusdru]

56



MATERIALS AND METHODS

OVVVLVVIODO1VVIOLIVOIIII11999DVOVVOVYVYVODL €20CT WnunwiydAL ' AJY ENVIHIPNENSSS Y 9€0-0DY
VIOOLL11311313323VVVVOVILYOVLIVIOOLIVILLD €70¢T wnunwiydAL '§ M4 EVNVT)IPNENDSS 4 9€0-0O5Y
OVVOLYOLIOVIOVIOLLIDVVVLIIVIOLLLIIDIVVIVOD €20¢T wnunwiydAL '§  AJY OENVTH:TENENSSS Y #€0-0DY
JJ1V11VOVVYVVYODLVVLIIOVVVIOLOVIOOVILYILLD €20¢T wnunwiydAL 's  MN4 OENVT):TENEYNDSS 4 €€0-0O5Y
JVVVVOVVYVYOLVIOODLIILIOIIIIIVILIVVIIVVLLLLD €70¢T wnunwiydAL '§ AJY TINVLHEINENDSS Y Z€0-0DY
JVVVV11D911VVOIVVVVVIOVVOVIIOLVIOLLIDLILIIID €20¢T wnunwiydAL 's M4 CINVT)EINEYNDSS 41 T€0-O5Y
VVILLV1VOOVVVLIVYVIHD1IOOVIOHHIO1IO191H99D9HVIOVYYVVDOL €20¢T wnunwiydAl s A3Y VWVIrErenass ¥ 0€0-09Y
VOL111113V1323230VIVIVI9DII9139VIIOLIVIIIIIIVIVYOLL €20¢T wnunwiydAl s M MAALLEZ4 S ERN 4 6¢0-05Y
19VVYVYI5HII1IVVILIVIVIOVIDDID1IHIVVIILVOIIDID1IDHHHDHOY €20¢T wnunwiydAl s A3Y VWVITBEENISS Y 8C0-0DY
1222200VIVI9OVILYOVLIDIOVIODIIDIIOIVIVYOLIOVOOIIOLLIDY  €20CT wnunwiydAl 'S M4 VVVIT8EENSS 4 /¢0-054
JV10VID1119VVVIHDHII1IDVIDDIDIDOVVVLIVYVIODDIVVLIOLIVOL €20¢T wnunwiydAl s A3Y VUVLESEENISS Y 9¢0-09Y
VOL1VOVLIVIIODLIV1113IVIDII9105VDHHIID111IVVVIDLIOVLD €20¢T wnunwiydAl s M VVVLESEEHNDSS 4 §¢0-05Y
OVVO1VOIIIVIIVIDL1I19I3DVIDDIDIIVVILIVIVOOVVYVLVVIODD €20¢T wnunwiydAl s A3Y VWWrETEEHNaSS ¥ ¥¢0-0DY
J0511VIIIJJ1IVIVYDO119VYIDIID1ODIVVVIOLOVIOOVILYILLD €20CT wnunwiydAl s M VIVIETEEHNDSS 4 €¢0-05Y
DOVVVLVYVIOOLIVVLIILVOLIVLIIIDIIODDID 55925 €20¢T wnunwiydAl s A3Y VINENDSS Y ¢8E-XIL
J111199VOVILIOVOILIL1IIIDIVVILIDIVIVOHDHIDD €20¢T wnunwiydAl s M VINENDSS 4 T8E-XJL
VVOL111113V132222JVIVIVI9HD1VIIDHHDHIDI €20¢T wnunwiydAl s M VINVENISS 4 €8E-X1
JJ1VIVYSOLLOVHDOIIDLLIVIDD1IVIIDHDDHIODD €20¢T wnunwiydAl s M TENVENDSS 42¢6E-X11
JJ10VVIH1OVIVILI11VIVIHDIVIIODDHDHIHD €20CT wnunwiydAl s M EINVENDSS 1 TeE-XL

3juanbas apnoapnu £ 01,5 sapads asn @l |eusdqu]

57



MATERIALS AND METHODS

JJ55VIIVI5HHHIHIVIHVILIDIIHHID 5H5I35I sninasnw snipAl- A3Y Asvid COP-X4L
HVHH159135VOVYIDHIHD1IVIILDOLIVIVOHDHDIDD sninasnw sniAl- M4 Asvid TOP-XJL
OVIL1IO11D1VIVVHDO1IHHHHVY1L1I9II9H29H959H29) sninasnw sniAl- A3d CENIYL Y4 96¢-X11
J1139VIHVIH1359I395139551VII151VIVHHDHIDI shinasnw snipAl- M4 CENIYL 1 v6C-xX1
J9HV1IVDHILVIDHVYDHO1IV1IIHIIHDHIHHHHIDHI sninasnw snipAl- A3Y ENIYL d vee-xL
JJ29VIVHHYHOHOHVOHVVYVIODDLVYIILIDIVIVOHDHIDI shinasnw sniAl- M4 ENIYL 4 €CE-XL
JJVHVLHOIIVIOVYLIO1IVLIIIHDIIHDHIHHHHIHI sninasnw sniA- A3d CINIEL Y cee-xdl
J1VIOHVIIHIHHOVYHLOVIIODLY 32191VIVHDHHIHD shinasnw snipAl- M4 CINIYL 4 TZE-XL
HVO11IV¥II3953951323IVII332359VDHIDVIDIIDIVIIOVIVDOI shinasnw sniAl- A3d veeadgavyl ¥ S6T-09Y
5J1513VV195239V¥I5139313395955H51555VI9IOH1HVVILD sninasnw sniAl Md veeaigavyl 41 ¥6T-0ODY
52J1v¥I329523255VI299VL19335953313153595535I shinasnw snipl A\3d advdlL Y SST-O5d
551VVOVILHDHIIOVYIDHIVIILIDIVIVOHDHHIDD shjnasnw sniAl- M4 aavil 4 80T-O5Y
OVIILL11219VI2595I399I13DVILIIIVIVD shinasnw sniAl- A3d vargavd 4 €6T-05Y
J151955VV5H1I9VHIIHIIDHLIOVOVYYYOHOLD shinasnw sniAl- M4 viigavd 4¢6T-0O5Y
JVOVVOOVOLILLID19D9HVILIDIIDDIHHDHODIHI shinasnw sniAl- A\3d aavd d vSC-xXdL
513919913211¥223VHD1VIILD1IVIVODDHIDD sninasnw shiy- M4 aavd 4 x06E-X41
H9H1351IJVVH1IVIIVLLIIDHIIHDHIHHDHHIHD 1eyes /H:£LSTO /03’7 A3JY g3IN d PSE-XIL
J191VVVLLIVIOL1D1V1191VID2191V¥IVOHHDHIDI 1e)es /H:LSTO /03’7 M4 g9IN 4 €GE-XL
J91VILVVILLII9OVYIILOVYILOL111D1VVIHD1IVIIDDDHIONID €20¢T wnunwiydAl s M IBANONEN3SS 4 9SC-05Y
3juanbas apnoapnu £ 01,5 sapads asn @l |eusdqu]

58



MATERIALS AND METHODS

VOOLLV.11009900VIVIOIV A3d  OV14-Ovddow 195-XI4
ebbnobeobojeobborbe) M4 OV14-Dvddow 06T-XI4
919099V199I9991VVVO M4 OVId-ANDM Hilg il

OV14-ANOM
LYy-X41

999 19199VO99D9DVILLOD A3H d49-ANOMd
VOLOVOLIOLIVIVOI991D A3 d49dpw T1¢-X

d49-ANO¥
90 1VOVVYIVOODIDLVOVYOL M4 d4odpyw el
JVOLV1ODVIVVVYOOVD L 6ZYSMd HELN
OVOIVIL1OVIIILLLLD M4 6YSMd J4ELIN
3upuanas
VVOVOLLLLIVILIDIIVIID932990999909) A3Y oN1Y ¥ 8€0-09Y
VOLVLLIOVVYYDILIOVDLVVYIODDLVYIIDDDID) M ony  4/£0-09Y
19VIVIVIVVVYII12299109IVOVILOIVYLIVILIDIIDDIDD99I9D suajdos owoH A3y ogA Nd Y /8T-09Y
2999195VY99VIIIIIDIOVOIINDINOVIILLO1IVIILDIYIVODDIDD suajdos owoH M ogi Nd  498T-09Y
JOLLLLIIVVVVYVLVIVOVV.LIIDIIDDIDD99ID) sninasnw sniAl- A3y dVIX 0Tt-X41
VVOLLLI9VIVVLLIIOVDLVIILD1VYIVIODDIOD sninasnw sniAl \\d dVIX 601-X41
2ouanbas apnoapnu £ 0l 5 sa1adg asn dl |euJalu|

59



MATERIALS AND METHODS

Table 2.3. Plasmids used in this study
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2.4.3 RNAisolation

Total RNA was isolated from ~1x 10° murine splenic CD11b positive cells using the
RNeasy Mini Kit (Qiagen #74104) according to the manufacturer’'s recommendation.

Afterwards RNA was either used immediately for cDNA synthesis or stored at -80°C.

2.4.4 Reverse transcription (cDNA synthesis)

400 ng of total RNA per sample was used to prepare cDNA using the QuantiTect
Reverse Transcription Kit (Qiagen #205311). Importantly this procedure included a genomic

DNA wipe-out step to avoid contamination of the cDNA by residual genomic DNA.

2.4.5 Quantitative PCR

Quantitative PCR (qPCR, SYBR Green PCR Master Mix, Life technologies #4309155) was
performed using 0.5 ul cDNA and 0.2 uM gene-specific primers (Table 2.4). Primers were
selected to generate an amplicon across different exons and their specificity was confirmed
using Primer-BLAST (NCBI). A Rotor-Gene 3000 (Corbett Research) PCR cycler was used to
acquire emission data and a significant cycle threshold (cT) value from the SYBR Green
reporter dye. All samples were analysed in technical duplicates. Relative mRNA amounts were
calculated from a titration curve of cDNA and were normalised to the expression of the Rps9

housekeeping gene.

Table 2.4. Gene-specific qPCR primers

Internal ID Use Species 5’ to 3’ nucleotide sequence
RGO-130qgF 1I-6 FW Mus musculus  AGACAAAGCCAGAGTCCTTCAG
RGO-131gR /-6 REV Mus musculus  GGTCTTGGTCCTTAGCCACTC

RGO-132 gF Tnfa FW Mus musculus  GATCGGTCCCCAAAGGGATG
RGO-133gR  Tnfa REV Mus musculus  GTTTGCTACGACGTGGGCTA

RGO-134 gF  Irf7 FW Mus musculus  AAGGTGTACGAACTTAGCCG
RGO-135qgR  Irf7 REV Mus musculus  GGTTTGGAGCCCAGCATTTTC
Trx-395 IfnB FW Mus musculus  GCAGCTGAATGGAAAGATCA
Trx-396 Ifn6 REV Mus musculus TGGCAAAGGCAGTGTAACTC

RGO-138 gF Rps9 FW Mus musculus  AACAAACGTGAGGTTTGGAGG
RGO-139gR  Rps9 REV Mus musculus  GTCCAGCACCCCAATGCGAA
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2.5 Cell biology techniques
2.5.1 Cell culture and seeding

RAW 264.7 macrophages and Hela cells were obtained from the European Collection
of Animal and Cell Cultures (Salisbury, UK). 293ET cells were a gift from Felix Randow. Cells
lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma #D5796)
supplemented with 10% fetal calf serum (FCS; Sigma/Invitrogen) in 5% CO at 37°C. Stably
transduced RAW 264.7 cells and CRISPR generated TRIM32 knock-out cells (generated by T.
Thuston (Glnster et al., 2017)) were cultured and seeded as specified for wild-type RAW
264.7 macrophages.

24 hours prior to use (infection or transfection) cells were seeded at the following densities:
RAW 264.7 macrophages: 3 x 10* cells/well (96-well plate), 1 x 10° cells/well (24-well plate),
3 x 10° cells/well (12-well plate), 6 x10° cells/well (6-well plate) or 1 x 107 cells per 15 cm &
dish

293ET cells: 5 x 10 cells/well (24-well plate), 4 x10° cells/well (6-well plate)

Hela cells: 5 x 10 cells/well (24-well plate), 3 x 10° cells/well (6-well plate)

2.5.2 Invitro infection of mammalian cells

For the infection of phagocytic RAW 264.7 macrophages stationary-phase Salmonella
cultures were opsonised in DMEM with 10% mouse serum for 20 min. Infection was carried
out with an approximate multiplicity of infection (MOI) of 10:1 and was synchronised by
centrifugation for 5 min at 110 x g followed by incubation for 25 min at 37°C. As centrifugation
of macrophages infected in 15 cm J dishes was not possible, cells were instead infected with
un-opsonised stationary-phase Salmonella cultures at an approximate MOI of 30:1 for 30 min
at 37°C. For SPI-1-mediated invasion of cells, stationary-phase Salmonella cultures were
subcultured (1:33) for 3.5 h at 37°C. Hela cells (6-well plate) were infected with 25 ul of
subculture for 15 min. After the intended time of infection cells were washed three times in
sterile PBS and extracellular bacteria were killed in medium containing 100 pg/ml gentamicin
(Sigma #G9516) for 1 h. Subsequently, the medium was replaced with fresh medium

containing 20 pug/ml gentamicin for the remainder of the infection.
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2.5.3 Colony forming units assay

To assay bacteria replication by colony forming unit (CFU) assay triplicate wells of RAW
264.7 macrophages were infected for 2, 16 or 20 hours with different Salmonella strains in
24-well plates (see 2.5.2). After the indicated time point cells were washed twice with cold
PBS and then lysed in 1 ml 0.1% triton X-100 in PBS for 5 min at room temperature.
Subsequently, serial dilutions of the released bacteria were plated in technical duplicates on

LB agar plates to determine colony forming units.

2.5.4 Generation of stable cell lines

Stable RAW 264.7 macrophage cell lines were created by retroviral transduction as
described in (Randow and Sale, 2006). In short, virus containing the m4pGFP plasmid was
generated in 293ET cells after transfection with VSVg, pol/gag and proviral plasmids and used
totransduce RAW 264.7 cells. To achieve optimal transduction efficiency (approximately 30%)
a titration of virus was used. Successfully transduced macrophages were isolated by flow
cytometry cell sorting to obtain a homogenous population of GFP-tagged protein expressing
cells. NF-kB reporter macrophages were created by simultaneous transduction with
retroviruses containing the m3psinrevkB-/uc or m6pPAC-RLuc plasmid. Subsequently, cells

were selected with 1.5 pg/ml puromycin for up to 10 days (Sigma #P8833).

2.5.5 Drug treatment of cells

To inhibit NF-kB signalling in RAW 264.7 macrophages, cells were pre-treated with 1,
5 or 10 uM PS-1145 (Sigma #P6624) or an equal volume of DMSO for 1 h. Subsequently, cells
were infected with the indicated Sa/lmonella strains (see 2.5.2) for 30 min and maintained in

30 pg/ml gentamicin containing medium for the duration of the experiment (20 h).

To inhibit TNF-a stimulation of cells, RAW 264.7 macrophages were pre-exposed to 10 or 50
ug/ml Etanercept (Enbrel; Pfizer) for 30 min and subsequently infected with the indicated
Salmonella strains (see 2.5.2). Treatment with the IL1 receptor antagonist Anakinra (Kineret;
Sobi) at a concentration of 10 or 50 pg/ml served as a negative control. Exposure of cells to

Enbrel and Anakinra was maintained throughout the full duration of the experiments.
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2.5.6 Transfection of mammalian cells

293ET and Hela cells were transfected with Lipofectamine 2000 (Invitrogen
#11668019) according to the manufacturer’s recommendations. If not stated otherwise
plasmid DNA and 1 pl or 3 ul Lipofectamine 2000 reagent (24-well and 6-well plate,
respectively) were mixed in Opti-MEM (Invitrogen #11058021) and incubated with cells for
24 h for transfections lasting 24-40 h.

2.5.7 Dual luciferase reporter assay

For transfection reporter assays, 293ET cells were transfected in 24-well plates (see
2.5.6) with a mixture of 20 ng pRLTK, 50 ng reporter plasmid (p4kB or pISRE) and 250 ng
ptCMV plasmid. After 24 h cells transfected with the ISRE reporter were stimulated overnight
(approximately 17 h) with 1.36x 103 U/m| hIFNB (R&D Systems #11415-1). NF-kB reporter cells
were stimulated with 50 ng/ml hTNFa (Sigma #SRP3177), 10 ng/ml hiL-1a (Sigma #12778), 10
ng/ml hIL-1B (Sigma #19401) or 4 pg/ml high-molecular-weight (HMW) poly(l:C) (Invitrogen
#TLRL-PIC). To mimic LPS stimulation cells were transfected with 300 ng pEAKMMP-AU1-TLR4
(or m6pPAC-FLAG-GFP control) vector in addition to the plasmids described above to auto-
activate the NF-kB pathway for 24 h prior to harvesting cell lysates. Luciferase activity was
measured using a dual luciferase reporter assay system (Promega) and a Tecan Infinite 200
PRO plate reader. NF-kB-regulated luciferase activity was normalised to Renilla luciferase
intensity and the results are presented relative to either wild-type-infected samples,

unstimulated, GFP-expressing control samples or each unstimulated control sample.

2.5.8 Lactate dehydrogenase assay

To analyse cell death upon Salmonella infection, RAW 264.7 macrophages were
infected in a 24-well plate as described in 2.5.2. In short, after 30 min of infection, cells were
washed in PBS and extracellular bacteria were killed in 200 ul phenol red-free medium
containing 100 pg/ml gentamicin for 1 h. To account for total cell death over the course of
infection the medium was then diluted (rather than replaced) to a final concentration of 20
ug/ml gentamicin for the remainder of the infection (2-24 h). To analyse TNF-a-, TRAIL- or

FasL-induced cell death, Hela cells were transfected for 24 h with 250 ng pEGFP-N1 control
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or ptCMV-GFP-effector plasmids (24-well plate, see 2.5.6). Cell death was subsequently
stimulated with 50 ng/ml hTNF-a (Sigma #SRP3177), 200 ng/ml mTRAIL (Sigma #SRP3237) or
100 ng/ml hFasL (R&D Systems #126-FL) in combination with 10 pg/ml cycloheximide (Sigma
#C7698) in phenol red-free medium. After 20 h of drug treatment or infection, the cell
supernatant (medium) was collected. To remove cell contamination, samples were
centrifuged for 1 min at 3000 x g and the supernatant transferred to a new tube. Extracellular
lactate dehydrogenase levels were assayed with the CytoTox 96 nonradioactive cytotoxicity
assay kit (Promega #G1780) according to the manufacturer’s instructions. Absorbance at 490
nm was measured on a Tecan Infinite 200 Pro plate reader in white, clear bottom 96-well
plates. Cell death was calculated relative to that caused by the total cell death control (max)

which was achieved by freezing the cells for a minimum of 1 h at -80°C.

2.5.9 Propidium iodide uptake assay

RAW 264.7 macrophages were infected in a 96-well plate as described in 2.5.2 with
the following adaptations. After 30 min of infection, cells were washed in PBS and incubated
with medium (Opti-MEM, 10% FCS) containing 30 pg/ml gentamicin. Propidium iodide (PI,
Life Technologies #P3566) was diluted at 1:1,000 in the medium and uptake was then
measured on a Tecan Infinite 200 Pro plate reader (excitation at 530 nm, emission at 617 nm)
at 37°Cin 5% CO;for up to 20 h.p.u.. Pl uptake was calculated relative to that of a maximum
control obtained by cell lysis with 0.1% triton X-100 and normalised to findings at 2 h.p.u. to

account for experimental variation.

2.6 Flow cytometry techniques
2.6.1 Quantification of intracellular replication

RAW 264.7 macrophages were infected with GFP-expressing Salmonella strains for 2
h, 16 h, or 20 h (12-well plate, see 2.5.2). At the indicated time cells were washed once with
1 ml of PBS and detached using Accutase (Sigma #A6964) for 15 min at room temperature.
Samples were subsequently diluted in Opti-MEM (Invitrogen #11058), and the GFP

fluorescence intensity per cell was analyzed using a FACSCalibur flow cytometer (BD
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Biosciences). To calculate the fold change in bacterial replication the GFP geometric means

(Flowing Software version 2.5.1) at 16 h or 20 h were divided by the 2 h time point value.

2.6.2 Quantification of effector translocation

To assess SseK effector translocation by flow cytometry Raw 264.7 macrophages were
infected with different Salmonella strains in 6-well plates (see 2.5.2). 16 h after infection, cells
were washed in PBS, harvested and fixed in 4% PFA (Sigma #P6148) for 20 min at room
temperature. Cells were then washed again in PBS and incubated with primary antibody
(Table 2.5) in FACS permeabilisation solution (0.1 % saponin (Fisher #5/0380/48), 2% bovine
serum albumin (BSA, Sigma #A4503), PBS) for 30 min at 4°C. Subsequently, cells were washed
another two times in permeabilisation solution and incubated with the fluorophore linked
secondary antibodies for 30 min at 4°C. Finally cells were washed and resuspended in PBS for
analysis on a FACSCalibur flow cytometer (BD Biosciences). The percentage of infected cells

positive for HA-effector translocation were analysed using the Flowing Software version 2.5.1.

Table 2.5. Primary and secondary antibodies used for flow cytometry experiments

Antibody against Origin Manufacturer Dilution
CSA-1 Goat BacTrace #01-91-99 1:400
HA (3F10) Rat Roche #11867423001 1:200
Goat (Alexa488-linked) Donkey Invitrogen #A-11055 1:500
Rat (Alexa555-linked) Donkey Abcam #ab150154 1:250

2.6.3 Caspase activity assay

To analyze caspase-3/-7 and caspase-8 activity, RAW 264.7 macrophages were
infected with GFP-expressing WT or AsseK1/2/3 Salmonella for 20 h (6-well plate, see 2.5.2).
Caspase activity was assayed using the SR-FLICA Caspase-3/-7 or Caspase-8 assay kit
(ImmunoChemistry Technologies # 931, # 9149) according to the manufacturer’s instructions.
20 h treatment with 50 pg/ml cycloheximide (Sigma #C7698) and 50 ng/ml TNFa (Sigma
#SRP3177) was used to induce caspase activity as a positive control. Data were acquired using

a Fortessa flow cytometer (BD Biosciences) and analysed with FlowlJo (version 8.8.6). To
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account for experimental variation the geometric mean of the SR-FLICA signal intensity in
infected (GFP positive) cells was normalised to the geometric mean of uninfected cells in the

same sample.

2.7 Microscopy techniques
2.7.1 Immuofluorescence microscopy

For immunofluoresce microscopy 293ET cells were seeded on poly-L-lysine (Sigma
#P4707) coated coverslips and were transfected with 250 ng m4pGFP-effector plasmids (see
2.5.6) 24 h prior to use. RAW 264.7 macrophage were infected for 16 h on coverslips in 24-
well plates (see 2.5.2). After the desired infection or transfection time cells were washed
three times with PBS and fixed with 4% paraformaldehyde (PFA, Sigma #P6148) for 20 min at
room temperature. Cells were subsequently washed twice with PBS and the PFA was
qguenched with 100 mM NH4Cl (VWR #21236.267) for a minimum of 1 h at 4°C. The cells were
labelled with the indicated primary antibodies for 2 h at room temperature, washed three
times with PBS and then incubated with the secondary antibodies and 0.5 pg/ml 4-,6-
diamidino-2-phenylindole (DAPI, Invitrogen #D3571) for 1 h at room temperature. All
antibodies were diluted in PBS, 0.1% (v/v) triton X-100 (or saponin (Fisher # S/0380/48), for
the experiment shown in Figure 3.1) and 10% horse serum (Sigma # H1270) and are detailed
in Table 2.6. Coverslips were then again washed three times in PBS and mounted using Aqua-
Poly/Mount (Polysciences, Inc. #18606) and imaged using an LSM 710 inverted confocal
microscope (Zeiss GmbH). For quantitative analysis, at least three independent experiments
were performed in technical duplicates, and a minimum of 100 (infected) cells per coverslip

were scored on an epifluorescence microscope (BX50; Olympus).

Blind scoring was performed by S. Matthews, T. Thurston and R. Glinster to ensure objectivity.
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Table 2.6. Primary and secondary antibodies used for immunofluorescence microscopy

Antibody against Origin Manufacturer Dilution
Arg-GIcNAc rabbit Abcam #ab195033 1:400
CSA-1 goat BacTrace #01-91-99 1:400
FLAG (M2) mouse Sigma #F3165 1:400
GM130 mouse BD # 610822 1:400
HA (3F10) rat Roche #11867423001 1:200
Rab6 (C-19) rabbit Santa Cruz #sc-310 1:200
TGN46 rabbit Life Span #LS-B6874 1:200
Goat (Alexa647-linked) Donkey Invitrogen #A-21447 1:500
Mouse (Alexa488-linked) Donkey Invitrogen #A-21202 1:500
Mouse (Alexa647-linked) Donkey Invitrogen #A-31571 1:500
Rabbit (Alexa488-linked) Donkey Invitrogen #A-21206 1:500
Rabbit (Alexa555-linked) Donkey Invitrogen #A-31572 1:500
Rat (Alexa555-linked) Donkey Abcam #ab150154 1:500

2.7.2  p65 nuclear translocation assay

RAW 264.7 macrophages stably expressing p65-GFP were infected with pFCcGi

containing Salmonella mutant strains constitutively expressing mCherry (see 2.5.2). After 15

h of infection the cells were further stimulated with 1 pg/ml LPS (Sigma #L6143-1MG) for one

hour to synchronise p65 translocation to the nucleus. Cells were then washed with PBS, fixed

with 4% PFA (Sigma #P6148) for 20 min at room temperature, washed again and the PFA

guenched with 100 mM NH4Cl (VWR #21236.267) for a minimum of 1 h at 4°C. To stain the

nucleus cells were incubated with 0.5 pug/ml DAPI (Invitrogen #D3571) for 5 min at room

temperature. After mounting in Aqua-Poly/Mount (Polysciences, Inc. #18606) the coverslips

were dried and cells were imaged using an LSM 710 inverted confocal microscope (Zeiss

GmbH). For quantitative analysis a minimum of 300 cells per coverslip were blind scored from

three independent experiments performed in technical duplicates.
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2.8 Protein techniques
2.8.1 Preparation of whole cell lysates and cytoplasmic protein fractions

Mammalian cell lysates were prepared by lysing cells for 30 min in Lumier lysis buffer
on ice. If required a whole cell lysate sample was taken after this step. To isolate cytoplasmic
proteins the samples were then centrifuged for 30 min at 16,000 x g at 4°C and the
postnuclear supernatant (cytoplasmic fraction) was separated from the pellet. Both whole

cell lysate and cytoplasmic fraction were analysed by SDS-PAGE and immunoblotting.

Lumiers lysis buffer - 150 mM NaCl (Sigma# S7653), 0.1 or 0.3% triton X-100, 20 mM Tris-Cl

pH 7.4 (Sigma # T1503), 5% glycerol, 5 mM EDTA, fresh proteasome inhibitors (1 mM PMSF
(Sigma #P7626), 1 mM benzamidine (Sigma # B6506) , 2 ug/ml aprotinin (Sigma # 10820),
5ug/ml leupeptin (Sigma # L0649))

2.8.2 One-dimensional SDS-PAGE

Proteins were separated by SDS-PAGE on 10% polyacrylamide (PAA) gels and gel
electrophoresis was carried out for ~1.5 h at 110 V in SDS running buffer. Afterwards, the gel

was used for immunoblotting or protein staining.

SDS running buffer - 25 uM Tris base (Sigma # T1503), 250 uM glycine (Sigma #G7126), 0.1%

SDS (VWR #442444H)

2.8.3 Western blot

The protein content of the SDS-PAGE gels was transferred onto polyvinylidene
difluoride (PVDF) Immobilon-P membranes (Millipore) by electroblotting at constant 15V for

15 to 25 min, using the Trans-Blot Turbo Transfer System (Bio-Rad).

5x Transfer buffer - 29 g Tris base (Sigma # T1503) 14.7 g glycine (Sigma #G7126), 2.88 m| 10%

SDS (VWR #442444H) to 1 | with dH,0

Membranes were blocked in 5% non-fat milk or 5% BSA (Sigma #A4503) in TBST for one hour
at room temperature to prevent unspecific antibody binding to the PVDF membrane.

Incubation with primary antibodies was performed overnight at 4°C, membranes were then
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washed three times for 10 min in TBST and incubated for 2 h with horseradish peroxidase

(HRP)-coupled secondary antibodies at room temperature. Again the membrane was washed

for 30 min (3x 10 min) in TBST and stained with chemoluminescence detection solution (VWR

#RPN2109, Fisher #11517371) to visualise specific protein bands.

All antibodies were diluted in 5% non-fat milk or 5% BSA (Sigma #A4503) in TBST according to

the manufacturer’s recommendation and are listed in Table 2.7.

Table 2.7. Primary and secondary antibodies used for western blot analysis

Antibody against Origin Manufacturer Dilution
actin Rabbit Sigma #A2066 1:2000
Arg-GlcNAc Rabbit Abcam #ab195033 1:1000
c-myc Mouse Roche # 11667149001 1:1000
DnakK (8E2/2) Mouse Enzo #ADI-SPA-880-D 1:2000
FLAG Rabbit Sigma # F7425 1:2000
FLAG (M2) Mouse Sigma #F3165 1:2000
ERK1/2 (p44/p42) Rabbit Cell Signaling #9102 1:1000
ERK1/2 (p44/p42) phospho-  Rabbit Cell Signaling #4377 1:1000
Thr202/Tyr204

GFP Rabbit Life technologies #G10362 1:2000
GFP (3E1) Mouse Gift C. Durkin 1:2000
HA.11 Mouse Covance #MMS-101P 1:2000
IkBat Mouse Cell Signaling #4814 1:1000
IkBa phospho-Ser32 Rabbit Cell Signaling #2859 1:1000
IKKa Rabbit Cell Signaling #2682 1:1000
IKKa,/B phospho-Ser176/180  Rabbit Cell Signaling #2697 1:1000
MLKL Rabbit Sigma # SAB1302339 1:1000
MLKL phospho-S345 Rabbit Abcam #196439 1:1000
MAPK p38 Rabbit Cell Signaling #9212 1:1000
MAPK p38 phospho- Mouse Cell Signaling #9216 1:1000
Thr180/Tyr182

SAPK/INK Rabbit Cell Signaling #9252 1:1000
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Antibody against Origin Manufacturer Dilution
SAPK/JNK phospho- Mouse Cell Signaling #9255 1:1000
Thr183/Tyr185

TRIM32 Rabbit Abcam #ab96612 1:1000
B-tubulin (EPR16774) Rabbit Abcam #ab179513 1:2000
Mouse (HRP-linked) Goat Dako #P0447 1:5000
Rabbit (HRP-linked) Goat Dako #P0448 1:5000
Rabbit (HRP-linked) Goat Santa Cruz #sc-2004 1:5000

2.8.4 Coomassie staining

After sample separation by SDS-PAGE (see 2.8.2), proteins were stained in the PAA gel
using PageBlue Protein Staining Solution (Thermo Fisher #24620) according to the

manufacturer’s recommendation.

2.8.5 Protein molecular weight determination

To determine the molecular weight of arginine-GIcNAcylated proteins, cytoplasmic
fraction of infected RAW 264.7 macrophages were separated by SDS-PAGE and analysed by
immunoblotting. The migration distance of the protein standards (GeneFlow #56-0024) and
the unknown proteins were measured in Icy (de Chaumont et al., 2012) using the software’s
Ruler Helper plug-in. The relative migration distance (R¢) of each protein was calculated as its
migration distance divided by the migration distance of the dye front. The plot between Rs¢
versus log molecular weight of the marker proteins was then used to calculate the

approximate molecular weight of the unknown proteins based on their Rs.

2.8.6 Invitro protein expression, purification and interaction experiments

To express and purify recombinant proteins, BL21 (DE3) E. coli carrying petM plasmids
were grown overnight to stationary phase and then diluted 1:200 into 1 | fresh LB medium for
3 h growth at 37°C with 200 rpm shaking. Cultures were subsequently cooled on ice and
induced with 0.1 mM IPTG (Merck #420322) for growth over night at 16°C. Bacteria were then

collected by centrifugation at (4000 x g, 20 min, 4°C) and the pellet snap frozen in liquid
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nitrogen. Bacteria were afterwards resuspended in 25 ml 2x GST protein lysis buffer and lysed
by sonication (4x 30 sec, max power) on ice. Lysates were then centrifuged at 16,000 rpm for
45 min at 4°C, supernatants removed to new tubes and stored at -80°C after snap freezing in

liquid nitrogen.

For in vitro interaction of purified proteins one milliliter lysate (soluble fraction) containing
MBP- or GST-tagged proteins was incubated with 25 pl Amylose resin (NEB #E8021S) or 25 pl
Glutathione sepharose beads (GE #17-5278-01), respectively, for 2 h at 4°C. Beads were then
washed 3 times with protein lysis buffer and MBP-TRIM32 eluted with 10 mM maltose (Sigma
# M5885) in 400 ul TBS for 20 min at 4°C. The recovered MBP-TRIM32 was added to the
Glutathione sepharose beads bound with GST or GST-SseK for 2 h of incubation at 4°C. Bound
proteins were subsequently eluted with 10 mM glutathione (Sigma # G4251) in 50 pl TBS pH

8 for 20 min at room temperature and analysed by SDS-PAGE and coomassie staining.

2x GST protein lysis buffer - 50 mM Tris-Cl pH 7.4, 300 mM NaCl, 2 mM EDTA, 10% glycerol, 2

mM DTT (Sigma # D9779), 2 x cOmplete™ EDTA-free Protease Inhibitor Cocktail tablets (Roche
# 11873580001), 1 mg/ml lysozyme (Sigma # L6876)

2.9 Specific biochemical techniques
2.9.1 Protein half-life determination

To determine the half-life of SseK3, 293ET cells were transfected with 500 ng m6pPAC-
FLAG plasmids using Lipofectamine 2000 (6-well format, see 2.5.6). After 24 h, protein
synthesis was inhibited with 50 pg/ml cycloheximide (Sigma #C7698) and the post nuclear
supernatant isolated after 1, 2, 4, 8, 12 and 24 h of drug treatment (see 2.8.1). Samples were

analysed by SDS-PAGE and western blot (see 2.8.2 and 2.8.3).

2.9.2 Immunoprecipitation experiments

For transfection immunoprecipitation experiments 293ET cells were seeded in 6-well
plates. If not specified otherwise 1 ug m6pPAC-FLAG, 1 ug m4pGFP or 200 ng ptCMV-GFP-

SseK2 plasmid were used for Lipofectamine transfection (see 2.5.6) according to the
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manufacturer’s instructions. After 40 h, cells were harvested and lysed in 400 pl Lumier lysis
buffer (containing 0.3% triton X-100), and the cytoplasmic fraction was isolated (see 2.8.1).
Proteins were immunoprecipitated using 3-5 pl a-GFP Trap_A beads (ChromoTek #gta-20) or
20 ul a-FLAG M2 affinity gel (Sigma #A2220) for 2 h at 4°C. Beads were subsequently washed
3-4 times in lysis buffer (containing 0.1% triton X-100) and the bound proteins eluted by
boiling the beads for 5 min at 95°C in final sample buffer (FSB). Finally samples were analyzed

by SDS-PAGE and immunoblotting.

For the transfection-infection immunoprecipitation experiments Hela cells were first
transfected with 1 pg of the indicated m6pPAC-FLAG-GFP or m4pGFP plasmids in a 6-well
format (see 2.5.6). After 24 h, cells were infected for 16 h with various Salmonella strains (see
2.5.2). GFP-tagged proteins were then isolated, immunoprecipitated and analysed as

described above.

For infection a-HA immunoprecipitation experiments, RAW 264.7 cells were infected for 16 h
in 15 cm J dishes (see 2.5.2). As a standard, two dishes were used per Salmonella infection.
Proteins were isolated as described 2.8.1. in 1 ml Lumiers lysis buffer (containing 0.3% triton
X-100) and 20 pl of a-HA agarose (Pierce #26181) was used to immunoprecipitate proteins
for 2 h at 4°C. Beads were then washed 3-4 times in lysis buffer (containing 0.1% triton X-100).
For analysis by SDS-PAGE and immunoblotting bound proteins were eluted from the beads by
boiling for 5 min at 95°C in FSB. For mass spectrometry (MS) analysis (see 2.9.3) beads from
6 x 15 cm & dishes were pooled (total 60 pl a-HA agarose) and the protein bound beads sent

for analysis in TBS pH 7.4.

For a-arginine-GIcNAc immunoprecipitation experiments 5 mg of a-Arg-GlcNAc antibody
(Abcam #ab195033) was bound overnight to 20 ul Protein A UltralLink Resin (Thermo Fisher
#53139 ) in TBS pH 7.4 (per sample analysed). As a standard 2x 15 cm J dishes of RAW 264.7
macrophages were infected per Salmonella strain (see 2.5.2). After 16 h of infection proteins
were isolated as described in 2.8.1 in 1 ml Lumier lysis buffer (containing 0.3% triton X-100)
and subsequently proteins were immunoprecipitated with the prepared a-Arg-GIcNAc resins
for 2 h at 4°C. After the incubation, resins were then gently washed 3-4 times in 1 ml lysis
buffer (containing 0.1% triton X-100). Proteins were then eluted and analysed by SDS-PAGE
and western blot as described above. To increase the protein yield for mass spectrometry

analysis (see 2.9.3) lysates were incubated twice with a-Arg-GlcNAc resins as described above.
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Beads were pooled (total 10 mg Arg-GlcNAc antibody) and the protein bound beads sent for

analysis by mass spectrometry in TBS pH 7.4.

2.9.3 Mass spectrometry analysis

Mass spectrometry (LC-MS-MS) analysis of co-immunoprecipitation samples was
performed by the Institute of Biochemistry and Biophysics at the Polish Academy of Sciences
in Warsaw, Poland. The analysis procedure included: Reduction and alkylation of protein
disulfide bonds, tryptic digestion of the bead bound proteins to obtain a peptide mixture,
liquid chromatography separation of the sample followed by MS measurement of peptides
and their fragmentation spectra (tandem mass spectrometry). Acquired spectra were
compared to a protein sequence database (S. Typhimurium 14028s, Uniprot; Mus musculus,

Swiss-Prot) using the MASCOT search engine.

2.10 Invivo experiments
2.10.1 Ethical statement

Animal mouse experiments including ear clips for genotyping, infections and culling
were conducted by Izabela Glegola-Madejska in accordance with UK Home Office regulations.
The project licence for animal research (70/7768) was approved by the Imperial College

Animal Welfare and Ethical Review Body (ICL AWERB) committee.

2.10.2 Mouse lines

Wild-type, female C57BL/6 mice were purchased from Charles River Laboratories.
B6;129P2-Trim326t(B54355)Bya [Mmucd mice were kindly provided by Prof. Jens Schwamborn.
The mice were selectively bread to obtain wild-type (Trim32*/*), heterozygote (Trim32*/") and

knock-out (Trim327°) mice.
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2.10.3 Genotyping of mice

Genomic DNA was isolated from mouse ear clips according to the procedure described
by Truett et al. 2000. In short, ear clips were boiled in 75 pl Alkaline Lysis Buffer (25 mM NaOH
(VWR #301674M), 0.2 mM NazEDTA (Sigma # E5134), pH 12) for 30 min at 95°C. The reaction
was then cooled for a minimum of 5 min at 4°C and 75 pl Neutralisation Buffer (40 mM Tris-

Cl (Sigma #T3253), pH 5) was added.

5 ul of the DNA mixture were subsequently used in a 10 pul PCR (Sigma #D1806) to determine

the genetic status of the mice using the primers listed in Table 2.8.

Table 2.8. PCR primers used for genotyping Trim327/- mice

Genotyping primers

Internal ID Use Species 5’ to 3’ nucleotide sequence

RGO-097 F B-Geo FW Mus musculus  CAAATGGCGATTACCGTTGA
RGO-098 R B-Geo  REV Mus musculus  TGCCCAGTCATAGCCGAATA
RGO-099 F Terd FW Mus musculus  CAAATGTTGCTTGTCTGGTG
RGO-100 R Terd REV Mus musculus  GTCAGTCGAGTGCACAGTTT
RGO-101F Trim32 FW Mus musculus ~ AGCTTCTCACCTGAACCTGGATGC
RGO-102 R Trim32  REV Mus musculus ~ AGCCTTATACCTTGCCTGAAGATCCC

2.10.4 Competitive Index infections

Competitive Index (Cl) infections were performed using 9 to 10 weeks old, littermate,
wild-type and Trim327- C57BL/6 mice. To prepare the inoculum wild-type and Assek1/3 or
AsseK1/2/3 Salmonella cultures were grown overnight in LB to stationary phase, washed once
in PBS, diluted in PBS and mixed at a 1:1 ratio based on the ODggo of the cultures. Mice were
inoculated with an equal number of wild-type and mutant Salmonella by intraperitonal
injection of 3-5x 10* CFU/mouse. After two days (WT vs Assek1/2/3) or four days (WT vs
AsseK1/3) mice were culled, the spleens isolated and bacteria recovered. To do this the
spleens were gently homogenised and lysed in sterile water for 30 min on ice, subsequently
serial diluted in PBS and plated in duplicates on LB agar plates for assessing colony forming

units per spleen. The Competitive Index was obtained by selective patching of a minimum of
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200 bacterial colonies per mouse on antibiotic plates and calculated by the following formula:

Cl = (mutant/WT) output / (mutant /WT) input.

2.10.5 Infections with GFP-expressing Salmonella

Wild-type and Trim327- C57BL/6 mice, age 8 to 15 weeks, were infected with wild-
type Salmonella carrying the pFPV25.1 plasmid. To prepare the inoculum bacteria were grown
overnight in LB to stationary phase and then diluted 1:100 in fresh LB for 2h growth at 37°C.
Bacteria were subsequently washed once in PBS and diluted in PBS for inoculation. Mice were
infected by intraperitonal injection with 1.7-2.1 x10* CFU/mouse. After two days mice were
culled, the spleens isolated, weighed, and colony forming units (CFU) measured by serial

dilution. In addition splenic macrophages were isolated for flow cytometry and gPCR analysis.

Isolated spleens from (infected) mice were gently homogenised in HBSS and filtered through
a 40 um nylon mesh. 10% of the cells were then lysed in water for 30 min on ice, subsequently
serial diluted in PBS and plated in duplicates on LB agar plates for assessing colony forming
units per spleen. The rest of the cells were pelleted (300 x g, 5 min, 4°C) and the red blood
cells lysed in 0.85% NH4Cl (VWR #21236.267) in dH,0 for 10 min at room temperature. The
reaction was stopped with HBSS, the cells pelleted, washed once in HBSS and pelleted again.
The cells were then resuspended in MACS buffer (900 ul/spleen) and 50 pul MACS CD11b
MicroBeads (Miltenyi Biotec #130-049-601) added per spleen. Cells and beads were
incubated for 15 min on ice, pelleted, washed once in MACS buffer and then the macrophages
isolated by magnetic separation on a MACS LS column according to the manufacturers
recommendation. The recovered cells were resuspended in Opti-MEM with 5% FCS and 20
ug/ml gentamicin and half the cells used for analysis by flow cytometer. The percentage of
infected cells and the GFP geometric mean per cell were measured on a FACSCalibur flow
cytometer (BD Biosciences) and analysed with Flowing Software version 2.5.1. The rest of the

cells were used for RNA isolation, cDNA synthesis and quantitative RT-PCR.

HBSS - Ca?* Mg?* free Hank's medium (Invitrogen #14175129) with 2% FCS (Invitrogen), 10
mM Hepes (Sigma #H0887)

MACS buffer — 0.5% BSA (Sigma #A4503), 2 mM EDTA (Sigma #ED) in PBS pH 7.2, degased
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2.11  Statistical analysis

All presented values are presented as means * standard error of the mean (SEM) of
results from a minimum of three independent experiments. Statistical analysis was performed
using Student’s t test (two-tailed, unpaired) to compare two experimental groups. To
compare multiple groups, statistical significance levels were calculated using one-way
analysis of variance (ANOVA) and a post hoc Dunnett test (*, P < 0.05; **, P < 0.01; ***, P
0.001).
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3 PHENOTYPIC CHARACTERISATION OF THE SSEK FAMILY OF
SALMONELLA EFFECTORS

One interesting and so far poorly characterised group of SPI-2 T3SS effectors is the
SseK protein family including SseK1, SseK2 and SseK3. Even though SseK1 and SseK2 were
originally identified more than ten years ago by their high amino acid identity to the E. coli

effector NleB (Kujat Choy et al., 2004), very little is known about their physiological function.

In contrast, two important publications identified NleB as a N-acetylglucosamine transferase
that inhibits host cell signalling by irreversible modification of arginine residues within the
death domains of target proteins like FADD and TRADD (Li et al., 2013; Pearson et al., 2013).
These proteins are required for the signal transduction from death domain receptors (e.g.
TNFR, TRAILR) and mediate the activation of NF-kB and cell death pathways. Arginine-
GlcNAcylation of FADD and TRADD by NleB prevents the proteins oligomerisation upon
activation and thereby leads to reduced NF-kB pathway activation and impaired caspase-8-
dependent host cell death during infection. The divalent cation and/or sugar-coordinating
catalytic DxD motif essential for this function is fully conserved in all three of the S.
Typhimurium SseK effectors and experiments show that ectopically expressed SseK1 and
SseK3 can inhibit NF-kB signalling (Li et al., 2013; Yang et al., 2015). However, whether this is

of relevance during Salmonella infection is unknown.

Several studies showed that the distribution of Salmonella SseK effectors varies between
different serovars (Brown et al., 2011; Nuccio and Baumler, 2014) with all the SseK effectors
being presentin S. Typhimurium 14028s but only one or two effectors present in other strains.
In combination with their high amino acid conservation, this raises the possibility of
phenotypic redundancy between the SseK proteins. Yet, ectopic expression of SseK1 showed
that it localises to the host cytoplasm whilst SseK3 colocalises with the Golgi network (Kujat
Choy et al.,, 2004; Yang et al., 2015), suggesting that differences might exist in effector

function.

This results chapter addresses the phenotypic characterisation of the SseK effector family.
The first aim was to examine the translocation and intracellular localisation of the effectors
in macrophages, as well as identifying bacterial factors that determine both these processes.

The second aim was to identify and characterise host processes targeted by the SseK proteins,
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with particular focus on the NF-kB pathway and cytotoxicity response to Sa/lmonella infection.
During all experiments, similarities and differences between the SseK effectors were

investigated to elucidate potential functional redundancy between them.

3.1 Initial characterisation of SseK effector translocation and localisation

Translocation of the SseK effectors into cells by the SPI-2 T3SS has been shown
previously by independent studies (Baisdn-Olmo et al., 2015; Brown et al., 2011; Kujat Choy
et al.,, 2004). However, this was studied mainly in epithelial cells and using CyaA-fusion
experiments which assesses the translocation of effector-adenylate cyclase fusion proteins
by monitoring the cAMP concentration in the host cell. As this work will focus mainly on the
effects of Salmonella infections on/in macrophages it was first tested if the SseK effectors are
translocated by the SPI-2 T3SS into macrophages. Low copy number complementation
plasmids (pWSK29) expressing C-terminally HA-tagged SseK effectors under the control of
their endogenous promoters were created and RAW 264.7 cells were infected with various
Salmonella strains carrying the complementation plasmids. Immunofluorescence analysis
revealed that all three SseK-HA effectors were translocated into the host cell from their
isogenic deletion mutants at 16 h.p.u. (Figure 3.1A). Effector translocation was not detected
from the secretion system deficient AssaV deletion strain, showing that this process is
dependent on the SPI-2 T3SS. Even compensation of the AssaV mutant’s severe replication
deficit by infection with ten times the MOI of wild-type Salmonella did not result in detectable
SseK effector translocation into the host cell despite clear effector production in bacteria

(Figure 3.1D).

Previous publications studying ectopically expressed SseK1 (Kujat Choy et al., 2004) and Ssek3
(Yang et al., 2015) showed that they localise to the cytoplasm and Golgi network, respectively.
Immunofluorescence microscopy analysis of effector translocation into RAW 264.7
macrophages at 16 h.p.u. revealed a predominantly cytoplasmic localisation of SseK1-HA
whilst both SseK2-HA and SseK3-HA colocalised strongly with the Golgi network marker Rab6
in all cells positive for translocated effector (Figure 3.1A). Translocation of the SseK effectors
was detected in approximately 60% of all infected macrophages when analysed by

immunofluorescence microscopy (Figure 3.1B).
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Figure 3.1. SPI-2-dependent translocation and intracellular localisation of SseK effector proteins

(A) Representative confocal immunofluorescence microscopy of RAW 264.7 macrophages infected for 16 h with
the indicated Salmonella strains. The arrows highlight effector localisation to the Golgi network. DNA (DAPI,
blue), effectors (a-HA, red), Golgi network (a-Rab6, green) and Salmonella (a-CSA-1, grey). Scale bar, 5 um. (B)
Percentage infected cells with translocated HA-tagged SseK effector quantified by immunoflorescence
microscopy as in (A). A minimum of 600 infected cells from three independent experiments were blind-scored
and are represented as the mean £ SEM. (C) Flow cytometry quantification of infected RAW 264.7 macrophages

with translocated HA-tagged effectors at 16 h.p.u. Data are the mean of three independent experiments = SEM.
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The dotted line indicates unspecific background labelling. (D) RAW 264.7 cells were infected with the indicated
Salmonella strains to asses SPI-2 dependent translocation of SseK effector proteins into macrophages. To
compensate for the severe replication deficit of the AssaV mutant 10x the wild-type MOI was used. After 16 h
cells were lysed and proteins analysed by SDS-PAGE and immunoblotting. Effectors (a-HA), Salmonella (a-Dnak)
and loading control (a-actin). Data represent results of two independent experiments. Ul, uninfected.

To quantify this using a high throughput method, SseK effector translocation was also
analysed by flow cytometry (Figure 3.1C). Wild-type bacteria with no HA-tagged effector were
used to establish an appropriate gate for cells with unspecific/background HA-labelling
(annotated on the figure as a dotted line). After 16 h of RAW 264.7 macrophage infection,
SseK1 effector translocation from the AssaV deletion mutant was reduced to background
levels, strengthening the microscopy and western blot results in Figure 3.1A and D. The
percentage of infected cells with translocated SseK2 and SseK3 (from AsseK2pSseK2 or
AsseK3pSseK3, respectively) was considerably lower when analysed by flow cytometry (~20%)
compared to immunofluorescence microscopy (~60%) and was statistically not different from
the unspecific background labelling detected in wild-type infected cells (Figure 3.1C). This
might be due to sensitivity limitations of the method in detecting poorly expressed, tightly
localised effectors. Therefore, immunofluorescence microscopy was used in further

experiments for effector translocation and localisation experiments.

Amino acid sequence alignment of the SseK effectors with NleB revealed that the metal
coordinating DxD motif required for NleB catalytic function is fully conserved in the SseK
proteins (Figure 1.7). For phenotypic studies of the proteins, mutation of this motif to obtain
a catalytic SseK mutant is a useful tool. However, it has previously been reported that
mutagenesis of bacterial effectors can alter protein translocation and potentially intracellular
effector localisation in the host cell (Wong Fok Lung et al., 2016). To test if this is the case for
the SseK effector family the putative catalytic DxD motif was replaced by a triple alanine
sequence (SseKaaa) and effector translocation and localisation analysed. Confocal microscopy
analysis of infected RAW 264.7 macrophages showed that at 16 h.p.u. both wild-type and
mutant SseK1 were cytosolic whilst SseK2 and SseK3, as well as their DxD mutants, localised
to the Golgi network (Figure 3.2A). However, even though no difference in effector
localisation was detected, quantification of the percentage infected cells with translocated

effector revealed that a significantly lower percentage of cells contained translocated SseKaaa
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Figure 3.2. Putative catalytic SseK mutants (SseKaaa) are less abundant but show comparable intracellular
localisation to their wild-type counterparts

RAW 264.7 macrophages were infected with Salmonella strains expressing HA-tagged wild-type or catalytic
mutant (AAA) SseK effectors at 16 h.p.u. (A) Representative confocal immunofluorescence microscopy images.
DNA (DAPI, blue), effectors (a-HA, red), Golgi network (a-GM130, green) and Salmonella (a-CSA-1, grey). Scale
bar, 5 um. (B) Percentage of infected macrophages with translocated HA-tagged effector quantified by
immunofluorescence microscopy. Three independent experiments with minimum of 600 infected cells were
blind-scored and are represented as the mean + SEM. * P < 0.05, ** P < 0.01. (C) Cells were harvested, lysed and
the translocated effector levels analysed by SDS-PAGE and immunoblotting. Effectors (a-HA), Salmonella (a-
DnaK), and loading control (a-actin). Data are representative of three independent experiments. Ul, uninfected.
pE, empty plasmid.

mutant proteins compared to the wild-type form (Figure 3.2B). This effect was detected both
when the mutant SseK effectors were translocated by their isogenic deletion strains (single

deletion mutants) as well as a AsseK1/2/3 triple deletion mutant (Figure 3.2B). Western blot
analysis of cytoplasmic proteins from RAW 264.7 macrophages infected with different
Salmonella strain confirmed that the catalytically inactive SseKaaa effector mutants were less
abundant in the host cell at 16 h.p.u. compared to their wild-type counterpart (Figure 3.2C).
This means that enzymatic activity is not required for the SseK effector’s localisation but
mutation of the predicted sugar coordinating DxD motive leads to either inefficient effector
translocation or decreased protein stability in the host cell. For this reason, the SseKaaa

mutants were not used for further phenotypic infection studies.

Transient expression of GFP-tagged SseK effectors in 293ET cells and analysis by
immunofluorescence microscopy revealed that ectopically expressed SseK effectors localise

to the same subcellular compartments as translocated effector: the cytoplasm (SseK1) and
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Golgi network (SseK2 and SseK3) (Figure 3.3A). Again, localisation of the putative catalytic

DxD mutants (SseKaaa) was indistinguishable from that of the wild-type proteins.
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Figure 3.3. Ectopically expressed SseK proteins localise to the same subcellular structures as the translocated
SseK effectors

(A) Representative confocal microscopy images of the subcellular localisation of ectopically expressed wild-type
or mutant GFP-SseK effectors in 293ET cells. The arrows highlight effector localisation to the Golgi network. DNA
(DAPI, blue), effectors (GFP, green) and Golgi network (a-TGN46, red). Scale bar, 10 um. (B) Percentage of
transfected cells with strong GFP-TGN46 co-localisation as quantified from (A). Three independent experiments

with minimum of 600 cells in total were blind-scored and values represent the mean + SEM. ** P < 0.01.
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Interestingly, strong Golgi network localisation of SseK3aaa was significantly reduced
compared to wild-type SseK3 (Figure 3.3B). However, western blot analysis of cell lysates from
transfected 293ET cells showed that this was not due to overall protein levels as wild-type
and mutant forms of all three SseK effectors were similar (Figure 3.8B and Figure 3.12D). As
SseKaaan mutants showed similar ectopic expression, these mutants were used for further

transfection-based experiments.

Sequence alignment of the SseK effectors revealed that they differ mainly at the N-terminal
sequence of the proteins (Figure 1.7). Therefore, | hypothesised that this region might be
involved in the differential localisation of the proteins in the host cell. To test this, various N-
terminal deletion mutants of SseK3 were created and their localisation assessed after ectopic
expression in 293ET cells (Figure 3.4A). SseK3 was chosen as the model effector for this
experiment due to its tight, well defined Golgi network localisation. Confocal microscopy
showed that deletion of the 13 N-terminal amino acids (AN13) was sufficient to significantly
reduce Golgi network localisation of SseK3. Deletion of additional amino acids up to amino
acid 31 (AN31) or 44 (AN44) did not further decrease Golgi network localisation (Figure 3.4A
and B). Positive charged amino acid regions can meditate protein membrane localisation by
electrostatic interaction with the negative charged lipid head groups (Bigay and Antonny,
2012; Mesmin et al., 2004). In the 13 N-terminal amino acids of SseK3 three positively charged
residues stand out. To test whether these residues mediated the Golgi network localisation
of SseK3 a neutral variant was constructed (R4Q/R6Q/L9Q). This mutant showed an
intermediate phenotype ranging between the wild-type Ssek3 and AN13 deletion mutant
with strong Golgi network colocalisation in approximately 50% of the transfected cells (Figure
3.4A and B). To test whether the N-terminal region is sufficient for Golgi network localisation,
the 44 N-terminal amino acids were fused to GFP (SseK3na4). This small SseK3 peptide-GFP
fusion displayed significantly greater localisation with the Golgi network than GFP alone,
however not as well as wild-type Ssek3 (Figure 3.4A and B). Taken together these data show
that the N-terminal region of Ssek3 is required but not sufficient for strong Golgi network

localisation of the effector.
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Figure 3.4. SseK3 N-terminal region is required but not sufficient for strong Golgi network localisation

(A) Representative confocal images of ectopically expressed wild-type (WT) Ssek3, N-terminal SseK3 deletion
mutants (AN13, AN31 and AN44), the SseK3 N-terminal region (N44) and a neutral N-terminal variant
(R4Q/R6Q/L9Q) of SseK3 in 293ET cells. The arrows highlight effector localisation to the Golgi network. DNA
(DAPI), effectors (GFP) and Golgi network (a-TGN46). Scale bar, 10 um. (B) Strong GFP-TGN46 co-localisation in
transfected cells quantified by blind scoring from (A). A minimum of 600 infected cells from three independent

experiments was analysed and values represent the mean + SEM. * P < 0.05, ** P < 0.01, *** P < 0.001.

3.2 Phenotypic characterisation - NF-kB pathway inhibition

To analyse SseK function during macrophage infection | first tested if any of the single,

double or triple sseK deletion mutants have a replication defect in this cell type. To do this,
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Figure 3.5. SseK deletion strains do not have a replication defect in macrophages

RAW 264.7 macrophages were infected with GFP-expressing Salmonella strains for 2 h, 16 h and 20 h. The
infection rates at 16 h.p.u (A) and 20 h.p.u. (B) were analysed by flow cytometry. Data were acquired during the
same experiments and values for 2 h.p.u. are duplicated in both panels for ease of interpretation. The fold
geometric mean of 16 h.p.u (C) and 20 h.p.u. (D) relative to 2 h.p.u. were calculated after analysis by flow
cytometry. The data represents the mean + SEM of three independent experiments. * P < 0.05, *** P < 0.001.

RAW 264.7 macrophages were infected with GFP-expressing mutant Sa/monella stains and
the infection rate and bacterial replication were determined by flow cytometry. The
percentage Salmonella infected cells at 2, 16 and 20 h.p.u. was not affected by the absence
of SseK effectors. However, at late time points the percentage of infected cells was markedly
reduced for the SPI-2 T3SS mutant AssaV and a control effector mutant AsifA (Figure 3.5A and
B). Importantly, none of the AsseK deletion mutants showed growth attenuation whereas the
expected replication deficit of the AsifA and AssaV mutants (Figueira et al., 2013) were
apparent at late infection time points (16 and 20 h.p.u.) (Figure 3.5C and D). The similar
replication of AsseK mutants and wild-type bacteria means that any phenotypic variations
identified are unlikely to arise from differences in bacterial burden. This made the mutants

suitable for further use in phenotypic infection experiments.
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Previous studies using ectopic expression of SseK1 (Li et al., 2013) and SseKk3 (Yang et al.,
2015) showed, that both effectors inhibit the NF-kB signalling pathway. However, neither
study addressed whether the translocated effectors have the same physiological function. To
test this, NF-kB reporter macrophages were used. This RAW 264.7 macrophage cell line stably
encodes a Firefly Luciferase gene under the control of an NF-kB responsive promoter and
additionally constitutively expresses Renilla Luciferase as an internal control for cell numbers
(see material and methods for further details). Infection of the reporter cell line with wild-
type Salmonella resulted in a five-fold increase in NF-kB reporter activation 16 h.p.u.
compared to uninfected cells, showing responsiveness of the cell line to infection (Figure
3.6A). As expected from previous studies (Rolhion et al., 2016) the SPI-2 T3SS deficient AssaV

mutant elicited a statistically significant higher NF-kB response than wild-type Salmonella.
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Figure 3.6. SseK1 and SseK3 inhibit an NF-kB-induced reporter in an additive manner during macrophage
infection

(A-C) NF-kB reporter RAW 264.7 macrophages stably transduced with an NF-kB responsive Firefly Luciferase
reporter element and a constitutively expressed Renilla Firefly gene were infected for 16 h with the indicated
Salmonella strains. Data represent the mean fold activation relative to wild-type infected cells from five
independent experiments = SEM.* P < 0.05, ** P < 0.01, *** P < 0.001. Ul, uninfected. pE, empty plasmid. All

data were acquired at the same time. The Ul, WTpE, AsseK1/3pE, and AsseK1/2/3pE data are reproduced in each
panel for ease of interpretation.

To investigate if this was due to lack of SseK effector translocation, various single, double and
triple AsseK mutants were analysed. Infection with the Assek3 mutant but not the AsseK1 or
AsseK2 strain significantly increased NF-kB reporter activation compared to wild-type infected

cells at 16 h post-uptake (Figure 3.6A). This was further increased by additional deletion of
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SseK1 (Assek1/3) whilst the AsseK1/2/3 triple deletion mutant showed no additive effect
compared to the AsseK1/3 strain. Increased NF-kB reporter activity elicited by the Assek1/3
or AsseK1/2/3 mutant was complemented by expression of SseK1 or SseK3 (Figure 3.6B and
C). However, deletion of SseK2 or expression of SseK2 in the AsseK1/2/3 strain had no
discernable effect on NF-kB reporter activity. Taken together these results showed that SseK1
and SseK3 inhibit activation of the NF-kB reporter during macrophage infection in an additive

manner.

During Salmonella infection various bacterial and host cell factors contribute to the activation
of the NF-kB pathway. Even though the initial steps of pathway activation differ between
stimuli, the signalling cascades converge at the level of IKK complex activation and share a
conserved series of events leading to NF-kB dependent gene expression (Figure 1.2). To
narrow down the target of the SseK effectors | next tested if they inhibit a specific or
conserved component of the NF-kB pathway. To this end RAW 264.7 macrophages that stably
express GFP-tagged p65 were infected with various Salmonella mutants constitutively
expressing mCherry. During the last hour of the 16 h infection, the cells were additionally
stimulated with LPS to synchronise NF-kB signalling and nuclear p65 accumulation, as a
marker for pathway activation, was scored by immunofluorescence microscopy (Figure 3.7A
and B). Purified LPS induced strong nuclear accumulation of p65 in approximately 60% of
naive, non-infected cells (Figure 3.7B). Fewer cells displayed nuclear p65 when wild-type
Salmonella infected cells were additionally stimulated with purified LPS, suggesting that
bacteria might inhibit LPS-induced accumulation of nuclear p65. Indeed, the SPI-2 AssaV null
mutant was not able to suppress p65 translocation to the nucleus. However, Salmonella-
mediated inhibition of LPS-induced nuclear p65 accumulation was not due to the lack of SseK
effector translocation, as nuclear p65 levels of cells infected with the single AsseK deletion
mutants were similar to wild-type infected cells (Figure 3.7B). Deletion of all three SseK
effectors also did not significantly increase accumulation of nuclear p65 compared to wild-
type Salmonella-infected cells. Taken together this indicates that the SseK effectors are not

sufficient to suppress NF-kB activity induced by a pulse with purified LPS.
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Figure 3.7. SseK effectors do not inhibit LPS driven p65 translocation to the nucleus

RAW 264.7 macrophages stably transduced with p65-GFP were infected for 16 h with Salmonella strains carrying
the pFCcGi plasmid. During the last hour of infection the cells were additionally stimulated with 1 pg/ml LPS.

(A) Schematic representation and representative confocal microscopy images of the experiment. DNA (DAPI,
blue), p65-GFP (GFP, green) and Salmonella (mCherry, red). Scale bar, 10 um. (B) Blind scoring of (infected) cells
with predominantly nuclear p65-GFP. Approximately 500 cells were scored per biological repeat. Data are the
mean of three independent experiments + SEM. *** P < 0.001. Ul, uninfected

To test whether the SseK effectors specifically inhibit a different stimulus during macrophage
infection a pulse of TNFa was used. However, stimulation of macrophages with TNFa did not

result in a strong, well-synchronised activation of the NF-kB pathway and accumulation of
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Figure 3.8. Salmonella SseK effectors selectively inhibit TNFa-mediated NF-kB signalling

(A, C-F) Transfection luciferase reporter assays in 293ET cells transiently co-transfected with an NF-kB -
dependent luciferase reporter plasmid, pTK-Renilla luciferase plasmid, and the indicated ptCMV-GFP-effector
plasmids. Alternatively dominant-negative (DN) IkBa was used as a positive control. 50 ng/ml TNFa (A), 10 ng/ml
IL-1a (C), 10 ng/ml IL-1B (D) or 4 ug/ml high-molecular weight (HMW) poly(l:C) (E) were used to activate the NF-
KB pathway overnight. Alternatively the pathway was auto-activated by overexpression of TLR4 (F) to mimic LPS
stimulation for 24 h prior to cell lysis and analysis of luciferase activity. Results shown in panels C, D, and E were
acquired at the same time and contain the same unstimulated control data. Results are presented as the fold
activation relative to activation of unstimulated, GFP-expressing control cells. Data shown are means of 4 to 7
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independent experiments = SEM. *, P < 0.05; ***, P < 0.001. (B) Representative immunoblot of cell lysates as
described for (A). Effectors (a-GFP), arginine-GIcNAc (a-Arg-GlcNAc) and loading control (a-actin).

nuclear p65 was too inhomogeneous to quantify (data not shown). Therefore NF-kB inhibition
by the SseK effectors was further studied in transfection reporter assays with a defined, single

stimulus.

To do this 293ET cells were transiently transfected with an NF-kB reporter plasmid expressing
Firefly Luciferase under an NF-kB dependent promoter, a constitutive expressed Renilla
Luciferase plasmid and plasmids expressing GFP-tagged effectors. Overnight stimulation with
TNFa led to substantial NF-kB pathway activation which was strongly suppressed by the
expression of SseK1, SseK2 and Ssek3 as well as the positive controls NleB and dominant
negative (S32A/S36A) IkBa (Traenckner et al., 1995) (Figure 3.8A). Mutation of the putative
catalytic DxD motif to alanines (SseKaaa) abolished the SseK effector’s ability to inhibit the NF-
kB pathway and to GIcNAcylate proteins, despite similar expression levels to the wild-type
proteins (Figure 3.8B). Interleukin-1 (IL-1) is a strong host activator of the NF-kB pathway
during Salmonella infection. However, none of the SseK effectors inhibited NF-kB signalling
after IL-1a (Figure 3.8C) or IL-1B (Figure 3.8D) stimulation. As expected from previous work
(Newton et al., 2010; Ruchaud-Sparagano et al., 2011), NleB did not suppress IL-1 driven NF-
kB signalling whilst dominant-negative (DN) IkBa could. Another major Salmonella activator
of the NF-kB pathway during infection is bacterial LPS. To mimic LPS stimulation in a more
guantitative experimental setup compared to the above mentioned infection assay (Figure
3.7), the LPS receptor (TLR4) was overexpressed in 293ET cells to auto-activate the NF-kB
pathway. Neither the SseK effectors nor NleB inhibited TLR4 driven NF-kB signalling whereas
the positive control (DN IkBa) inhibited pathway activity (Figure 3.8E). In addition to
extracellular NF-kB pathway activation, Sa/monella RNA can also become cytosolic during
infection and thereby activate the NF-kB pathway via RIG-1 and MDAS (Dixit and Kagan, 2013;
Schmolke et al., 2014). To mimic this, the cells were stimulated with high molecular weight
polyinosinic-polycytidylic acid (HMW poly(l:C)). Again, neither the SseK effectors nor NleB
inhibited the NF-kB pathway upon poly(l:C) stimulation whereas DN IkBa could (Figure 3.8F).
Taken together this shows that the SseK effectors specifically inhibit TNFa-driven NF-kB
signalling in a catalytically dependent manner and do not target a shared component of the
NF-kB pathway.
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Figure 3.9. Strong Golgi network localisation of SseK3 is not required for NF-kB pathway inhibition

(A) 293ET cells were co-transfected with the NF-kB -dependent luciferase reporter plasmid, pTK-Renilla
luciferase plasmid, and the indicated ptCMV-GFP-effector plasmids to express wild-type (WT) SseK3 or N-
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terminal SseK3 deletion mutants (AN13, AN31 and AN44). After overnight stimulation with 50 ng/ml TNFa cells
were lysed and the luciferase activity measured. Data are shown as the fold activation relative to the activity of
unstimulated, GFP-expressing control cells. Data represent the mean of four independent experiments = SEM.
** P < 0.01. Data S. Matthews. (B) Representative immunoblot of cell lysates from (A). Effectors (a-GFP),
arginine-GlcNAc (a-Arg-GlcNAc) and loading control (a-tubulin). Data S. Matthews. (C) Transfection reporter
assay as described in (A) with the titration of WT SseK3 (400 to 10 ng plasmid DNA) compared to 400 ng of the
SseK3 AN44 mutant. Total DNA levels were adjusted with the plasmid pEGFP. Data are the mean of three
independent experiments + SEM. (D) Representative immunoblot of cell lysates from (C). Effectors (a-GFP),
arginine-GIcNAc (a-Arg-GlcNAc) and loading control (a-tubulin).

Next, it was tested if Golgi network localisation of Ssek3 is correlated with its ability to inhibit
the NF-kB pathway. To do this, the previously described N-terminal SseK3 deletion mutants
(AN13, AN31, AN44) were tested in a transfection NF-kB reporter assay as described above.
This assay was chosen over a Salmonella infection NF-kB reporter assay to avoid the
complication that the N-terminal region of Salmonella effectors (including SseK1) is often
required for (efficient) effector translocation (Dean, 2011; Kujat Choy et al., 2004; Samudrala
et al., 2009). The AN13 and AN31 SseK3 deletion mutants showed strong inhibition of TNFa
driven NF-kB signalling despite the mutant’s significant reduction in Golgi network localisation
(Figure 3.9A, data obtained in collaboration with S. Matthews). In contrast the AN44 SseK3
deletion mutant did not inhibit the NF-kB pathway or arginine-GlcNAcylate proteins (Figure
3.9A and B). However, analysis of the cell lysates from the reporter experiments showed that
this mutant was expressed at a markedly lower level compared to wild-type Ssek3 or the
AN13 and AN31 SseK3 deletion mutants (Figure 3.9B, data obtained in collaboration with S.
Matthews). Therefore, loss of NF-kB pathway inhibition of the AN44 mutant could be due to
different reasons; amino acids 32-43 are required for catalytic activity of the effector, reduced
protein levels that are not sufficient to elicit a detectable phenotype or the protein is
unstructured due to the N-terminal deletion. To investigate this further, wild-type SseK3
protein levels were adjusted. Titration of wild-type SseK3 to similar protein expression levels
as the AN44 mutant showed that the loss of NF-kB pathway inhibition and inability to
GlcNAcylate target proteins is an intrinsic property of the AN44 deletion mutant and not due
to the reduced expression of the protein (Figure 3.9C and D). Taken together, strong Golgi
network localisation of SseK3 is not required for NF-kB pathway inhibition but deletion of the

N-terminal 44 amino acids abolishes NF-kB pathway inhibition.
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3.3 Phenotypic characterisation — Host cell death inhibition

Activation of the TNF receptor leads to both NF-kB signalling and the induction of cell
death in macrophages, resulting in a complex balance of pro- and anti- survival signals
(Brenner et al., 2015; Vanden Berghe et al., 2015). Therefore it was next investigated if the

SseK effectors also inhibit host cell death during macrophage infection.
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Figure 3.10. SseK1 and SseK3 inhibit Salmonella-induced cell death in macrophages

(A-B) To analyse Salmonella-induced cell death in RAW 264.7 macrophages cells were infected with the indicated
Salmonella strains and the uptake of propidium iodide (Pl) was measured over time. Results were calculated
relative to maximum Pl uptake (representative experiment (A)) and are presented as the mean fold increase
relative to results at 2 h.p.u. from three independent experiments + SEM (B). *, P < 0.05. (C-D) Lactate
dehydrogenase (LDH) release from RAW 264.7 macrophages infected with the indicated Salmonella strains at
20 h.p.u. Cell death was calculated relative to a maximum control and a representative experiment is shown in
(C). Additionally Salmonella-induced cell death was calculated and further normalised to that for WT infected
cells (D). Data are the means of eight independent experiments, = SEM. *, P < 0.05, **, P < 0.01. Ul, uninfected.
pE, empty plasmid.
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To this end RAW 264.7 macrophages were infected with wild-type Salmonella or the
AsseK1/2/3 deletion mutant carrying a plasmid expressing a single HA-tagged SseK effector.
During the course of infection the uptake of propidium iodide (Pl), a cell impermeable dye
that only enters cells with a compromised plasma membrane, was measured (Figure 3.10A
and B). This showed that at 20 h.p.u. a significantly higher proportion of cells infected with
the triple sseK deletion mutant became Pl positive compared to wild-type infected cells
(Figure 3.10B). Expression of either SseK1 or SseK3 in the AssekK1/2/3 mutant had no

significant effect on Pl uptake compared to the triple mutant (Figure 3.10B).

To test this with an additional assay, Salmonella cell death was also measured by lactate
dehydrogenase (LDH) release into the cell culture medium. Therefore, RAW 264.7
macrophages were infected with the indicated Salmonella strains and extracellular LDH levels
measured 20 h.p.u. (Figure 3.10C and D). Infection with the AsseK1/2/3 deletion mutant led
to significantly more LDH release compared to cells infected with wild-type Salmonella.
Expression of SseK1 or SseK3 in the triple sseK deletion mutant significantly restored cell
death inhibition whereas expression of SseK2 was ineffective (Figure 3.10D). This shows that

SseK1 and SseK3 inhibit Salmonella induced cell death during macrophage infection.

Under most conditions NF-kB signalling leads to the expression of pro-survival genes.
However, this depends on the balance with various other immune signalling pathways and
can also result in the expression of anti-survival genes (Lawrence et al., 2001; Lin et al., 1999;
Perkins and Gilmore, 2006). For this reason it was next addressed if the SseK protein’s effect
on host cell death is a direct result of NF-kB pathway inhibition. Therefore, NF-kB reporter
macrophages were pre-treated for 1 h and infected in the presence of the IKK inhibitor PS-
1145 (Hideshima et al., 2002). Drug treatment significantly reduced Salmonella infection-
induced activation of the NF-kB pathway at 20 h.p.u., without significant effect on bacterial
infection and replication rates (Figure 3.11A and B). Even though NF-kB signalling was strongly
decreased (Figure 3.11C), infection with the AsseK1/3 deletion mutant still elicited a higher
amount of LDH release than infection with wild-type Salmonella (Figure 3.11D). This indicates
that host cell death inhibition by SseK1 and SseKk3 is not a direct consequence of their ability
to inhibit the NF-kB pathway.

Next it was investigated if cell death inhibition by SseK1 and SseKk3 is also specific to TNFa

driven cell death. To investigate this, HelLa cells were transiently transfected with plasmids

100



RESULTS

expressing GFP-tagged effectors and cell death stimulated by a 20 h treatment with a
combination of cycloheximide and TNFa. Overall LDH release was calculated (Figure 3.12, left
hand panels) and in addition relative cell death levels per effector (Figure 3.12, right hand

panels) calculated to account for variations in basal cell death upon GFP-SseK effector

expression.
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Figure 3.11. Cell death in AsseK1/3 infected macrophages is not a direct consequence of NF-kB pathway
suppression

To inhibit total NF-kB signalling in RAW 264.7 macrophages cells were pre-treated with 1, 5 or 10 uM PS-1145
or an equal volume of DMSO for 1 h and subsequently infected with Salmonella for 2 or 20 h in the presence of
the drug. Infection rate (A) and GFP geometric mean (B) were analysed by flow cytometer as both WT and
AsseK1/3 mutant Salmonella carried the GFP expression plasmid pFPV25.1. (C) NF-kB pathway activity was
assessed by infection of NF-kB reporter macrophages for 20 h, followed by lysis of the cells and analysis of
luciferase activity levels. Data presented are the mean fold activation relative to uninfected cells per treatment
condition from four independent experiments = SEM. (D) The supernatant of samples from (C) were analysed
for lactate dehydrogenase activity (LDH). Total cell death was calculated relative to a maximum control and is

presented as them mean from four independent experiments = SEM.
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Figure 3.12. SseK-dependent inhibition of apoptosis in Hela cells
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Lactate dehydrogenase (LDH) release from transfected Hela cells expressing GFP-tagged wild-type or catalytic
mutant (AAA) SseK effectors. Cell death was stimulated with 10 ug/ml cycloheximide (CHX) together with 50
ng/ml TNF-a (A), 200 ng/ml TRAIL (B) or 100 ng/ml FasL (C) for 20 h. Total levels of cell death were calculated
relative to a maximum control (left hand panels) and further normalised to each untreated control sample (right
hand panels). Data presented are the mean results of five to nine independent experiments + SEM. *, P < 0.05;
*** P <0.001. Data were acquired with the help of S. Matthews. (D) Representative immunoblot of cell lysates
described above. Effectors (a-GFP) and loading control (a-tubulin).

Analysis of extracellular LDH levels, as a measure of cell death, showed that SseK1 and the
positive control NleB inhibited TNFa-induced cell death (Figure 3.12A). The inactive SseK1
mutant (SseK1aaa) was incapable of cell death suppression despite similar protein expression
(Figure 3.12D), indicating that this effect was dependent on the effectors enzymatic activity.
Expression of SseK3 only had a minor effect on overall TNFa-driven cell death compared to
control cells but this effect was again dependent on the effectors putative catalytic DxD motif

(Figure 3.12A). SseK2 had no detectable effect on TNFa driven cell death in Hela cells.

Various components of the TNFa signalling pathway are shared by the TRAIL and Fas
receptors (Wilson et al., 2009) and cell death induction by these proteins is therefore also
inhibited by the SseK homologue NleB (Li et al., 2013; Pearson et al., 2013). For this reason it
was next investigated, in the same experimental setup as described above, if the SseK
proteins inhibit TRAIL and Fas ligand (FasL) driven cell death. Interestingly, only Ssek3 and
NleB inhibited cycloheximide-TRAIL induced cell death (Figure 3.12B). Even though overall
levels of TRAIL-induced cell death were only slightly reduced in SseK3 expressing cells (Figure
3.12B, left hand panel), normalisation to account for the increase levels of basal cell death in
those cells revealed that inhibition of TRAIL-induced cell death by SseK3 was dependent on
its catalytic activity (Figure 3.12B, right hand panel). In contrast, SseK1 and SseK2 were
incapable of inhibiting TRAIL driven cell death in Hela cells. Cell death induction with
combined treatment of cycloheximide and FasL led to very inconsistent levels of overall cell
death and the data were therefore inconclusive. (Figure 3.12C). Taken together these data
show that SseK1 and SseK3 inhibit TNFa-induced cell death in Hela cells whereas only Ssek3

weakly inhibits TRAIL and potentially FasL driven cell death.

To additionally analyse stimulus specificity of the SseK effectors during the more physiological

condition of Salmonella infection of macrophage, cell-death agonist inducing conditions were
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first tested in a propidium iodide uptake assay. RAW 264.7 macrophages were highly
susceptible to treatment with cycloheximide leading to complete cell death during 20 h of
drug treatment despite the use of 10 times lower inhibitor concentration compared to the
Hela cell experiments (Figure 3.13). This was even further exaggerated by the addition of LPS
to mimic Salmonella infection, resulting in 100% cell death in the first 10 h of treatment.
Therefore it was not possible to address the effect of the SseK proteins on TNFa-driven cell

death by performing the TNFa-cycloheximide experiments during RAW 264.7 macrophage

infections.
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Figure 3.13. RAW 264.7 macrophage are highly sensitive to cycloheximide

Propidium iodine (PI) uptake analysis of RAW 264.7 macrophages treated with 1 pg/ml cycloheximide (CHX) and
1 pg/ml LPS. Results from three independent experiments were calculated relative to maximum Pl uptake and

are presented as the mean fold increase relative to results at 1 h + SEM.

To circumvent the problem of cycloheximide-induced cell death in macrophages, Enbrel, a
competitive TNFa inhibitor (Goffe and Cather, 2003; Gottlieb, 2007; Peppel et al., 1991), was
used to test if SseK1 and SseK3 inhibit TNFa-driven cell death during macrophage infection.
Overnight treatment of the NF-kB reporter macrophages with TNFa led to a strong activation
of the NF-kB signalling pathway in a dose dependent manner (Figure 3.14A). This effect was
significantly reduced by the addition of 10 or 50 pug/ml Enbrel to the cell culture medium
(Figure 3.14B). In contrast incubation of the reporter macrophages with IL-1f did not lead to
anincrease in NF-kB pathway activation (Figure 3.14A). Therefore, the IL1R inhibitor Anakinra

(Furst, 2004) was only used as an independent antibody control.
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Figure 3.14. SseK1 and SseK3 inhibit TNFa-driven cell death in macrophages
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(A) NF-kB reporter RAW 264.7 macrophages were stimulated with 10, 50 or 100 ng/ml TNFa or IL-1B for 16 h,
lysed and luciferase activity levels were measured. Data are normalised to untreated control samples and
represent the mean of three independent experiments + SEM. (B) 10 or 50 pg/ml Enbrel (Etanercept, Pfizer), a
competitive TNFa inhibitor, was used to block 10, 50 or 100 ng/ml TNFa driven NF-kB pathway activity. NF-kB
reporter macrophages were pre-incubated for 30 min with Enbrel and the drug maintained during TNFa
stimulation for 16 h. Data are normalised to untreated water control cells and represent the mean of three
independent experiments + SEM. (C-H) To inhibit TNFa driven NF-kB signalling reporter macrophages were pre-
treated with 10 or 50 pug/ml Enbrel (Etanercept, Pfizer) and then infected with GFP-expressing wild-type or
AsseK1/2/3 Salmonella strains in the presence of the drugs. 10 or 50 ug/ml Anakinra (Kineret, Sobi) served as a
control antibody. Infection rates (C) and fold geometric mean (D) at 2 and 20 h.p.u. were analysed by flow
cytometry and are the mean of three independent experiments + SEM. *, P < 0.05. (E) NF-kB reporter activity
was measured at 16 h.p.u. and values are presented relative to uninfected, water treated control cells (left hand
panel) or normalised to each WT infected sample per condition (right hand panel). Both panels contain different
normalisations of the same data and are the mean of four independent experiments = SEM. *, P < 0.05. (F)
Lactate dehydrogenase (LDH) release was measured at 20 h.p.u. and total cell death levels calculated relative to
a maximum control (left hand panel) or each wild-type infected sample precondition (right hand panel). Both
panels present different normalisations of the same data and are the mean of six independent experiments +
SEM. Ul, uninfected. *, P < 0.05. n.s., non-significant.

Treatment of RAW 264.7 macrophages with Enbrel or Anakinra 30 min prior to and during
Salmonella infection had no effect on bacterial infection and replication rates compared to
water treated control cells (Figure 3.14C and D). However, Enbrel significantly reduced NF-kB
pathway activity levels during Salmonella infection whereas treatment with the control
antibody Anakinra was indistinguishable from water-treated cells (Figure 3.14E, left hand
panel). As expected from previous experiments, 16 h of macrophage infection with the
Assek1/2/3 deletion mutant resulted in a significantly higher level of NF-kB pathway
activation than wild-type Salmonella infection in the control, water treated cells. This effect
was abolished by treatment with Enbrel (Figure 3.14E, left hand panel). However, Enbrel
treatment also decreased basal NF-kB pathway activity levels in uninfected cells. To account
for this, the data were also analysed as fold NF-kB pathway activation of Assek1/2/3 infected
compared to wild-type infected cells (Figure 3.14E, right hand panel). This showed no
significant difference between water, Enbrel or Anakinra treated samples. As the
interpretation of the data differs between the two normalisation methods these findings
were considered inconclusive. In contrast, treatment of wild-type Salmonella infected
macrophages with Enbrel did not alter overall Salmonella-induced cell death levels at 20
h.p.u. (Figure 3.14F, left hand panel). However, the increased cell death in Assek1/2/3 mutant

infected control cells was reduced by treatment with Enbrel in a dose dependent manner but
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not by incubation with Anakinra. Analysis of the fold cell death ratios between wild-type and
mutant Salmonella infected cells also showed a significant decrease in cell death in Enbrel
treated Assek1/2/3infected cells compared to the control samples (Figure 3.14F, right hand
panel). Taken together, this revealed that the SseK effectors inhibit TNFa-driven cell death

during macrophage infection.

Activation of the TNFa receptor can lead to apoptotic or necroptotic cell death depending on
the levels of (active) caspases in the cell (Vanden Berghe et al., 2015; Vercammen et al., 1998).
To address which type of cell death SseK1 and SseK3 inhibit during macrophage infection,
RAW 264.7 macrophages were infected for 20 h and markers for both types of cell death
analysed by flow cytometry. Measurement of cells with positive Annexin-V labelling (which
binds phosphatidylserine on the extracellular surface of apoptotic cells (Vermes et al., 1995))
revealed that only a small proportion of Salmonella infected cells undergo apoptosis during
macrophage infection and this is independent of the SseK effectors (Figure 3.15A,
experiments done together with T. Thurston). Additional analysis of caspase-3 and caspase-8
activation, two hallmarks of apoptotic cell death (EImore, 2007), also showed no difference
between wild-type and ssek1/2/3 infected cells (Figure 3.15B, C and D). However, apoptosis
induction by treatment with TNFa and cycloheximide resulted in clearly increased caspase
activation levels compared to naive cells, indicating that the lack of difference between wild-
type and AsseK1/2/3 mutant infected macrophages was not due to a technical issue (Figure
3.15D). Next, SseK dependent effects on necroptotic cell death were investigated. RAW 264.7
macrophages were infected for 20 h with either wild-type or different versions of the
AsseK1/2/3 Salmonella mutant. Western blot analysis of the phosphorylation status of MLKL,
an essential component of necroptotic cell death (Murphy et al., 2013; Sun et al., 2012; Zhao
et al.,, 2012), revealed that MLKL phosphorylation levels were indistinguishable between
uninfected and wild-type Salmonella infected macrophages. In contrast, AsseK1/2/3 mutant
infected cells had increased MLKL phosphorylation compared to uninfected or wild-type
infected macrophages (Figure 3.15E). This effect was complemented by the expression of
SseK1 and SseK3 but not SseK2. Importantly, overall levels of MLKL were not affected by
Salmonella infection, showing that SseKl and SseK3 only alter the post-translational

modification and thereby activation status of this protein. Taken together, these results
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indicate that SseK1 and SseKk3 specifically inhibit necroptosis during macrophage infection

with Salmonella.
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Figure 3.15. SseK1 and SseK3 inhibit necroptotic macrophage cell death

(A) Annexin-V labeling of RAW 264.7 macrophages infected for 20 h with the indicated GFP-expressing
Salmonella strains was analyzed by flow cytometry. Staurosporine (1 uM) was used as a positive control to
induce apoptosis. Data are the mean results of three independent experiments, £ SEM. n.s., non-significant.
Data T. Thurston. (B-D) Caspase-3/7 and caspase-8 activity were analysed using the SR-DEVD-FMK (B) or FAM-
LETD-FMK (C) FLICA probers respectively at 20 h.p.u. in RAW 264.7 macrophages infected with GFP-expressing
Salmonella. The data were analyzed by flow cytometry and are presented as the fold change in activity of

infected versus uninfected cells from the same sample. Values are the mean results = SEM of three independent
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experiments. Treatment with 50 pg/ml cyclohexamide and 50 ng/ml TNFa for 20 h was used as a positive control.
(D) Representative histograms of (B). (E) RAW 26.47 macrophages were infected for 20 h with the indicated
Salmonella strains, lysed and whole cell lysates and cytoplasmic proteins analysed by SDS-PAGE and
immunoblotting. Phospho-MLKL (a-ph-MLKL), MLKL (a -MLKL), effectors (a -HA), Salmonella (o -DnakK) and
loading control (a -tubulin). Data are representative of results from three independent experiments. Ul,
uninfected; Cytopl., cytoplasmic.
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4 CHACTERISATION AND PHYSIOLOGICAL SIGNIFICANCE OF THE SSEK3-
TRIM32 INTERACTION

The only published interaction partner for Ssek3 is the E3 ubiquitin ligase Tripartite
motif-containing protein 32 (TRIM32). Work from both our laboratory and another study
(Yangetal., 2015) found that TRIM32 interacts with SseK3 in HEK293 cells. However, whether
this interaction occurs during Salmonella infection and if it is physiologically relevant for

SseK3’s function was not further addressed.

The SseK3-TRIM32 interaction could have four different outcomes in the host cell: (i) The
interaction is neutral and has no effect on the function of either protein, (ii) SseK3 alters
TRIM32 function, (iii) TRIM32 changes SseK3 function or (iv) the interaction alters the function

of both proteins.

TRIM32 has previously been reported to activate NF-kB signalling and modulate apoptotic cell
death (Albor et al., 2006; Cui et al., 2016; Horn et al., 2004; Ito et al., 2017) and | have shown
in Chapter 3 that SseK3 inhibits both NF-kB signalling and host cytotoxicity during Salmonella
infection. Therefore, | hypothesised that during Salmonella infection of macrophages the
effects of SseK3 on both NF-kB signalling and host cytotoxicity pathways are dependent on
TRIM32.

This chapter summarises my work to characterise the SseK3-TRIM32 interaction and
investigates the effects of SseK3 on TRIM32 function. In addition it summarises work
addressing the reciprocal effect of TRIM32 on SseK3 function during macrophage infection
with focus on the NF-kB pathway and host cell death. In the last section of this chapter the
requirement of TRIM32 for short term, systemic Salmonella infections in the mouse model

was investigated to gain a more comprehensive understanding of TRIM32 physiology.

4.1 Characterisation of the SseK3-TRIM32 interaction

To test if TRIM32 interacts with SseK3 during Salmonella infection, RAW 264.7
macrophages were infected for 16 h with Salmonella strains expressing HA-tagged SseK
effectors. Translocated effector proteins were then immunoprecipitated from the host cell

cytoplasm and bound proteins analysed by SDS-PAGE and western blot. TRIM32 bound stably
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to translocated SseK3, but not SseK1, SseK2 or the negative control SselL during Salmonella
infection (Figure 4.1A). This strengthens the hypothesis that the SseK effectors have different

host cell targets during macrophage infection.
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Figure 4.1. TRIM32 is a direct and specific interaction partner of Ssek3

(A) RAW 264.7 macrophages were infected for 16 h with the indicated Salmonella strains, lysed, proteins a-HA-
immunoprecipitated (IP) and analysed by SDS-PAGE and immunoblotting. Effectors (a-HA), TRIM32 (a-TRIM32).
(B) 293ET cells were co-transfected with plasmids encoding GFP-(SseK3) and FLAG-tagged TRIM proteins. After
24 h cells were lysed, proteins a-GFP-immunoprecipitated and analysed by SDS-PAGE and immunoblotting.
Effectors (a-GFP), TRIMs (a-FLAG), arginine-GIcNAc (a-Arg-GlcNAc) and loading control (a-tubulin). (C)
Recombinant MBP-TRIM32 and GFP-tagged effectors were purified, mixed and interaction tested by a-GST-
immunoprecipitation. Samples were analysed by SDS-PAGE and visualised by coomassie staining. # indicates full
length MBP-TRIM32, * marks full length GST, GST-SseK1 or GST-SseK3. Data shown are representative of two to
four independent experiments.

Based on the proteins' domain structure TRIM32 is grouped with TRIM2, TRIM3 and TRIM71
as C-VII TRIM-NHL proteins (Tocchini and Ciosk, 2015). To investigate if SseK3 specifically
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interacts with TRIM32 or also other C-VII proteins, binding to TRIM2 was tested. To do this,
plasmids encoding GFP-SseK3 and FLAG-tagged TRIM proteins were co-transfected into 293ET
cells. Subsequently, proteins were isolated by GFP-immunoprecipitation and analysed by SDS-
PAGE and immunoblotting. This revealed that Ssek3 selectively interacted with TRIM32 but
not the related TRIM2 (Figure 4.1B), whereas GFP alone interacted with neither TRIM protein.

This showed specificity of SseK3 to interact with TRIM32 but not TRIM?2.

To investigate whether the detected interaction between SseK3 and TRIM32 is direct, in vitro
binding assays were conducted with recombinant proteins. To this end MBP-TRIM32, GST,
GST-SseK1 and GST-SseK3 were expressed in E. coli and isolated by affinity purification. Eluted
MBP-TRIM32 protein was then incubated with GST or GST-SseK fusion proteins, isolated by
sepharose resin precipitation and binding analysed by SDS-PAGE and Coomassie Blue staining.
Full length MBP-TRIM32 interacted directly with GST-SseK3 but not with GST alone or GST-
SseK1 (Figure 4.1C), indicating that the TRIM32-SseK3 interaction is (a) direct and (b) specific
and not due to the GST-tag. Recombinant full-length TRIM32 (Figure 4.1C, indicated by the #
symbol) was unstable, resulting in degradation of the protein. Therefore, in vitro
ubiquitination experiments with purified protein to test if SseK3 is ubiquitinated by TRIM32
were not pursued. Taken together, these results show that SseK effectors bind to different
host proteins with Ssek3 but not SseK1 or SseK2 interacting with TRIM32 and that SseK3 does

not interact with all NHL-containing TRIM proteins but specifically with TRIM32.

TRIM32 localises to cytosolic peri-nuclear speckles (Ichimura et al., 2013; Kawaguchi et al.,
2017; Locke et al., 2009) as well as the Golgi network, where it partially co-localises with
ectopically expressed SseK3 (Yang et al., 2015). | have shown in chapter 3 that the first 13
amino acids of SseK3 are required for its localisation to the Golgi network (Figure 3.4). To test
whether the N-terminal region of SseK3 also mediates the SseK3-TRIM32 interaction, 293ET
cells were co-transfected with plasmids encoding FLAG-TRIM32 and various GFP-tagged
SseK3 mutants. The ability of TRIM32 to interact with the SseK3 deletion mutants was then
analysed by anti-GFP immunoprecipitation and immunoblotting. Wild-type and AN13 Ssek3
both interacted with TRIM32 (Figure 4.2A), indicating that strong Golgi network localisation

of the effector is not required for the SseK3-TRIM32 interaction.
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Figure 4.2. SseK3 N-terminal region (N44) is required but not sufficient for TRIM32 interaction

293ET cells were transiently transfected with plasmids expressing FLAG-tagged TRIM32 and GFP-tagged SseK

variants. Protein-protein interactions were tested by cells lysis, a-GFP immunoprecipitation and samples were

analysed by SDS-PAGE and immunoblotting. (A) Analysis of various N-terminal deletion mutants of SseK (AN13,
AN31, AN44) and a short N-terminal SsekK3 fragment (N44). (B) Analysis of four SseK3 variants with amino acid
substitution to alanine between positions 32 to 44. (C) Analysis of chimeric SseK3-SseK1 fusion proteins
containing the SseK3 N-terminus and the main portion of SseK1. Effectors (a-GFP) and TRIM32 (a-FLAG). Data
shown are representative of two to three independent experiments.
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Deletion of the 31 N-terminal amino acids of SseK3 (SseK3an31) reduced TRIM32 binding
compared to the wild-type protein and TRIM32 interaction was completely lost when the
AN44 deletion mutant of SsekK3 (SseK3ans4) was used (Figure 4.2A). However, the SseK3 N-
terminal 44 amino acids alone fused to GFP (SseK3n44) were not sufficient for TRIM32 to stably
interact with Ssek3 (Figure 4.2A). It is important to note that the AN44 mutant of SseK3 was
poorly expressed and/or unstable and therefore four times the SseK3an42a DNA amount was

transfected to achieve similar protein levels to wild-type SseK3 (Figure 4.2A).

To identify which amino acids of Ssek3 are required for TRIM32 binding, SseK3 variants with
blocks of three to four alanine substitutions between amino acids 32-44 were created and
their binding to TRIM32 assessed. TRIM32 binding to SseK332-3aaaa, Ss€K335-37aaa and SseK3ss.
a1naa Was markedly reduced compared to wild-type SseK3 (Figure 4.2B). However, there was
no consistent difference between the mutants that could point to a specific amino acid
required for the SseK3-TRIM32 interaction. Substitution of residues 42-44 to alanine in SseK3
(SseK3az-aaana) resulted in poor expression and it was therefore not possible to determine

whether these amino acids are required for Ssek3 interaction with TRIM32 (Figure 4.2B).

To circumvent the problem of unstable SseK3ansa expression and to test the protein regions
of SseK3 required for interaction with TRIM32 from a different angle, Ssek3:SseK1 chimeric
proteins were created. This had two advantages: (i) Protein stability was not affected and
protein folding was predicted to be maintained due to the high amino acid identity between
the SseK effectors. (ii) As the SseK3 N-terminal 44 amino acids were not sufficient for TRIM32
binding, SseK3:K1 chimeras might reveal conserved SseK sequences that are additionally
required for the SseK3-TRIM32 interaction. Interaction between ectopically expressed
SseK3:K1 chimeras and FLAG-TRIM32 was analysed as described above. Three chimeric
proteins were tested; SseK3ni3:Klani2, SseK3n31:Klanzo, SseK3waa:Klanas. Each showed
expression indistinguishable from wild-type SseK1 (Figure 4.2C), cytosolic localisation in the
cell (data not shown) and none of the chimeras stably interacted with TRIM32, whereas wild-
type SseK3 did (Figure 4.2C). This suggests that binding of SseK3 to TRIM32 requires additional
regions of SseK3 than just the N-terminal 44 amino acids. To investigate this further a
collaboration with Diego Esposito and Katrin Rittinger (Francis Crick Institute, London) was

established to determine the crystal structure of SseK3 (in complex with TRIM32). Taken
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together, these data show that amino acids 32-44 of SseK3 might be required for binding to
TRIM32, however it cannot be excluded that mutation of these amino acids resulted in the
unfolding of the protein. Nevertheless, strong Golgi network localisation, mediated by the

first 13 amino acids of SseK3, is clearly not required for TRIM32 interaction.

4.2 Investigation of effects of SseK3 on TRIM32

4.2.1 TRIM32is not an SseK3 GIlcNAcylation target and TRIM32 target binding is not
detectably altered by SseK3

Arginine-GIcNAcylation of death domain proteins like FADD or TRADD by NleB
prevents the oligomerisation of the proteins, rendering them non-functional. Experiments by
Yang and colleagues did not detect GlcNAcylation of TRIM32 by SseK3 when using an O-
GlcNAc specific detection antibody (Yang et al., 2015). However, this antibody was raised
against O-linked serine-/threonine-GIcNAc residues and only interacts weakly with the
arginine-GIcNAc post translational modification (Pan et al.,, 2014). Therefore, putative
modification of TRIM32 by SseK3 was analysed using the Arg-GIcNAc specific antibody that
does not detect endogenous GIcNAc posttranslational modifications (Pan et al., 2014). To do
this, FLAG-TRIM32 and GFP-tagged effectors were expressed ectopically in 293ET cells and
isolated by anti-FLAG-immunoprecipitation. Immunoblotting showed that SseK3 interacted
stably with TRIM32 but no arginine-GlcNAcylation of the E3 ligase was detected upon co-
expression with SseK1, SseK2, SseK3 or NleB (Figure 4.3). This confirmed previous findings
(Yangetal., 2015), that TRIM32 is not a substrate of Ssek3 despite stable interaction occurring

between the two proteins.

Several substrates of TRIM32, including STING, XIAP and p53 interact with the C-terminal NHL
repeat domain (aa 359-647) of TRIM32 (Liu et al., 2014; Ryu et al., 2011; Zhang et al., 2012).
In addition, SseK3 also interacts with the NHL-domain of TRIM32 (T. Thurston, personal
communication). Therefore, one hypothesis is that SseK3 might occlude TRIM32 from
(directly or indirectly) interacting with and/or modifying other mammalian proteins. To test
this, the interaction of TRIM32 with four previously published, immune relevant proteins was

analysed (Interleukin-1 receptor-associated kinase 1 (IRAK1) (Li et al., 2011), stimulator of
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(A) Plasmids encoding FLAG-TRIM32 and GFP-tagged published interaction partners were co-transfected into

293ET cells. TRIM32 interaction with target proteins was analysed by cell lysis, a-GFP immuno-precipitation and
proteins were analysed by SDS-PAGE and immuno-blotting. Effectors (a-GFP) and TRIM32 (a-FLAG). The
immunoblot shown is representative of two independent experiments. (B) RAW 267.4 macrophages stably
expressing GFP-TRIM2 or GFP-TRIM32 were infected with wild-type (WT) or Assek3 Salmonella. After 16 h cells
were lysed, proteins isolated by a-GFP co-immunoprecipitation and analysed by SDS page and coomassie

staining. The presented data is representative for three independent experiments. Ul, uninfected.
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interferon genes (STING) (Zhang et al., 2012), protein inhibitor of activated STAT protein y
(PIASy) (Albor et al., 2006) and X-linked inhibitor of apoptosis protein (XIAP) (Ryu et al., 2011)).
After co-transfection of plasmids encoding the GFP-tagged target proteins and FLAG-TRIM32
into 293ET cells, followed by anti-GFP immunoprecipitation, no stable interaction of TRIM32
to IRAK1, STING, PIASy or XIAP was detected under the tested conditions (Figure 4.4A). As
expected SseK3 interacted with TRIM32. Therefore, the effect of SseK3 on these specific
TRIM32 targets could not be further addressed.

As an alternative approach to analyse TRIM32-interacting proteins, GFP-tagged TRIM32 was
immunoprecipitated from uninfected, WT and AsseK3 mutant Salmonella infected RAW 264.7
macrophages. After 16 h of infection, GFP-TRIM32 was isolated from the stably transduced
RAW 264.7 macrophages and bound proteins analysed by SDS-PAGE and Coomassie Blue
staining. No obvious differences in the proteins co-immunoprecipitated with GFP-TRIM32
were detected in cell lysates from uninfected and Sa/monella infected samples (Figure 4.4B).
In addition, the band pattern of TRIM32-bound proteins from WT and Assek3 infected cell
lysates were indistinguishable (Figure 4.4B). Additional silver staining of the gels revealed
more proteins, but again no differences between the uninfected, WT and AsseK3 mutant
Salmonella-infected macrophage lysates were detected (data not shown). Patterns of GFP-
TRIM2 bound proteins, analysed as a control, were different from GFP-TRIM32 samples

(Figure 4.4B), indicating that at least some detected proteins were specific to TRIM32.

4.2.2 SseK3 does not affect inhibition of IFNB signalling by TRIM32

The best characterised functions of TRIM32 (e.g. muscle degeneration and neuronal
development) have no obviouse relevance during Salmonella infection of macrophages
where the SseK3 phenotypes were detected. However, TRIM32 has been described to alter
NF-kB and ISRE reporter levels when overexpressed or depleted (Uchil et al., 2013; Versteeg
et al., 2013; Yang et al., 2015). As the published results on whether TRIM32 is a positive or
negative regulator of immunity are contradictory, the effect of TRIM32 overexpression on
both pathways was first tested and then any alteration by SseK3 investigated. To do this,
293ET cells were transfected with an NF-kB or ISRE luciferase reporter plasmid, the
constitutively expressed Renilla Luciferase plasmid and plasmids encoding the indicated
FLAG-tagged TRIM proteins and/or GFP or GFP-SseK3. Then the cells were stimulated
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overnight with the indicated agonists and luciferase levels measured and reporter activation
calculated relative to unstimulated, GFP expressing control cells (Figure 4.5A, C and E, left side
panels). Protein expression was confirmed by immunoblotting (Figure 4.5B and D). Analysis
of the NF-kB pathway activity revealed that expression of TRIM32 did not change the amount
of TNFa-driven reporter activation compared to the GFP control (Figure 4.5A, left side panel).
However, it is important to note that expression of TRIM32 significantly increased basal
reporter activity (P < 0.001). This was due to a reduction in Renilla Luciferase levels compared
to GFP expressing cells. To account for changes in basal NF-kB reporter activation, fold
activation for each transfection condition (stimulated/basal activation levels) was additionally
calculated (Figure 4.5A, C and E, right side panels). This analysis showed that the fold NF-kB
reporter activation was reduced significantly in TRIM32 expressing cells but not upon
expression of TRIM2 or TRIM3 (Figure 4.5A, right side panel). Whether this is a genuine effect
of TRIM32 or an artefact of the reduced Renilla levels in the TRIM32-expressing cells is

currently not clear. Therefore these experiments were not pursued further.

Expression of TRIM32 significantly inhibited IFNB-induced ISRE reporter activation compared
to control GFP samples, whereas TRIM2 and TRIM3 caused a modest but significant increase
in reporter activity (Figure 4.5C). This was apparent when comparing overall activation levels
of the IFNB-stimulated ISRE reporter (Figure 4.5C, left side panel) as well as fold activation of
the luciferase reporter (Figure 4.5C, right side panel) revealing that TRIM32 overexpression
inhibits IFNB signalling. To test if the TRIM32-mediated inhibition of IFNB-induced ISRE
reporter activation can be altered by Ssek3, GFP or GFP-SseK3 were coexpressed with TRIM32
in the transfection ISRE reporter assay. Expression of SseK3 alone had no effect on basal or
IFNB-stimulated ISRE reporter activity (Figure 4.5E). In addition co-expression of Ssek3 with
TRIM3 or TRIM32 did not alter the E3 ligases' effects on IFNB signalling. Reduced IFNB
stimulated ISRE reporter activity in TRIM32 expressing cells was similar in control GFP and
GFP-SseK3 expressing cells (Figure 4.5E). The lack of an SseK3 effect was not due to lack of

protein expression, as western blotting confirmed the presence of GFP-SseK3 (Figure 4.5F).

These data suggest that SseK3 does not counteract TRIM32-mediated inhibition of IFNB

signalling.
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Figure 4.5. SseK3 does not counteract TRIM32 inhibition of IFNB-driven ISRE reporter activity

293ET cells were cotransfected with the NF-kB (A) or ISRE (C, E) luciferase reporter plasmid, pTK-Renilla
luciferase plasmid and ptCMV plasmids expressing the indicated TRIM and SseK proteins. Cells were stimulated
overnight with50 ng/ml TNFa or concentration IFNB, then lysed and luciferase activities assayed. The same data
are shown either as the fold activation relative to the activity of unstimulated, GFP-expressing control cells (left
hand panels) or as the fold activation relative to the activity of each unstimulated control (right hand panels).
All data presented are the mean of four independent experiments + SEM. (B, D, F) Representative immunoblots
of cell lysates from A, C and E, respectively. TRIMs (a-FLAG), SseK3 (a-GFP or a-FLAG) and loading control (a-
tubulin).

4.3 Investigation of TRIM32 effects on SseK3 physiology

To test if TRIM32 is required for SseK3 function during Salmonella infection, TRIM32
CRISPR knock-out RAW 264.7 macrophages were used (Glnster et al., 2017). Initial
characterisation of the cells identified the deletion of two cytosine base pairs in the TRIM32
sequence. The resulting frameshift in the protein caused complete loss of detectable TRIM32
(Figure 4.5, Figure 4.6A and B). Bacterial replication in wild-type macrophages, control cells
that unsuccessfully underwent the CRISPR procedure (CRISPR control) and TRIM32 KO
macrophages was analysed by flow cytometry. No significant differences in the infection rate
and replication of wild-type Salmonella were detected in any of the three cell types at 16
h.p.u. (Figure 4.6C and D, data T. Thurston). Replication of the AssekK1/2/3 mutant strain was
also not affected by the deletion of TRIM32 (Figure 4.6C and D). This made the cell line

suitable for comparative Salmonella infection studies.

4.3.1 The translocation, localisation and stability of SseK3 in the host cell is independent

of TRIM32

Post translational modification and changes to effector specificity mediated by host
proteins is an emerging concept in cellular microbiology (Popa et al., 2016). To test whether
translocation, localisation and stability of SseK3 requires its TRIM32 interaction, TRIM32 KO
cells were analysed. Wild-type and TRIM32 KO macrophages were infected for 16 h with

Salmonella strains expressing HA-SseK3 and effector translocation was analysed.
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Figure 4.6. Characterisation of CRISPR generated TRIM32 KO macrophages

(A) Sequence alignment of Trim32 in wild-type RAW 264.7 macrophages, CRISPR generated TRIM32 knock-out
(KO) cells and the guide-RNA used to generate the KO. A clonal population of macrophages that went through
the CRISPR knockout procedure unsuccessfully served as an additional negative control (CRISPR control). The
red box highlights the base pair deletion in the TRIM32 KO genome. Alignment generated with Jalview
(Waterhouse et al., 2009). (B) Representative immunoblot of whole cell lysates from wild-type, CRISPR control
and CRISPR generated TRIM32 KO RAW 264.7 macrophages. TRIM32 (a-TRIM32) and loading control (a-actin).
(C, D) Wild-type, CRISPR control or TRIM32 KO RAW 264.7 macrophages were infected with the indicated
Salmonella strains expressing GFP for 2 and 16 h. At these time points bacterial infection rates (C) and replication
assessed by flow cytometry. Fold replication at 16 h.p.u. (D) was calculated relative to 2 h.p.u. and is presented

as the mean from three independent experiments = SEM. n.s., not significant. Data was acquired by T. Thurston.

No difference in amount of translocated SseK3 protein was detected in wild-type and TRIM32
KO cells when Ssek3 protein levels were analysed by SDS-PAGE and immunoblotting (Figure
4.7A). Analysis by confocal microscopy revealed that approximately 70% of infected cells
contained detectable levels of SseK3 in both wild-type and TRIM32 KO macrophages.
Furthermore, SseK3 localisation to the Golgi network was detected in all cells with

translocated effector, independent of TRIM32 (Figure 4.7B and C).

TRIM32 is an E3 ubiquitin ligase that targets several of its interaction partners for degradation
(Locke et al., 2009; Mokhonova et al., 2015). To test if TRIM32 mediates the degradation of

SseK3, the half-life of ectopically expressed Ssek3 in the presence and absence of
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Figure 4.7. TRIM32 does not affect SseK3 translocation, localisation or protein stability

(A) Wild-type (WT) and TRIM32 KO RAW 264.7 macrophages were infected with the indicated Salmonella strains.
16 h.p.u. cells were lysed and SseK3-HA effector translocation assessed by SDS-PAGE and immunoblotting. Ssek3
(a-HA), Salmonella (a-DnaK) and loading control (a-tubulin). Data are representative of three independent
experiments. (B) Representative confocal immunofluorescence microscopy images of wild-type (WT) or TRIM32
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KO RAW 264.7 infected with the Assek3pSseK3 strain for 16 h. DNA (DAPI, blue), SseK3 (a-HA, red), Golgi
network (a-Rab6, green) and Salmonella (a-CSA-1, grey). Scale bar, 5 um. (C) Percentage of infected cells with
translocated SseK3-HA effector, quantified from experiments as in (B). A minimum of 600 infected cells from
three independent experiments were blind-scored and are represented as the mean = SEM. Data was acquired
at the same time as Figure 3.2B and the data for wild-type cells are reproduced in this figure for ease of
interpretation. (D) 293ET cells were co-transfected with a plasmid encoding FLAG-tagged SseK3 together with
plasmids expressing GFP or FLAG-tagged TRIM32. 24 h after transfection cells were treated with 50 mg/ml
cycloheximide (CHX) for 1 to 24 h. Cells were then collected, lysed and post nuclear supernatants analysed by
SDS-PAGE and immunoblotting. Degradation of c-myc and ubiquitinated proteins served as a positive control for
drug treatment. SseK3/TRIM32 (a-FLAG), GFP (a-GFP), c-myc (a-c-myc) ubiquitin (a-Ub) and the loading control
(a-actin). Immunoblots are representative of three independent experiments.

co-expressed TRIM32 was tested. Plasmids encoding FLAG-SseK3 and GFP or FLAG-TRIM32
were transiently transfected into 293ET cells. After one day protein translation was inhibited
by the addition of cycloheximide to the culture medium and protein levels were then analysed
at the indicated time points. As expected, c-myc and ubiquitin, two proteins with a fast
cellular turnover rate, deceased over the course of the experiment, indicating that protein
synthesis was inhibited by cycloheximide (Figure 4.7D). No difference in TRIM32 protein levels
were detected during the 24 h treatment with cycloheximide. Ssek3 protein levels did not
change detectably over the course of the experiment, even when TRIM32 was overexpressed
(Figure 4.7D). Cycloheximide treatment for more than 24 h was cytotoxic, so the half-life of

SseK3 could not be determined by this method.

Taken together, these data show that Ssek3 translocation and localisation in the host cell is
independent of TRIM32 and that the stability of SseK3 is not altered by co-expression of
TRIM32 over a 24 h time period.

4.3.2 SseK3-mediated inhibition of NF-kB signalling and cell death is independent of
TRIM32

In chapter 3 | showed that SseK3 inhibits NF-kB signalling and host cell cytotoxicity
during macrophage infection (Figure 3.6 and Figure 3.10). Therefore, | wanted to test the
hypothesis that TRIM32 is required for SseK3-mediated inhibition of NF-kB signalling and cell

death during Salmonella infection.
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Figure 4.8. Suppression of NF-kB signalling by SseK3 does not depend on TRIM32

(A) Wild-type or TRIM32 KO RAW 264.7 macrophages were stimulated with 1 pg/ml LPS for 5 to 30 min, lysed
and whole cell lysates analysed by SDS-PAGE and immunoblotting. IkBa phospho-Ser32 (a-ph-lkBa), IkBa (a-
IkBa), MAPK p38 phospho-Thr180/Tyr182 (a-ph-p38), MAPK p38 (a-p38), ERK1/2 (p44/p42) phospho-
Thr202/Tyr204 (o-ph-ERK), ERK1/2 (p44/p42) (o-ERK), SAP/INK phospho-Thr183/Tyr185 (o-ph-SAP/INK),
SAP/INK (a-SAP/INK) and loading control (a-actin). Immunoblots shown are representative for three
independent experiments. (B) Wild-type (WT) or TRIM32 KO RAW 264.7 macrophages stably transduced with a
NF-kB Firefly luciferase reporter element and a constitutively expressed Renilla luciferase gene were infected
with the indicated Salmonella strains. 16 h.p.u. cells were lysed and luciferase activity measured. Data represent
the mean fold activation relative to wild-type infected cells from three independent experiments = SEM.* P <
0.05, *** P <0.001. Ul, uninfected. pE, empty vector control.
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Depletion of TRIM32 by shRNA is reported to impair TNFa-induced NF-kB innate immune
signalling (Yang et al., 2015). As LPS represents a major PAMP during Salmonella infection,
the cellular response of wild-type and TRIM32 KO macrophages to LPS stimulation was tested
prior to the phenotypic analysis of Ssek3 in the TRIM32 KO cells. Wild-type and TRIM32 KO
macrophages were simulated with purified S. Typimurium LPS and phosphorylation (and
thereby activation) of key innate immune signalling components was analysed by
immunoblotting of cell lysates. Activation of the NF-kB (IkBa) and MAPK (p38, ERK, SAP/JNK)
pathways were indistinguishable between wild-type and TRIM32 KO macrophages at
different times past stimulation (Figure 4.8A). This revealed that TRIM32 KO macrophages
responded to LPS like wild-type cells, making them suitable for Salmonella infection studies.
To analyse next whether TRIM32 is required for SseK3-mediated inhibition of NF-kB signalling
during macrophage infection, the NF-kB Firefly Luciferase reporter and control Renilla
Luciferase elements were stably introduced into the CRISPR TRIM32 KO macrophages
creating a TRIM32 KO NF-kB reporter cell line. Wild-type and TRIM32 KO NF-kB reporter
macrophages were then infected for 16 h with different Salmonella strains and luciferase
levels were measured in cell lysates. In both cell lines the AsseK1/2/3 mutant strain induced
significantly higher reporter activation compared to cells infected with wild-type Salmonella
(Figure 4.8B). This phenotype was complemented by plasmid based expression of Ssek3 in
the AsseK1/2/3 mutant in both wild-type and TRIM32 KO cells (Figure 4.8B). Therefore, SseK3-

mediated inhibition of NF-kB signalling in macrophages is independent of TRIM32.

To test if TRIM32 is required for SseK3-mediated inhibition of macrophage cytotoxicity, wild-
type and TRIM32 KO macrophages were infected with the indicated Salmonella strains and
after 20 h the extracellular LDH levels were measured. As expected, Salmonella-induced cell
death was significantly higher in cells infected with the ssek1/2/3pE stain compared to wild-
type infected cells (Figure 4.9). In both wild-type and TRIM32 KO macrophages this difference
was complemented by expression of SsekK3 from a low copy number plasmid in the

Assek1/2/3 strain (Figure 4.9).

Taken together, these data show that inhibition of the NF-kB pathway and suppression of

Salmonella-induced cell death by Ssek3 are independent of TRIM32.
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Figure 4.9. Suppression of host cell cytotoxicity by SseK3 does not depend on TRIM32

Lactate dehydrogenase (LDH) release from WT or TRIM32 KO RAW 264.7 macrophages infected for 20 h with
the indicated Salmonella strains. Salmonella-induced cell death is presented relative to WT infected cells. Data
are the means of three independent experiments, £ SEM.* * P < 0.01, *** P < 0.001. Ul, uninfected. pE, empty

vector control.

44 Infection of TRIM32 deficient mice by Salmonella

The experiments described above did not reveal a phenotype for TRIM32 during
macrophage infection, neither with respect to Salmonella replication nor in relation to SseK3
function. However, this might be due to the targeted approach that focused on specific
aspects of Salmonella infection or due to the artificial condition in tissue culture-based
experiments. To test if TRIM32 is required for the control of bacterial burden and mediates
innate immune responses during Salmonella infection of a whole animal, Trim32 deficient
mice were obtained (kind gift from J. Schamborn). Trim327- mice show mild signs of myopathy
(Kudryashova et al., 2009) and impaired neurogenesis (Hillje et al., 2015, 2013) but have no
described immunodeficiency. Due to the maternal care deficit of homozygous Trim327/- mice
only heterozygote females were used for breeding. This necessitated the genotyping of all
mice (Figure 4.10A and B) but also allowed the comparison of wild-type and Trim327- mice

from the same litters as mice were bred to heterozygous Trim32*/- males.

To investigate the function of TRIM32 in systemic Salmonella infection, a total of 9 wild-type
and 9 Trim32” mice were inocculated by intraperitonal injection with 2 x 10* CFU wild-type
Salmonella constitutively expressing GFP. After two days of infection the spleens were
isolated and the bacterial burden determined by colony forming unit assay. This revealed

similar bacterial loads in spleens from wild-type and Trim327 mice (Figure 4.10C). However,
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this does not exclude differences in the amount of infected cells or the bacterial load per cell.
Splenic macrophages are the main replication niche for Salmonella in the mouse spleen
(Salcedo et al., 2001) and therefore CD11lb positive cells, which comprise mainly
macrophages, were isolated and further analysed by flow cytometry. No difference was
detected in the percentage of infected CD11b positive cells nor in the bacterial load per cell
when comparing wild-type and Trim327- mice (Figure 4.10D and E). Splenic macrophages are
also a major source of cytokines during bacterial infection. TRIM32 deficiency has previously
been linked to aberrant cytokine expression in psoriasis models (Liu et al., 2010; Yuangang Liu
et al., 2017), therefore, cytokine expression in the isolated CD11b cells was analysed. This
showed that Trim327- mice responded to Salmonella infection with increased expression of
ifnB, tnfa, il-6 and irf7 mRNA, key cytokines of the anti-bacterial immune response (Figure
4.10F), when compared to naive, uninfected mice. This was indistinguishable from the
response in infected wild-type mice (Figure 4.10F). In summary, no difference in bacterial
burden and host cell responses were detected in short term intraperitoneal infections of wild-

type and Trim327 mice.

The literature presents conflicting information on whether the SseK effectors contribute to
Salmonella virulence in mice (Brown et al., 2011; Buckner et al., 2011; Kidwai et al., 2013;
Kujat Choy et al., 2004). To address this and at the same time to test if TRIM32 is required for
Salmonella virulence, competitive infections between wild-type and AsseK mutant bacteria
were done in wild-type and Trim327~ mice. Sets of 4-6 mice were inoculated by intraperitoneal
injection with an equal mixture of wild-type and AsseK1/3 or AsseK1/2/3 mutant Salmonella.
After 2 (WT/ AsseK1/2/3) or 4 (WT/ AsseK1/3) days of infection, the spleens were isolated and
the competitive index was calculated as the ratio of recovered mutant over wild-type
bacteria. A ratio of 1 represents no difference in bacterial fitness, whereas a value below 1
indicates attenuation of the mutant strain compared to wild-type Salmonella. Competitive
index analysis showed no attenuation of the AsseK1/3 (Figure 4.10G) and AsseK1/2/3 (Figure
4.10H) mutants compared to wild-type bacteria in both wild-type and Trim327- mice. This
indicates that the SseK effectors are not required for short term systemic infection in C57Bl/6

mice and that this is not affected by TRIM32.
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Figure 4.10. Trim327- mice respond to Salmonella infection similar to WT mice in short term infection

(A) Schematic of the Trim32 gene with integrated B-geo cassette in the Trim32”- knock-out (KO) mice. (B)
Representative genotyping PCR for the presence of the gene trap and/or the Trim32 gene using specific
genotyping primers (indicated by arrows in A). PCR results were a 625 bp band amplified from the allele with
the integrated B -geo cassette (red primers) and/or a 535 bp band from the WT Trim32 allele (green primers).
Terd (250 bp) served as an independent PCR control. (C-E) Wild-type and Trim327- mice were infected by
intraperetonial injection with approximately 2 x 10* CFU of GFP-expressing Salmonella per mouse. After two
days, spleens were isolated and the number of bacteria per spleen determined by colony forming unit (CFU)
assay (C). In addition, splenic CD11b positive cells were isolated and the percentage of Salmonella infected cells
(D) and the mean GFP fluorescence per cell as a proxy for bacterial load (E) determined by flow cytometry. The
scatter plots are values obtained from individual mice from three independent experiments (red, black and blue)
and the means + SEM are indicated. (F) Quantitative RT-PCR analysis of Ifn8, IL-6, Tnfoe and Irf7 mRNA levels in
splenic CD11b positive cells isolated from mice described in (C-E). mMRNA expression was normalised to Rps9
mRNA and is presented as the fold change relative to uninfected control mice. Results are presented as means
from two independent infections (represented in red and black in C-E) + SEM. (G, H) Wild-type and Trim327
mice were inoculated with an equal number of wild-type (WT) and AsseK1/3 (G) or AsseK1/2/3 (H) mutant
Salmonella by intraperitonial injection with 3-5 x 10* CFU/mouse for two days. Bacteria were recovered from
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infected spleens and the competitive index (Cl) values were calculated. The scatter plot are Cl values obtained

for individual mice and are the means + SEM.
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5 SSEK TARGET IDENTIFICATION AND VALIDATION

As detailed in chapter 3, both SseK1 and SseK3 inhibit host cell NF-kB signalling and
cell death during Salmonella infection of macrophages. However, the physiological targets
required for both these functions are unknown. Phenotypic analysis of SseK3 in TRIM32
knock-out cells showed that both NF-kB pathway and cell death inhibition were independent
of the E3 ubiquitin ligase, despite the stable interaction of both proteins (Chapter 4). These
findings suggest that SseK3 has at least one, possibly multiple, other physiological target(s)
during macrophage infection that mediate these functions. A previous study by Li and
collegues (Li et al., 2013) showed that ectopic expression of SseK1 resulted in arginine-
GlcNAcylation of TRADD. However, whether this also occurs upon delivery of physiologically
relevant amounts of enzyme following translocation into host cells during Salmonella

infection was unknown.

In this chapter different approaches to identify and characterise novel SseK effector targets

are presented, highlighting common and distinct target specificities of the SseK effectors.

5.1 Analysis of arginine-GlcNAcylation patterns during macrophage infection

Functional analysis of SseK1 and Ssek3 (Chapter 3) suggest that both effectors have at
least one, possibly multiple, physiological target(s) during macrophage infection. To test
whether they share a common or distinct target spectrum, RAW 264.7 macrophages were
infected with wild-type or AsseK mutant Salmonella strains and host cytosolic arginine-
GlcNAcylated proteins were analysed by western blot after 16 h of infection. This revealed
numerous arginine-GlcNAcylated proteins, ranging in molecular mass from approximately 30
to 95 kDa, in wild-type Salmonella-infected cells (Figure 5.1A). In contrast, lysates of
uninfected cells and AsseK1/3 or AsseK1/2/3 deletion mutant infected cells were devoid of
arginine-GlcNAcylated proteins, indicating that arginine-GlcNAcylation is a Salmonella-
induced effect, dependent on both SseK1 and SseK3. Deletion of sseK2 or expression of the
protein in the AsseK1/2/3 strain had no detectable effect on the arginine-GIcNAcylation
pattern in host cells (Figure 5.1A and B). Single deletion of sseK1 resulted in the loss of two
distinct arginine-GIcNAcylated proteins of approximately 30 and 40 kDa (Figure 5.1, indicated

with the * and #, respectively) compared to wild-type infected cells. Interestingly,
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overexpression of SseK1 from a low-copy-number plasmid in the AsseK1/2/3 deletion strain
restored arginine-GIcNAcylation of two proteins of similar molecular mass, indicating that
these proteins are genuine SseK1 targets during macrophage infection (Figure 5.1B). In
addition, two proteins of approximately 65 and 95 kDa molecular mass (Figure 5.1B, bands a
and b, respectively) became apparent. Infection with the single Assek3 deletion mutant
resulted in the loss of arginine-GlcNAcylation of at least six high molecular weight proteins
ranging from 55 to 100 kDa (Figure 5.1A, indicated with the #). Bands of similar molecular
mass were restored in AsseK1/2/3pSseK3-infected cells and additionally three proteins of 32,
35, and 43 kDa (Figure 5.1B, bands c, d, and e) were detected. It is noteworthy that the 9
strong SseK3-dependent bands detected upon plasmid-based expression in the AsseK1/2/3
strain are all of different molecular masses to those detected after expression of SseK1 (Figure

5.1B). This shows that SseK1 and SseK3 exhibit differential substrate specificity.
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Figure 5.1. Expression of SseK1 and SseK3 results in different patterns of arginine-GIcNAcylated proteins
during infection of macrophages

(A, B) Representative immunoblots of RAW 264.7 macrophage lysates infected with the indicated Salmonella
strains. To visualise arginine-GIcNAcylated proteins, cells were lysed 16 h.p.u. and analysed by SDS-PAGE and
immunoblotting. Effectors (a-HA), arginine-GlcNAc (a-Arg-GlcNAc), Salmonella (a-DnaK) and loading control (a-
tubulin). Data are representative of three independent experiments.

SseK1 and SseK3 localise to different subcellular compartments after bacterial translocation
into the host cell (Figure 3.1). Therefore, the subcellular localisation of arginine-GlcNAcylated

proteins was investigated during macrophage infection. To test this, RAW 264.7 macrophages
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Figure 5.2. SseK-dependent differential localisation of arginine-GIcNAcylated proteins in infected
macrophages

(A) Representative confocal microscopy images of RAW 264.7 macrophages infected for 16 h with the indicated
wild-type or HA-tagged effector expressing Salmonella strains. Effectors (a-HA, red), arginine-GIcNAc (a -Arg-
GIcNAc, green), Salmonella (a-CSA-1, gray) and DNA (DAPI, blue). Scale bar, 5 um. (B) Percentage of Salmonella-
infected cells with arginine-GlcNAcylated proteins. (C) Percentage of Salmonella-infected cells with translocated
HA-tagged effector, showing a positive arginine-GIcNAc signal. Data (B, C) were quantified from experiments as

shown (A) and are the mean + SEM of three independent experiments with at least 600 infected cells counted
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in total. ***, P <0.001. (D) Representative confocal microscopy images of arginine-GlcNAcylation (a-Arg-GIcNAc,
green) and Golgi network (a-GM130, gray) colocalisation in RAW 264.7 macrophages at 16 h.p.u. Scale bar, 5
pum. Ul, uninfected; pE, empty vector control.

were infected for 16 h with wild-type Salmonella or an AsseK1/2/3 deletion strain expressing
the indicated low copy number plasmid and arginine-GlcNAcylation was analysed by confocal
immunofluorescence microscopy. Wild-type Salmonella-infected macrophages showed an
arginine-GlcNAcylation signal in the cytosol and at the Golgi network in approximately 70% of
the infected cells, whereas arginine-GIcNAcylation was not detected in cells infected with the
AsseK1/2/3 mutant (Figure 5.2A and B). Plasmid-based expression of SseK1 in the Assek1/2/3
strain restored arginine-GIcNAcylation in the cytoplasm, whilst expression of Ssek3 resulted
in arginine-GlcNAcylation in both the cytoplasm and at the Golgi network (Figure 5.2A and D).
Arginine-GIcNAcylation was detected in 100% of all cells with translocated SseK1 or SseK3
effector (Figure 5.2C) but was absent in cells infected with the AsseK1/2/3pSseK2 strain

despite clear translocation of SseK2 (detected via a-HA).

Taken together, these data indicate that SseK1l and SseK3 function as arginine-GIcNAc
transferases during macrophage infection with different substrates, some of which have

distinct sub-cellular localisations.

5.2 SseK target identification - infection HA-immunoprecipitation

To identify infection relevant interaction partners of the SseK effectors a combination
of infection, co-immunoprecipitation and mass spectrometry was used. RAW 264.7 cells were
infected with Salmonella strains expressing HA-tagged SseK effectors. After 16 h of
macrophage infection, the cells were lysed and the effectors, together with any interacting
proteins, were isolated by a-HA immunoprecipitation. Ssel, a Salmonella deubiquitinase was
used as an independent control to identify unspecific protein binding to the anti-HA antibody
and beads. A pilot experiment identified that elution of the recovered proteins with HA
peptide was less efficient than tryptic digest of the proteins on the anti-HA agarose (data not

shown); therefore results from this experiment were not included in the analysis.

Samples were analysed by LC-MS/MS in the Institute of Biochemistry and Biophysics at the

Polish Academy of Sciences in Warsaw (Poland) and the recovered peptides matched to the
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mouse and S. Typhimurium 14028s proteome using the Swiss-Prot or Uniprot database,

respectively. To identify mammalian proteins specifically bound to single or multiple SseK

proteins (or to Ssel) the resulting list of proteins was refined using the following criteria: (i)

Proteins were absent from the negative control sample AsseLpSsel and/or were a minimum

of 5 fold enriched over the negative control and any other sample. (ii) Only proteins identified

in both biological repeats were considered reliable hits. (iii) Proteins with a MASCOT protein

score below 100 were excluded from further analysis due to low confidence levels. The

combined results of two independent experiments are presented in Figure 5.3, Table 5.1 and

Table 5.2. An extended table, including proteins with MASCOT scores below 100, is detailed

in the appendix (Table 7.1).

Experimental protocol

<

RAW 264.7 macrophages

16 h infection with Salmonella
AsseK1pSseK1-HA
AsseK2pSseK2-HA
AsseK3pSseK3-HA
AsselLpSsel-HA

Cell lysis and
extraction of cytosolic proteins

a-HA co-immunoprecipitation
l 2h, 4°C

Tryptic digest
|
LC-MS/MS

Data analysis

4

®e

Figure 5.3. Identification of SseK binding proteins using infection a-HA immunoprecipitation and mass

spectrometry

MASCOT identification of proteins

Analysis of identified proteins

Criteria:

(I) protein exclusively present in analysed sample
or a min. of 5x enriched

(I1) protein present in both biological repeats

(1) MASCOT protein score >100

(A) Schematic representation of the experimental procedure and data analysis criteria used for the infection a-

HA co-immunoprecipitation experiments. (B) Venn diagram summarizing results from the infection a-HA co-

immunoprecipitation experiments.
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As expected, the bait proteins SseK1, SseK2, SseK3 and SseL were the highest scoring
Salmonella proteins identified in their respective immunoprecipitation samples (Table 5.1).
Interestingly no other Salmonella proteins were found to interact stably with the SseK

effectors.

Table 5.1. MASCOT protein scores for the used bait proteins of the infection-HA immunoprecipitation
experiments

Accession: UniProt database identifier
Score: Mass spectrometry score obtained through MASCOT analysis
Peptides: Number of significant peptide matches identified by LC-MS/MS MASCOT analysis

Rep_B and Rep_E: Two independent biological repeats

Accession Score (peptides) Description

Rep_B Rep_E

AOAOF6B9Z0 6072 (91) 21209 (415) Putative cytoplasmic protein (SseK1)
AOAOH3NIWO 1876 (27) 2697 (40) T3SS effector protein (SsekK2)
AOAOF6B2Z0 2941 (44) 2916 (51) Uncharacterized protein (Ssek3)
AOAOF6B423 10213 (105) 11073 (193) Deubiquitinase (Ssel)

Oxysterol-binding protein 1 (OSBP) was previously identified as an Ssel interaction partner
(Auweter et al., 2011) and was exclusively found in the mass spectrometry analysis of SseL-IP
samples, serving as a positive control for the experimental setup (Table 5.2). In addition, six
new potential interaction partners of SselL were identified (UBE2C, VAPB, IFITM2, TMEM106A,
WBP2 and SLC38A2). However, the validation and characterisation of these targets was not
the focus of this work. The only specific and reproducible interaction partner for Ssek3
identified was the E3 ubiquitin ligase TRIM32 (Table 5.2). This result is consistent with data
presented in Figure 4.1, yet no additional mammalian binding partners for Ssek3 were
detected. Analysis of the mammalian proteins co-immunoprecipitated with the SseK effectors
did not identify stable interaction partners for SseK1 and SseK2. In addition no shared
interaction partners between SseK1-SseK2, SseK2-SseK3, SseK1-SseK3 or all three SseK
effectors were identified. Relaxing the analysis criteria to include proteins that were present

in several samples and at least 5-fold enriched in the analysed SseK immunoprecipitation, did
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not reveal any additional, reproducible, binding partners. This indicates that SseK-target
binding during macrophage infection is transient or occurs with weak affinity; infection-
immunoprecipitation of tagged effectors might therefore not be the best technique to

identify new targets and other approaches should be considered.

Table 5.2. Murine proteins identified by tandem LC-MS/MS analysis as SseK-HA or SseL-HA specific binding
partners

Accession: Swiss-Prot database identifier
Score: Mass spectrometry score obtained through MASCOT analysis
Peptides: Number of significant peptide matches identified by LC-MS/MS MASCOT analysis

Rep_B and Rep_E: Two independent biological repeats

Accession Score (Peptides) Description

Rep_B Rep_E

SseK3-HA specific protein
Q8CH72 654 (10) 779 (21) E3 ubiquitin-protein ligase TRIM32 (TRIM32)

SseL-HA specific proteins
Q3B722 2420 (43) 2301 (51) Oxysterol-binding protein 1 (OSBP)
Q9QY76 283 (7) 487 (11) Vesicle-associated membrane protein-associated

protein B (VAPB)
Q9D1C1 191 (3) 230 (5) Ubiquitin-conjugating enzyme E2 C (UBE2C)

Q8VvCo04 238 (5) 160 (3) Transmembrane protein 106A (TMEM106A)

Q99J93 194 (2) 146 (4) Interferon-induced transmembrane protein 2
(IFITM2)

Q8CFE6 104 (1) 198 (6) Sodium-coupled neutral amino acid transporter 2
(SLC38A2)

P97765 110 (3) 124 (5) WW domain-binding protein 2 (WBP2)
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5.3 Targeted approach to identify SseK arginine-GlcNAcylation substrates

As the infection-immunoprecipitation experiments did not result in the identification
of new SseK effector interaction partners, a targeted approach was used next. NleB stably
binds to and arginine-GIcNAcylates death domain containing proteins including FADD and
TRADD (Li et al.,, 2013; Pearson et al., 2013). Li and colleges also showed arginine-
GlcNAcylation of TRADD by ectopically expressed SseK1 (Li et al., 2013). Therefore, it was
hypothesised that all SseK effectors modify death domain containing proteins similar to NleB.
To test this 293ET cells were transiently transfected with plasmids encoding FLAG-tagged
FADD and GFP-tagged effectors. After approximately 40 h of transfection cells were lysed,
FADD isolated by anti-FLAG immunoprecipitation and arginine-GlcNAcylation of
immunoprecipitates was analysed by SDS-PAGE and western blot. Expression of NleB served
as a positive control that stably bound and modified FADD as expected from previously
published work (Pearson et al., 2013) (Figure 5.4A). In contrast, none of the SseK effectors
stably interacted with FADD. Nevertheless, strong arginine-GlcNAcylation of FADD was
detected when SseK1 was co-expressed (Figure 5.4A). Mutation of the effectors cation and/or
sugar-coordinating motif DxD (SseKlaaa) abolished FADD modification, indicating that
catalytic function of SseK1 is required for arginine-GlcNAcylation of FADD (Figure 5.4B).
Expression of neither SseK2 nor SseK3 resulted in arginine-GlcNAcylation of FADD (Figure
5.4A), strengthening the hypothesis of target specificity between the effectors. NleB
GlcNAcylates arginine 117 in the death domain of FADD, preventing oligomerisation of the
protein and thereby rendering it inactive (Pearson et al., 2013). To test whether SseK1 induces
modification of the same residue, a FADD R117A mutant was analysed by the same
experimental setup as described above. Expression of both SseK1 and NleB resulted in strong
arginine-GlcNAcylation of wild-type but not R117A mutant FADD (Figure 5.4C). These data
show that ectopically expressed Salmonella SseK1l can modify FADD at residue R117,

functioning similar to NleB.

Next, post-translational modification of TRADD by the SseK effectors was analysed in a similar
experimental setup as described for the analysis of FADD arginine-GlcNAcylation. 293ET cells

were transfected with plasmids expressing FLAG-TRADD and GFP-tagged effectors, TRADD
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Figure 5.4. SseK1 arginine-GlcNAcylates arginine 117 in FADD

(A-C) 293ET cells were transfected with plasmids expressing wild-type or mutant FLAG-tagged FADD and various
GFP-tagged effectors to determine the arginine-GlcNAcylation status of FADD. 40 h after transfection, cells were
lysed and proteins isolated by a-FLAG immunoprecipitation. Samples were analysed by SDS-PAGE and
immunoblotting against the effectors (a-GFP), FADD (a-FLAG), arginine-GlcNAc (a-Arg-GIcNAc) and the loading
control (a-tubulin). All data are representative of three independent experiments.
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Figure 5.5. Arginine-GlcNAcylation of TRADD upon SseK1 and SseK3 expression

(A-C) Plasmids harbouring wild-type or mutant GFP-tagged effectors and FLAG-tagged TRADD were
cotransfected into 293ET cells. 40 h after transfection, cells were lysed, proteins isolated by a-FLAG
immunoprecipitation and samples analysed by SDS-PAGE and immunoblotting. Effectors (a-GFP), TRADD (a-
FLAG), arginine-GIcNAc (a-Arg-GlcNAc) and the loading control (a-tubulin). Data are representative of three

independent experiments.

was isolated by immunoprecipitation and arginine-GlcNAcylation analysed by SDS-PAGE and

western blot. Even though no stable interaction between TRADD and the SseK effector or
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NleB was detected, arginine-GlcNAcylation of TRADD was detected when SseK1, Ssek3 or
NleB were co-expressed (Figure 5.5A). In contrast, expression of the catalytically inactive
mutant SseK1aaa did not result in arginine-GlcNAcylation of TRADD (Figure 5.5B). Expression
of SseK2 had no detectable effect. SseK1 and NleB modify FADD at the same amino acid
residue within the death domain (Figure 5.4C); this arginine is conserved in the death domain
of TRADD and is modified by NleB (Li et al., 2013; Pearson et al., 2013). To test if SseK1 results
in modification of the same arginine residue, post-translational modification of TRADD R233A
was analysed. NleB strongly arginine-GlcNAcylated wild-type TRADD but not the R233A
mutant as expected from previously published work (Li et al., 2013) (Figure 5.5C). In contrast,

SseK1 modified both wild-type and R233A mutant TRADD (Figure 5.5C).

Together, this shows that ectopically expressed SseK1l and SseK3 arginine-GlcNAcylate
TRADD, SseK1 in a catalytically dependent manner. However, SseK1l-mediated arginine-
GlcNAcylation of TRADD occurs either on different or on multiple arginine residues compared

to NleB, which specifically modifies R233.

Next it was investigated whether translocated SseK effectors also modify FADD and TRADD
during Salmonella infection, following natural delivery of bacterial effectors. Antibodies
tested for the analysis of endogenous FADD or TRADD in macrophages were inadequate. In
addition, transfection of RAW 264.7 macrophages led to an unacceptable level of cell death.
Therefore, GFP-tagged FADD or TRADD were transiently expressed in Hela cells and the cells
subsequently infected with various Salmonella strains. After 16 hours of infection, proteins
were isolated by anti-GFP immunoprecipitation and analysed with anti-arginine-GIcNAc
antibody. Infection with wild-type Salmonella resulted in arginine-GlcNAcylation of both
FADD and TRADD but this was not the case when the cells were infected with the Assek1/2/3
mutant (Figure 5.6, middle and right hand panel). In contrast, GFP alone was not modified
under any tested infection conditions (Figure 5.6, left hand panel) indicating that arginine-
GlcNAcylation of FADD and TRADD was specific. Plasmid-based expression of SseK1 in the
AsseK1/2/3 mutant restored arginine-GlcNAcylation of FADD and TRADD and bacterial
expression of SseK3 in the AsseK1/2/3 mutant led to weak modification of TRADD but not
FADD (Figure 5.6, middle and right hand panel). Translocated SseK2 had no detectable effect

on FADD or TRADD, which was in line with the transfection based experiments.
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Taken together, this showed that during Salmonella infection, FADD arginine-GlcNAcylation

is dependent on SseK1 and SseK1 and/or SseK3 mediate TRADD modification.
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Figure 5.6. FADD and TRADD are arginine-GlcNAcylated during Hela cell infection

Hela cells were transiently transfected with plasmids expressing GFP (left panel), GFP-FADD (middle panel) or
GFP-TRADD (right panel). After 24 h cells were additionally infected with the indicated Salmonella strains. 16
h.p.u. cells were lysed, proteins isolated by o-GFP immunoprecipitation and analysed by SDS-PAGE and
immunoblotting. Effectors (a-HA), GFP/TRADD/FADD (a-GFP), arginine-GlcNAc (a-Arg-GlcNAc), Salmonella (a-
DnakK) and the loading control (a-tubulin). The positive control in the left hand panel is GFP-TRADD-transfected
cells infected with WTpE Salmonella, as in the right panel. Data were acquired with the help of S. Matthews and
T. Thurston and are representative of three independent experiments.

When analysing TRIM32 arginine-GlcNAcylation no modification of the E3 ubiquitin ligase was
detected (Figure 4.3). However, on the arginine-GIcNAc immunoblot a weak band was
detected for immunoprecipitation samples where TRIM32 and SseK3 were co-expressed. This
band did not correspond to the molecular mass of TRIM32 but possibly to TRIM32 bound,
GFP-tagged SseK3. Therefore | hypothesised that SseK3 might be auto-GlcNAcylated. To test

this, 293ET cells were transfected with plasmids encoding GFP-tagged effectors. After 40 h of
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transfection, proteins were isolated by anti-GFP immunoprecipitation and analysed by SDS-
PAGE and western blot. This showed that ectopically expressed SseK1 and SsekK3 were
strongly arginine-GlcNAcylated (Figure 5.7). In contrast, no modification was detected for
NleB or the catalytically inactive mutants of SseK1l and SseK3 (SseKlaaa and SseK3aaa,
respectively). After long overexposure of the immunoblot, weak GlcNAcylation of SseK2 was

detected (Figure 5.7).
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Figure 5.7. Auto-GlcNAcylation of ectopically expressed SseK effectors

Plasmids encoding GFP-tagged effectors were transiently transfected into 293ET cells. 40 h after transfection
cells were lysed, the effectors isolated by a-GFP immunoprecipitation and analysed by SDS-PAGE and
immunoblotting. Effectors (a-GFP), arginine-GIcNAc (a-Arg-GIcNAc) and loading control (a-tubulin). Data are
representative of three independent experiments.

Next, to determine whether auto-arginine-GlcNAcylation was an artefact of ectopic
overexpression of the proteins or if this also occurs during Salmonella infection, translocated

effectors were analysed. RAW 264.7 macrophages were infected with HA-tagged effector
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expressing Salmonella strains and after 16 h translocated effector was isolated by anti-HA
immunoprecipitation. Anti-arginine-GIcNAc immunoblotting revealed one modified protein
in each of the immunoprecipitated samples containing SseK1 and SseK3 but none in the Ssek2
sample or the negative control, SselL. The detected proteins corresponded in molecular mass
to SseK1 and Ssek3, respectively, indicating auto-GIcNAcylation of SseK1 and SseK3 during

macrophage infection (Figure 5.8A).

To analyse auto-GlcNAcylation of SseK1 and SseK3 with an additional method, the reciprocal
immunoprecipitation using the anti-arginine-GIcNAc antibody was done. To do this, RAW
264.7 macrophages were infected for 16 h with Salmonella strains expressing HA-tagged
effectors and subsequently proteins were isolated by anti-arginine-GIcNAc
immunoprecipitation. SseK1-HA and SsekK3-HA were specifically detected after
immunoprecipitation with the anti-arginine-GIcNAc antibody but not in the control IgG
antibody samples (Figure 5.8B). HA-tagged SseK2 and SselL were not enriched in the anti-

arginine-GlcNAc immunoprecipitations over the I1gG controls.
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Figure 5.8. Auto-GIlcNAcylation of SseK1 and SseK3 occurs during macrophage infection

RAW 264.7 macrophages were infected for 16 h with the indicated Salmonella strains. Cells were then lysed and
proteins isolated by a-HA immunoprecipitation (A) or a-arginine-GlcNAc immunoprecipitation (B). IgG isotype
control immunoprecipitation served as a negative control. Sample were analysed by SDS-PAGE and
immunoblotting against the effectors (a-HA), arginine-GIcNAc (a-Arg-GlcNAc), Salmonella (a-DnaK) and the
loading control (a-tubulin). Data is representative of three (A) or two (SseK2, Ssel) to three (SseK1, SseK3) (B)
independent experiments.
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Taken together, these data show that SseK1 and SseK3 become auto-GlcNAcylated after
ectopic expression or translocation, highlighting additional differences between the SseK

effectors and NleB.

5.4 SseK target identification using infection arginine-GIcNAc-immunoprecipitation

The Arg-GIlcNAc antibody (Pan et al., 2014) used for the detection of the SseK and NleB
specific arginine-GIcNAc post translational modification (PTM) is a powerful tool to study the
effectors' functions and target spectrum. As it can be used to detect the arginine-GIcNAc PTM
during immunofluorescence | hypothesised that it could be used for immunoprecipitation of
non-denatured proteins. However, depletion of host cell lysates using anti-arginine-GIcNAc
immunoprecipitation could not be achieved despite the high specificity of the antibody to the
arginine-GIcNAc PTM. This might be due to low affinity resulting from the small epitope
detected. Variation of the lysis and immunoprecipitation conditions including detergent,
detergent concentration, salt concentration, antibody-bead ratio, antibody-bead conjugation
and incubation time did also not result in full depletion of the sample (data not shown). Yet,
detection of auto-GlcNAcylated SseKl and SseK3 using anti-arginine-GIcNAc
immunoprecipitation showed that this method is nevertheless useful to isolate arginine-
GlcNAcylated proteins for analysis by sensitive detection methods. Therefore, anti-arginine-
GlcNAc immunoprecipitation in combination with mass spectrometry analysis was used to

identify novel SseK target proteins during Salmonella infection of macrophages.

To do this, RAW 264.7 macrophages were infected with the AsseK1/2/3 mutant strain
expressing plasmid encoded HA-tagged effectors or carrying the empty vector control
plasmid. Infection with the AsseK1/2/3pE strain was chosen as a negative control to identify
unspecific protein binding to the anti-arginine-GIcNAc antibody and beads as previous
experiments established that this strain does not cause arginine-GIcNAcylation of host
proteins (Figure 5.1A and Figure 5.2A). In addition, expression of single SseK effectors in the
AsseK1/2/3 strain was used to identify specific SseK effector targets, which was preferred
over wild-type Salmonella infections which result in a mixture of arginine-GlcNAcylated
proteins from multiple SseKs. After 16 h of infection the macrophages were lysed, proteins
isolated by anti-arginine-GIcNAc immunoprecipitation and analysed by LC-MS/MS in the
Institute of Biochemistry and Biophysics at the Polish Academy of Sciences in Warsaw

144



RESULTS

(Poland). Detected peptides were matched to the mouse and S. Typhimurium 14028s
proteomes using the MASCOT software and the Swissprot and Uniprot databases,
respectively. The identified proteins were further analysed and considered a specific hit when
fulfilling the following criteria: (i) Proteins were absent from the negative control sample
AsseK1/2/3pE and/or were a minimum of 5-fold enriched over any other sample. (ii) Identified
proteins were present in all three biological repeats and (iii) had a minimum MASCOT protein
score of 100 to increase confidence. The experimental outline and results of the anti-arginine-
GIcNAc immunoprecipitation are summarised in Figure 5.9 and Table 5.3. An extended list of
all proteins that were detected in a minimum of two repeats, independent of the MASCOT

score is available in the appendix, Table 7.2.

Anti-arginine-GIcNAc immunoprecipitation from cells infected with the Assek1/2/3pSsekK2
strain did not lead to the detection of any specific and reproducible proteins. In addition,
SseK2 itself was not found amongst the recovered proteins which is in line with results
presented in Figure 5.8. These data strengthen the hypothesis that SseK2 does not function

as an arginine-GlcNAc transferase in macrophages.

Five proteins were specifically identified in cells infected with the AsseK1/2/3pSseK1 strain;
murine TXNDC9 as well as four Salmonella proteins ArcA, SseK1, OmpR and RbfA (Table 5.3).
The identification of SseK1 is consistent with auto-GlcNAcylation results presented in Figure
5.7 and 5.8 whereas the new potential SseK1 targets need to be confirmed with further

experiments.

TRADD as well as RAN and IFIT1 were identified in both pSseK1 and pSsek3 samples (Table
5.3) suggesting an at least partially overlapping target spectrum for SseK1 and SseK3 during

macrophage infection.

Anti-arginine-GIcNAc immunoprecipitation from cells infected with AsseK1/2/3pSseK3 strain
identified 20 putative murine substrates specifically identified upon the expression of Ssek3,
as well as SseK3 itself (Table 5.3). Except for auto-GlcNAcylation of Ssek3, which is in line with
my results presented in Figures 5.7 and 5.8, none of the identified potential SseK3 targets
have previously been linked to the effector or any of its described functions. To gain further
insight into the physiological processes the identified proteins are involved in, gene ontology
analysis using the DAVID annotation tool was used (Huang et al., 2009a, 2009b). This revealed
a significant correlation of the proteins with the Golgi network as well as Golgi related protein
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transport processes (Figure 5.9C and D). Further work is necessary to validate the potential
targets but the data suggest that SseK3 might have additional, so far uncharacterised

functions in the host cell linked to Golgi network organisation or vesicle transport.
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(A) Schematic representation of the experimental procedure and data analysis criteria used for
immunoprecipitation of putative arginine-GlcNAcylated proteins from Salmonella-infected macrophages. (B)
Venn diagram summarizing results from a-arginine-GlcNAc immunoprecipitations of Salmonella-infected
macrophages. (C-D) Gene enrichment analysis using the DAVID functional annotation tool (Huang et al., 20093,
2009b) of the SseK3 specific, murine proteins identified by LC-MS/MS analysis. The dotted line indicates a q
value of 0.05.

148



RESULTS

Table 5.3. Proteins identified by tandem LC-MS/MS analysis after arginine-GIcNAc immunoprecipitation
from RAW 264.7 macrophage infection with AsseK1/2/3pE, AsseK1/2/3pSseK1, AsseK1/2/3pSsek2 or

AsseK1/2/3pSseK3 for 16 h.

Accession: SwissProt database identifier (Mus musculus)

UniProt database identifier (S. Typhimurium 14028s) highlighted in light blue.

Score: Mass spectrometry score obtained through MASCOT analysis

Peptides: Number of significant peptide matches identified by LC-MS/MS MASCOT analysis

Rep_1, Rep_2 and Rep_3: Three independent biological repeats

Accession Score (Peptides) Description [molecular weight]
Rep_1 Rep_2 Rep_3
pSseK1 specific proteins
Q9CQ79 361 (7) 612 (12) 325 (4) Thioredoxin domain-containing
protein 9 (TXNDC9) [26.3 kDa]
AOAOF6BBE4 1035 2149 (27) 1799 (22) Two-component response
(212) regulator (ArcA) [27.3 kDa]
AOAOF6B9Z0 537 (9) 2278 (31) 1044 (14) Putative cytoplasmic protein
(SseK1) [38.8 kDa]
AOAOF6B7V9 374 (6) 703 (10) 344 (7) Osmolarity response regulator
(OmpR) [27.4 kDa]
AOAOF6B770 143 (3) 163 (2) 429 (6) Ribosome-binding factor A (RbfA)
[15.2 kDa]
pSseK3 specific proteins
Q99K01 1145 3960 (58) 1789 (28) Pyridoxal-dependent
(26) decarboxylase domain-containing
protein 1 (PDXDC1) [87.3 kDa]
Q91v4l 631(11) 1760(30) 1565(22) Ras-related protein Rab-14
(RAB14) [23.9 kDa]
Q9D1G1 801 (16) 1879(31) 1228(20) Ras-related protein Rab-1B
(RAB1B) [22.2 kDa]
P62821 681 (13) 1483(27) 1070(16) Ras-related protein Rab-1A

(RAB1A) [22.7 kDa]
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Accession Score (Peptides) Description [molecular weight]
Rep_1 Rep_ 2 Rep_3

088630 853 (16) 1379(29) 867 (11) Golgi SNAP receptor complex
member 1 (GOSR1) [28.5 kDa]

Q9QYE6 546 (11) 1288(19) 1089 (17) Golgin subfamily A member 5
(GOLGADS) [82.4 kDa]

Q8BMP6 434 (9) 1248 (17) 803 (12) Golgi resident protein GCP60
(ACBD3) [60.2 kDa]

P35278 537 (9) 1310 (22) 271 (6) Ras-related protein Rab-5C
(RAB5C) [23.4 kDa]

Q8K1T1 206 (5) 907 (13) 469 (6) Leucine-rich repeat-containing
protein 25 (LRRC25) [32.7 kDa]

Q8BRF7 678 (12) 572(7) 326 (7) Secl family domain-containing
protein 1 (SCFD1) [72.3 kDa]

P46460 134 (4) 616 (18) 560 (14) Vesicle-fusing ATPase (NSF)
[82.6 kDa]

Q6NZC7 371 (8) 300 (8) 424 (10) SEC23-interacting protein
(SEC23IP) [110.9 kDa]

Q8BVW3 120 (3) 266 (6) 399 (9) Tripartite motif-containing
protein 14 (TRIM14) [49.6 kDa]

035153 117 (1) 206 (3) 297 (3) BET1-like protein (BET1L)
[12.4 kDa]

P52332 124 (3) 301 (6) 179 (4) Tyrosine-protein kinase JAK1
(JAK1) [133.4 kDa]

Q8BJM5 106 (2) 176 (2) 283 (6) Zinc transporter 6 (SLC30A6)
[51.0 kDa]

Q3B7272 131 (2) 281 (5) 145 (5) Oxysterol-binding protein 1
(OSBP) [88.8 kDa]

Q8VvDV3 163 (2) 214 (3) 156 (2) Guanine nucleotide exchange

factor for Rab-3A (RAB3IL1)
[42.7 kDa]
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Accession Score (Peptides) Description [molecular weight]
Rep_1 Rep_ 2 Rep_3
Q8CGY8 144 (5) 211 (5) 153 (4) UDP-N-acetylglucosamine—
peptide N-acetylglucosaminyl
transferase 110 kDa subunit
(OGT) [116.9 kDa]
070480 197 (2) 120 (1) 173 (2) Vesicle-associated membrane
protein 4 (VAMP4) [16.4 kDa]
AOAOF6B270 163 (2) 216 (4) 136 (3) Uncharacterized protein (SseK3)
[37.9 kDa]
pSseK1 and pSseK3 specific proteins
Q3uov2 Tumor necrosis factor receptor
SseK1 3183 (61) 5351 (104) 2924 (46) type l-associated DEATH domain
SseK3 556 (13) 430 (8) protein (TRADD) [34.6 kDa]
P62827 GTP-binding nuclear protein Ran
Ssek1 341 (7) 140 (3) (RAN) [24.4 kDa]
SseK3 300 (6) 905 (14) 615 (12)
Q64282 Interferon-induced protein with
SseK1 184 (6) 4902 (69) 4231(56) tetratricopeptide repeats 1 (IFIT1)
Ssek3 52 (1) 1487 (26) 1092 (17)  [53.7 kDa]
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6 DISCUSSION

During infection Salmonella faces a large variety of host defences that need to be
overcome in order for successful colonisation of the host. In this respect, recognition of
PAMPs by host cells and the subsequent activation of innate immune signalling and host cell
death, which results in inflammatory recruitment of immune cells to clear pathogens,
represents one of the major obstacles for Salmonella. In response to this host immune
response, Salmonella has evolved sophisticated mechanisms to interfere with host cell
function to achieve bacterial survival and replication. Several SPI-2 T3SS effector proteins
specifically target / interfere with host innate immunity, including GtgA, GogB, SpvC, SpvD
and SspH1. In addition, the SseK family of effectors, SseK1, SseK2 and Ssek3, have been
implicated in inhibition of NF-kB signalling due to their homology to the E. coli translocated
effector, NleB, a potent suppressor of host immune signalling. However, mechanistic insight
and the physiological function of the SseK effector family during Salmonella infection of

macrophages remained to be investigated prior to this thesis work.

6.1 Key findings

Work presented in this thesis revealed that SseK1 and SseK3 inhibit NF-kB activation
and necroptosis during Salmonella infection of macrophages. This inhibition is specific for
TNFa-induced immune signalling and required a DxD motif, which in SseK1 and SseK3 is
essential for arginine-GlcNAcylation of target proteins. Expression of either SseK1 or Ssek3
induces GIcNAcylation of TRADD which is most likely the cause for the inhibitory effect on
host cell innate immunity. Despite stable interaction of Ssek3 with the E3 ubiquitin ligase
TRIM32, SseK3-mediated inhibition of NF-kB signalling and host cytotoxicity does not require
TRIM32. During macrophage infection, SseK1 and SseK3 cause arginine-GlcNAcylation of a
diverse range of distinct bacterial and host proteins, suggesting additional effector functions

during Salmonella infection.

6.2 SseK effector translocation during infection

At first glance, one might hypothesise that the SseK effectors are interchangeable. All

three proteins share a high level of amino acid identity (60-75%), are translocated by the SPI-
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2 T3SS and when ectopically expressed in mammalian cells inhibit TNFa driven NF-kB
signalling. However, when various mutant and complemented mutant strains were
investigated during infection, it became apparent that the SseK proteins differ in (i) their
expression level (ii) their subcellular localisation, (iii) their host protein target spectrum and

(iv) their physiological function.

Initial analysis of the SseK proteins revealed that levels of expressed and translocated SseK1
were much greater than the levels of SseK2 and Ssek3, with the lowest protein levels detected
for SseK2. This is consistent with a previous study that was unable to detect SseK2
translocation due to low protein levels (Kujat Choy et al., 2004). Differences in protein levels
were apparent both during in vitro expression of the effectors in SPI-2 inducing minimal
medium (data not shown) as well as during host cell infection and independent of the analysis
method (western blot, mass spectrometry analysis of isolated protein, immunofluorescence
microscopy). In addition, this variation in the detected SseK protein levels correlated with
reported RNA expression levels of the effectors (Colgan et al., 2016; Srikumar et al., 2015).
However, ectopic expression of SseK proteins from plasmids transfected into 293ET cells
resulted in a similar pattern of protein expression levels (SseK1 > SseK3 > SseK2) as that
detected during endogenous translocation of SseK proteins from bacteria, suggesting
additional levels of regulation. Therefore, it is currently unclear whether the observed
differences arise from differential expression and stability of the RNA, translation or protein
turnover but nevertheless these findings suggest a sophisticated fine-tuning of SseK effector

levels during Salmonella infection.

All three SseK effectors are translocated into macrophages and epithelial cells via the SPI-2
T3SS, yet inside the host cell these proteins have distinct sub-cellular localisations.
Microscopy experiments using HA-tagged effector delivered into host cells during infection
have confirmed previous findings from ectopic expression in HelLa cells that SseK1 is uniformly
distributed throughout the cytoplasm (Kujat Choy et al., 2004). In stark contrast, SseK2 and
SseK3 were observed in tight peri-nuclear accumulations that co-localised with Golgi network
markers in infected macrophages. Currently the mechanism(s) of how SseK2 and SseK3 are
targeted to and maintained at the Golgi apparatus are not fully understood. Predominant
Golgi network association of SseK2 and SseK3 also occurred in transfected 293ET cells,

showing that effector subcellular localisation does not require the context of infection or
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cooperation between the effectors. Neither SseK2 nor Ssek3 have any predicted trans-
membrane helices suggesting that the proteins’ Golgi network association is indirect, possibly
via protein-protein or protein-lipid interaction(s) and/or posttranslational modification(s).
Analysis of SseK3 deletion mutants revealed that the N-terminal region, which is diverse in
sequence between the SseK family members, is required but not sufficient for strong Golgi
network localisation of SseK3. In addition, positive charge of the N-terminal region, as well as
catalytic activity, contribute to SseK3 Golgi network association. Whether this is due to an
interaction with host protein(s), auto-GIlcNAcylation of SseK3 or interaction with Golgi
membrane lipids requires further investigation. Out of the 13 N-terminal amino acids required
for Ssek3 Golgi network localisation 9 are conserved in SseK2, whilst only the initiator
methionine is conserved between SseK3 and SseK1. This suggests that the mechanism(s)
mediating SseK2 and Ssek3 Golgi network association are similar. Currently there are no data
suggesting that SseK2 and SseK3 share a host target spectrum and SseK2 is not detectably
auto-GlcNAcylated. Therefore, to identify the molecular determinants of how SseK2 and
SseK3 associate with the Golgi network, interaction studies of recombinant SseK2 and Ssek3
(and mutants thereof) with liposomes of varying size and lipid composition might be the most
promising futur direction of research. Interestingly, SseK3-SseK1 chimeric proteins (SseK3na4-
SseK1a43) did not localise to the Golgi network whereas the SseK3 N-terminal region fused to
GFP (SseK3n44) partially did. This suggests that an inherent property of SseK1l keeps the
protein in the cytosol, presumably by interaction with host proteins. To further investigate
the properties that mediate differential localisation of SseK3 and SseK1, studies of additional
Ssek3-SseK1 chimeras as well as SseK2-SseK1 chimeras might be useful. This, together with
the analysis of point mutants and liposome assays (mentioned above), will hopefully enable
the identification of additional effector regions required for the differential localisation of the

SseK proteins.

6.3 SseK1 and SseK3 induce arginine-GlcNAcylation of host cell proteins

Based on the SseK’s sequence identity to NleB and the effectors predicted secondary
structure, they were hypothesised to be glycosyltransferases. Indeed, Li and colleagues (2013)
found that overexpression of SseK1 leads to arginine-GlcNAcylation of TRADD. The catalytic

DxD motif of NleB is fully conserved in the SseK proteins and essential for SseK3-mediated
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inhibition of TNFa signalling following ectopic expression (Yang et al., 2015). In my assays the
putative catalytic DxD motif of SseK1 and SseK3 were required for the induction of a large
number of arginine-GlcNAcylated proteins in the host cell, including the effectors themselves.
This strongly suggests that the effectors are bona fide functional enzymes. In addition, no
arginine-GlcNAcylated proteins were detected in cells infected with the AsseK1/2/3 mutant
suggesting that this post translational modification is not a reaction of the mammalian cell to
Salmonella infection but an active process mediated by the SseK effectors. However, further
experiments with purified SseK proteins are required to irrevocably demonstrate that SseK1

and SseK3 are arginine-GIcNAc transferases.

Sugar modification of arginine residues is not present in mammalian cells under physiological
conditions but in recent years it has become clear that this atypical mono-glycosylation is
present in other organisms. Arginine-glucosylation as a PTM was already described in 1995,
mediated by the sweet corn protein B-glucosylarginine (Singh et al., 1995). Interestingly, this
protein auto-glucosylates itself (Singh et al., 1995), yet whether this is of physiological
relevance was not determined. During the course of this thesis, arginine-rhamnosylation by
the EarP glycosyltransferase from E. coli was discovered (Lassak et al., 2015). Structural
analysis of EarP showed that it belongs to the GT-B family of glycosyltransferases (Krafczyk et
al., 2017) and is therefore distinct from NleB and the SseK effectors (which are classified as
GT-A  glycosyltransferases), suggesting that the proteins developed arginine-
glycosyltansferase activity independently. The crystal structure of SseK3 has recently been
solved and revealed that the effector adopts a GT-A fold that shares the highest structural
similarity with the PaToxG glycosyltransferase from entomopathogenic Photorhabdus
asymbiotica (D. Esposito and K. Rittinger, unpublished personal communication). PaTox
mono-0-glycosylates a tyrosine residue of eukaryotic Rho GTPases using UDP-GIcNAc as a
substrate (Jank et al., 2013). As there is no significant sequence similarity between SseK3 and
PaTox it is currently not possible to predict other bacterial (arginine-) GIcNAc transferase
without structural information. Yet, the increasing number of atypical glycosyltransferases
discovered in the last years suggest that mono-glycosylation on residues besides serine and

threonine is more prevalent than originally assumed.

Infection of macrophages with a Assek1/2/3 deletion mutant differs from wild-type infected

cells in at least three aspects: (i) absence of arginine-GlcNAcylated host proteins (ii) increased
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host NF-kB pathway activation and (iii) increased host cell death. Each of these phenotypes
could be complemented by plasmid-based expression of SseK1 or SseK3 in the AsseK1/2/3
strain, suggesting a functional correlation between the phenotypes and the effectors catalytic
activity. Transfection based experiments using putative catalytic DxD mutants of the
effectors, strengthened the link between arginine-GIcNAcylation and inhibition of host cell
immunity. Unfortunately, as the DxD SseK mutants were poorly translocated from bacteria
into the host cell, it was not possible to study this in the physiological context of Salmonella
infection. It was previously reported that mutagenesis of NleB, at numerous residues, results
in decreased translocation of the effector (Wong Fok Lung et al., 2016), however whether this
is the case for the catalytic DxD mutant was not investigated. Two additional amino acids in
NleB (E253A and Y219A), required for catalytic function of NleB were also identified in the
study (Wong Fok Lung et al., 2016), which are fully conserved in the SseK proteins. Both amino
acids are in close proximity to the catalytic DxD motive in the crystal structure of Ssek3 and
are predicted to be involved in the coordination of the sugar donor or required for the
catalytic nucleophilic attack (unpublished, D. Esposito and K. Rittinger). Mutagenesis of these
amino acids in the Salmonella effectors might provide an appropriate tool to study catalytic

effector mutants during Salmonella infection.

6.4 SseK1 and SseK3 inhibit TNFo-driven NF-kB activation and host cell death

Inhibition of NF-kB signalling by SseK1 and SseK3 was previously described (Li et al.,
2013; Yang et al., 2015) but the mechanism and relevance during Salmonella infection was
not understood. Using a RAW 264.7 macrophage NF-kB-reporter cell line | showed that both
SseK1 and SseK3 function additively to inhibit NF-kB activation during infection. As infection
with the AsseK1/3 double or AsseK1/2/3 triple mutants yielded a similar degree of enhanced
NF-kB reporter induction as the SPI-2 defective ssaV mutant strain it is tempting to speculate
that these effectors are the only ones to modulate NF-kB activity during macrophage
infection. However, this is unlikely to be the case. First, the ssaV mutant has a severe
replication defect at the 16 h time points assayed and so is likely to elicit reduced induction
of the reporter. Second, the SPI-2 dependent effector SpvD has been reported to inhibit NF-
kB induction (Grabe et al., 2016; Rolhion et al., 2016) with a role for Ssel being more

controversial (Le Negrate et al., 2008; Mesquita et al., 2013). Whether there is a SPI-2- as well
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as SPIl-1-dependent role for GtgA/PipA and GogA requires further investigation (Sun et al.,
2016). It is likely that multiple effectors inhibiting NF-kB induction enable Salmonella to fine-
tune host immune responses, potentially in a cell-type and temporal manner that awaits
further investigation. RNA sequencing of wild-type and mutant Sa/monella infected host cells
at various time points post uptake could help to investigate specific host gene expression
profiles and immune responses modulated by the effectors. In addition, investigation of the
host immune response when challenged with combined deletion mutant strains might clarify
if the currently known NF-kB pathway modulating effectors (SseK1, Ssek3, GtgA, PipA, GogA

and SpvD) have distinct or redundant function during Salmonella infection.

Neither in this work, nor in previous studies (Buckner et al., 2011; Kidwai et al., 2013), did
deletion of individual or all three SseK effectors cause attenuation of the Salmonella mutant
in mice. This was independent of the inoculation route (oral gavage or intraperitoneal
injection) and the duration of infection, with tested conditions ranging from between 2 to 14
days. The commonly used competitive index infection assay has the disadvantage that the co-
inoculated wild-type stain might cross-complement (subtle) defects of the investigated
mutant and differences in virulence might therefore not be apparent. Therefore, it cannot be
excluded that effects of the SseK effectors on Salmonella fitness were missed. Due to the
additive effect of SseK1l and SseK3 on innate immune signalling, analysis of cytokine
expression and host cell recruitment to immunological sites might give more insight into
whether inhibition of NF-kB signalling by the SseK effectors modulates the host immune

response during Salmonella infection.

Many different stimuli contribute to the activation of the NF-kB signalling cascade during
Salmonella infection (Lawrence, 2009). Interestingly, all three SseK effectors were able to
inhibit TNFa-driven NF-kB pathway signalling when ectopically expressed. Therefore, the
effectors are sufficient for signalling modulation and can function individually and
independently of the context of Salmonella infection. However, neither the SseK effectors nor
their E.coli homologue NleB inhibited overall pathway activity after IL-1a, IL-18, HMW
poly(l:C) stimulation or auto-activation by TLR4 overexpression. These data indicate that the
SseK proteins do not inhibit a component of the classical, conserved NF-kB pathway but a
TNFa agonist-specific component of the cascade prior to IKK complex phosphorylation. This

is in contrast to other SPI-2 T3SS effectors including GtgA, GogB and SpvD, which target
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proteins common to numerous agonists (Pilar et al., 2012; Rolhion et al., 2016; Sun et al.,
2016). It is important to verify the specific effect of SseK1 and SseK3 on TNFa-driven NF-kB
signalling during macrophage infection, however attempts to address this using Enbrel, a
TNFa antagonist, were inconclusive. Treatment with this competitive inhibitor drastically
reduced overall activation of an NF-kB reporter during Salmonella infection, suggesting that
at late infection time points NF-kB pathway activation in macrophages is mainly driven by
TNFa. However, due to the minimal activation levels of the NF-kB reporter it was not possible
to conclusively determine if differences in NF-kB signalling activity between wild-type and
AsseK1/2/3 Salmonella infected macrophages depended on TNFa. Analysis of NF-kB signalling
and NF-kB-regulated cytokines in Tnfa”~ or Tnfr/" mice (or associated cell lines) upon wild-
type and Assek1/2/3 Salmonella infection would therefore help to further understand the

stimulus-specific effects(s) of SseK1 and SseK3 on NF-kB pathway activity.

NF-kB signalling and cell death are tightly linked innate immune responses to bacterial
infection and are both regulated by TNFa signalling. Similar to their effect on NF-«B signalling
both SseK1 and SseK3 inhibit host cell death during macrophage infection. Dependent on the
cellular context, both effectors can inhibit apoptosis or necroptosis. During macrophage
infection Salmonella causes necroptotic cell death (Robinson et al., 2012), which is inhibited
by SseK1 and SseK3, whereas levels of apoptosis are low in this cell type. Treatment with the
TNFa inhibitor Enbrel mitigated enhanced cell death induced by the AsseK1/2/3 mutant
compared to wild-type Salmonella infection, showing that SseK1 and SseK3 specifically inhibit
TNFa-induced necroptosis in macrophages. Interestingly, cytotoxicity of wild-type Salmonella
infected macrophages was unaffected by Enbrel treatment, suggesting that the SseK effectors
are potent inhibitors of TNFa-induced cell death during macrophage infection. Necroptotic
cell death is highly inflammatory and required for the control of bacterial infection in mice
(e.g. Yersinia pestis (Weng et al., 2014), Staphylococcus aureus (Kitur et al., 2016). On the
other hand, necroptosis-deficient mice (Rip37") infected with Salmonella display less
macrophage death and enhanced control of S. Typhimurium in vivo without any substantial
difference detected in animal survival (Robinson et al., 2012). This paradoxical observation
requires further investigation but suggests that a tight control of necroptotic cell death (by
the SseK effectors) is required for Salmonella pathogenesis. To clarify this, investigation of

Salmonella infection in MLKL deficient mice is required. This is preferred over further studies
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in RIPK deficient mice as MLKL is the ultimate component of necroptosis signaling, whereas
RIPK3 is involved in the balance between apoptotic and necroptotic cell death (Newton et al.,
2014) and therefore phenotypic outcomes observed in Ripk3”- mice are more complex. In
addition, analysis of Salmonella infection in MIkl”- mice over a longer timeframe, as well as
comparing the outcome of infection after inoculation of mice with sseK deletion strains, will

help to understand the role of necroptosis and the SseK effectors during Salmonella infection.

NleB achieves specificity towards inhibiting TNFa-driven cell signalling due to the modification
of death domain containing proteins, including FADD and TRADD. Targeted analysis of these
proteins as putative SseK substrates revealed that SseK1l induces GlcNAcylation of
overexpressed FADD during transfection and infection of Hela cells without stable interaction
between the proteins. SseK1-induced Arginine-GlcNAcylation of FADD occurred on R117, the
same amino acid targeted by NleB (Pearson et al., 2013). This suggests that SseK1 prevents
FADD oligomerisation and downstream signalling in a comparable mechanism to NleB.
However, FADD was not detected when SseK1-specific arginine-GlcNAcylated proteins were
analysed during Salmonella infection of macrophages, suggesting that FADD is a cell type or
context specific target of SseK1. In contrast, both SseK1l and SseK3 expression induced
arginine-GlcNAcylation of TRADD when ectopically overexpressed as well as during
macrophage infection. Interestingly, mutation of the arginine residue modified by NleB (R233)
was insufficient to prevent SseK1-induced arginine-GlcNAcylation of TRADD. Evidently, SseK1
modifies either different or multiple arginine residue(s) in TRADD. Mass spectrometry-based
identification of the precise amino acid modified is required to fully understand the impact of
the PTM on TRADD function. It is however likely that similar to NleB-mediated modification
of TRADD, SseK-mediated modification prevents oligomerisation of the TRADD death domain
and thereby inhibits TNFR1-TRADD, TRADD-FADD and TRADD-RIPK1 interactions (Park et al.,
2014), resulting in loss of protein function. Alternatively, arginine-GlcNAcylation in the N-
terminal domain of TRADD might alter TRAF2 interaction (Park et al., 2000) and impede
immune signaling. In addition, the amino acid modified by SseK3 has not been investigated
and it is possible that both effectors arginine-GlcNAcylate different residues in TRADD to

achieve cooperative or differential physiological outcomes.

Modification of TRADD might be sufficient to explain the specificity of SseK1 and SseK3 to

TNFa-driven NF-kB pathway inhibition in contrast to other (secondary) stimuli as this death
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domain protein is essential for functional TNFR signalling (Pobezinskaya et al., 2008). In
contrast, neither LPS- nor IL-1-induced NF-kB signalling in macrophages require TRADD
(Ermolaeva et al.,, 2008; Pobezinskaya et al., 2008), making them immune to the SseK
effectors. In contrast, intracellular detection of cytosolic RNA (or poly(l:C)) by RLRs and
subsequent activation of NF-kB signalling requires FADD and TRADD (Balachandran et al.,
2004; Kawai et al., 2005; Michallet et al., 2008; Takahashi et al., 2006). Therefore it is
surprising that this signalling cascade is not inhibited by SseK1, SseK3 and NleB. It is possible,
that this is due to the differential localisation of the death domain-containing proteins in the
host cell, protein complex composition or inaccessibility of the target amino acid in the
complex. Identification of the precise amino acid(s) GlcNAcylated in TRADD by SseK1 and

Ssek3 will help to gain insight into this puzzle.

Similarly, cell death inhibition by SseK1 and Ssek3 following TNFa-stimulation of cells can be
explained by arginine-GIcNAcylation of death domain containing proteins as both FADD and
TRADD are crucial for this process (Lin et al., 2004; Pobezinskaya et al., 2008) In contrast, only
FADD is required for TRAIL-induced cell death (Sprick et al., 2000) whereas TRADD negatively
regulates this process (Cao et al., 2011), probably due to competitive interaction with the
TRAIL receptor. Interestingly, despite GlcNAcylation of both FADD and TRADD by SseK1, no
effect on TRAIL-induced apoptosis by overexpressed SseK1 was detected. Higher modification
levels of TRADD compared to FADD by SseK1 might account for this phenotype, yet whether
this is due to differential affinity of SseK1 activity towards the death domain proteins or
protein abundance in the host cell is currently unknown. Again, this revealed differences
between the effectors as SseK3 inhibited both TNFa-and TRAIL-driven cell death in a
catalytically dependent manner. This suggests that in addition to TRADD, SseK3 has further
host cell targets involved in death-domain receptor signalling. To date, these additional
targets remain unknown, as mass spectrometry analysis of SseK3-dependent arginine-
GlcNAcylated proteins did not detect proteins involved in host cell death besides TRADD. To
address this more directly future work should analyse (SseK3-dependent) arginine-
GlcNAcylated proteins specifically after engagement of the TRAIL-receptor. Interestingly,
when challenged with S. Typhimurium, survival of TRAIL receptor deficient mice are
comparable to wild-type animals (Diehl et al., 2004), suggesting that either TRAIL signaling is

not required for the control of Salmonella infection or that Salmonella successfully suppresses
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any TRAIL-mediated effects, possible by Ssek3 function. Overall, neither of the Salmonella
SseK proteins inhibited cell death in response to all three death-inducing agonists, TNFa,
TRAIL or FasL as potently as NleB. Substrate diversification of SseK proteins (beyond death-
domain containing protein) may mean they are enzymatically less effective / potent towards
particular substrates. This might be the reason for the retention of more than one SseK

effector in several strains of Salmonella.

6.5 The physiological function of SseK2 remains unknown

Due to the homology to the E. coli effector NleB (Brown et al., 2011), | hypothesised
that all three SseK effectors are arginine-GIcNAc transfers that inhibit NF-kB signalling and
host cell death in a redundant manner. However, analysis of these phenotypes revealed
interesting and unexpected differences between the effectors. In respect to its physiological
relevance, SseK2 seems to be distinct from both SseK1 and SseK3, and its function during
Salmonella infection remains enigmatic. SseK2 overexpression did inhibit TNFa-induced NF-
kB activation upon transfection of 293ET cells. This was dependent on its putative catalytic
DxD motif, suggesting that SseK2 is a functional enzyme. This is further supported by weak
auto-GlcNAcylation of SseK2 and the detection of weak arginine-GIcNAcylated proteins when
SseK2 was ectopically expressed (Giinster et al., 2017). However, these phenotypes were only
apparent when SseK2 was highly overexpressed and not detectable during macrophage
infection, suggesting that both phenotypes might be non-physiological. Nonetheless, it
remains possible that any effects of SseK2 on the NF-kB pathway and host cell death during
Salmonella infection were below the detection limit or occur in a different cell type or time
point than assayed here. Despite the fact that SseK2 was translocated into macrophages in a
SPI-2 T3SS dependent manner, no arginine-GlcNAcylated proteins were detected by
immunofluorescence or western blot for the ssekK1/2/3 mutant strain expressing SseK2. Low
expression levels of SseK2 (compared to SseK1 or SseK3) from the complementing plasmid
might account for this observation. Yet, all detectable GIcNAcylated signal was absent in cell
lysates from sseK1/3 mutant infected cells, when compared to wild-type Salmonella infected
cell lysates. In addition, no SseK2-specific arginine-GlcNAcylated proteins were identified by
mass spectrometry of infected RAW 264.7 macrophages, suggesting that SseK2 does not

function as an arginine-GIcNAc transferase under the tested conditions. However, the
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predicted structure of SseK2 and its requirement of the DxD motif to inhibit NF-kB signalling
when overexpressed suggest that SseK2 is a functional enzyme, likely a GT-A
glycosyltransferase. It is possible that SseK2 has evolved to preferentially catalyse the
GlcNAcylation of different amino acid residue(s) or to transfer a different saccharide moiety
that is not detected by the arginine-GIcNAc-specific antibody used in this study. To date, the
primary amino acid sequence of bacterial GTs is not sufficient to predict the sugar donor
substrate utilised by the enzyme (Brockhausen, 2014; Schmid et al., 2016). Therefore,
measurement of the binding affinity of SseK2 to a large variety of sugar donors as well as
extensive structural analysis of SseK2 will be required to determine the enzymatic function of
the effector. Any validated substrates might then indicate the function of SseK2 during
infection. Alternatively, it is possible that rather than enzymatic diversification, SseK2 is on its
way to becoming “dead” as sseK2 is disrupted in a large number of Salmonella enterica

serovars including S. Enteritidis, S. Paratyphi A and S. Typhi (Nuccio and Baumler, 2014).

6.6 TRIM32 - the enigma

Mass spectrometry analysis of SseK3 binding partners during macrophage infection
identified a single protein, TRIM32. Work by Yang and colleagues (2015) previously showed
specific binding of SseK3 to this E3-Ubiquitin ligase when SseK3 was ectopically expressed.
Yet whether this interaction occurs during Salmonella infection was previously unknown.
Ssek3, not SseK1 and SseK2, specifically and directly binds to TRIM32. This sets this protein
family apart from other SPI-2 T3SS effectors like the GtgA/GogA/PipA families where all three
effectors bind to and cleave the same substrates, the NF-«kB transcription factors RelA and

RelB (Sun et al., 2016).

Ssek3-TRIM32 binding occurs in the NHL domain of TRIM32 (T. Thurston, unpublished) and
was completely abolished when using an N-terminal deletion mutant of SseK3 (SseK3anaa).
However, analysis of the SseK3 crystal structure (D. Esposito and K. Rittinger) suggests that
this deletion unfolds the protein, making the inability of the SseK3ana2 mutant to bind TRIM32
a probable artifact. Attempts to co-crystallise SseK3 and TRIM32 to gain further insight into
the structural details of the protein interaction were unsuccessful due to the insolubility of
full-length TRIM32 or the TRIM32 NHL-domain on its own (D. Esposito and K. Rittinger,
personal communication). Analysis of a larger range of SseK3-SseK1 chimera proteins might
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be required to further characterise the SsekK3 regions involved in TRIM32 binding.
Interestingly, even though TRIM32 and SseK3 co-localise at the Golgi network, this is not
required for the proteins interaction but might be needed for independent functions of the
two proteins. Post translational modification and changes to effector specificity mediated by
host proteins is an emerging concept in microbiology (Popa et al., 2016). For a large number
of proteins binding to the TRIM32 NHL domain results in ubiquitination and degradation of
the proteins (Horn et al., 2004; Kano et al., 2008; Liu et al., 2014). In contrast, there was no
change in molecular mass of SseK3 when co-expressed with TRIM32 that could indicate
ubiquitination of the effector and translocation, intracellular localisation and protein stability
of Ssek3 were independent of TRIM32. This suggests that SseK3 is not a direct TRIM32
ubiquitination target but it cannot be excluded that the interaction facilitates other
posttranslational modifications of the effector. Sensitive mass spectrometry analysis of

purified SseK3 might help to further elucidate this.

Even though TRIM32's involvement in muscle development and disease (Lazzari and Meroni,
2016) is characterised best, several studies link the E3 ligase to innate immunity (Albor et al.,
2006; Horn et al., 2004; Ryu et al., 2011). Overexpression of TRIM32 positively regulates NF-
kB signalling activity (Albor et al., 2006; Uchil et al., 2013) whereas knock-down of the E3
ligase prevented NF-kB reporter activation (Yang et al., 2015). This is in partial contrast to my
data as TRIM32 KO macrophages responded similarly to wild-type cells when stimulated with
LPS and no differences in cytokine levels were detected in macrophages from infected wild-
type or Trim327/- mice. However, this might be due to adaptation and compensation of the
cells due to the long-term absence of TRIM32. Overall, many TRIM proteins have different
phenotypes depending on the cell type analysed and tight regulation of protein levels seems
to be crucial (Uchil et al., 2013). In a recent study investigating TRIM32 function it was found
that low and high levels of TRIM32 overexpression result in opposing phenotypes that are
additionally cell type dependent (Pavlou et al., 2016) suggesting that the opposing (published)
phenotypes might be due to different experimental conditions and not necessarily
contradictory. Reintroduction of TRIM32 into the Trim327 cells and subsequent analysis of
innate immune signaling was hampered as retroviral transduction resulted in significantly

higher levels of TRIM32 protein than wild-type cells (data not shown).
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The published links to immune signalling made TRIM32 a likely target for GlcNAcylation by
Ssek3 to mediate the effectors NF-kB suppressive phenotype. However, no modification of
TRIM32 by SseK3 was detected (Figure 4.3, (Yang et al., 2015)) and inhibition of IFNB-induced
ISRE reporter activation by TRIM32 was unaffected by coexpression of SseK3. This is similar
to the SPI-2 T3SS effector SseL which stably interacts with oxysterol-binding protein-1 (OSBP)
(Auweter et al., 2011), yet does not seem to deubiquitinate OSBP (Auweter et al., 2012).
Currently, for both interactions, the physiological relevance is unknown and it is therefore
possible that the interactions are neutral and without consequence for the function of either
interaction partner. TRIM32 self-associates into a tetramer (Koliopoulos et al., 2016) and
could therefore function as a structural scaffold for SseK3 function rather than being a direct
effector target. However, TRIM32 was not required for SseK3-mediated inhibition of NF-kB
signalling or host cell death. Therefore, the physiological significance of the SseK3-TRIM32
interaction remains enigmatic. Analysis of arginine-GIcNAcylated proteins revealed a large
number of potentially new SseK3 targets and phenotypes, including the arginine-
GlcNAcylation of SseK3 itself. Investigation into whether these proteins are arginine-
GlcNAcylated in the TRIM32 KO macrophages might shed light onto the physiological
relevance of the TRIM32-SseK3 interaction. In addition, quantitative mass spectrometry
analysis of TRIM32-bound proteins in uninfected and Salmonella-infected cells might help to

elucidate the role of TRIM32 during Salmonella infection.

Short-term infection of Trim327- mice was indistinguishable from wild-type mice in the overall
bacterial load as well as amount of Salmonella-infected splenic macrophages, suggesting that
TRIM32 is not required for the control of Salmonella infection. Subsequent to this work, a
study showed that loss of TRIM32 leads to an enhanced TH2 response in a mouse dermatitis
model (Yuangang Liu et al., 2017). This is due to a reduction in TH17 cytokines (IL-17, CCL20)
and increased expression of TH2 cytokines (IL-4, IL-5), resulting in enhanced recruitment of
TH2 cells, mast cells and eosinophil’s to psoriatic lesions (Yuangang Liu et al., 2017). During
Salmonella infection of mice, differences in immune cell recruitment to immunological organs
like the mesenteric lymph nodes and the spleen only become apparent during long-term
infection (> 2 weeks, (Mittriicker et al., 2002; Pie et al., 1997)). Therefore, it would be

interesting to analyse the cytokine pattern and T-cell response of wild-type and Trim327~ mice
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during long-term and persistent Salmonella infections in mice to gain further understanding

of TRIM32 function during Salmonella infection.

6.7 Revealing target specificities between SseK1 and SseK3

After macrophage infection wth wild-type Salmonella, multiple proteins of different
molecular mass were arginine-GlcNAcylated. Analysis of arginine-GIcNAc patterns induced by
various sseK mutant strains revealed that SseK1 and SseK3 have different host cell targets

during Salmonella infection.

To determine the identity of these proteins | used different approaches. The most common
un-biased approach to identify effector binding proteins is isolation of the bacterial protein
from transfected or infected cells followed by mass spectrometry analysis of the co-purified
proteins (Auweter et al., 2011; Sontag et al., 2016). Using this approach for translocated SseK
effectors isolated from macrophages did not identify any new SseK interaction partners. This
was probably due to the catalytic activity of the enzymes, resulting in highly transient
interactions with target proteins. This is different to NleB which does form a stable interaction
with death domain containing proteins (Li et al., 2013; Pearson et al., 2013), which might
reflect greater affinity of NleB to its substrates. Lack of stable SseK-host protein binding was
also observed during transfection experiments, where target protein arginine-GlcNAcylation
was observed but no stable protein-protein interactions were detected. To circumvent this
problem, catalytically inactive trapping mutants can be used (Lopez-Otin and Overall, 2002),
however the SseK DxD mutants are poorly translocated and can therefore not be used during
Salmonella infection. The only protein that formed a stable interaction with any SseK effector
was TRIM32 to SseK3, yet this protein was not GlcNAcylated by the effector and was not

required for SseK3-mediated NF-kB and cell death inhibition.

In a second unbiased approach, arginine-GlcNAcylated proteins from infected macrophages
were isolated by anti-Arg-GIcNAc immunoprecipitation and analysed by mass spectrometry.
This revealed a vastly different putative target spectrum for SseK1 and SseK3 but was unable
to identify SseK2-dependent arginine-GlcNAcylated host proteins. Due to the low affinity of
the anti-Arg-GIcNAc antibody, it is likely that the recovered proteins only represent the most

abundant or highly modified proteins during macrophage infection and additional SseK
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targets (below the detection limit) might exist. For all the identified SseK-dependent arginine-
GlcNAcylated proteins additional verification is required, ideally using an in vitro
GlcNAcylation assay, which has the added benefit that identification of the modified amino
acid residue(s) by subsequent mass spectrometry is possible. In addition however, it will
important to verify these putative substrates following infection of cells with bacteria.
However, as all the identified proteins were highly specific (absent from controls) and

reproducible, it is tempting to speculate on additional functions for SseK1 and SseK3.

Interestingly, both by a targeted approach as well as unbiased mass spectrometry, auto-
GlcNAcylation of SseK1 and SseK3 was detected. This is in clear contrast to NleB, which is not
arginine-GlcNAcylated but is similar to auto-arginine-glucosylation of the sweet corn protein
B-glucosylarginine (Singh et al., 2005). Currently it is unknown whether auto-GIcNAcylation
occurs in a cis-or trans-fashion and if it is required for the effectors catalytic function,
substrate specificity or subcellular localisation. Identification of the modified arginine
residue(s) in SseK1 and SseK3 will allow further insight into the functional difference between

SseK1, SseK3 and NleB.

In addition to SseK1 itself, only a few proteins were modified in an SseK1-dependent manner
as identified by anti-Arg-GIcNAc immunoprecipitation and mass spectrometry from S.
Typhimurium infected macrophages. The largest number of identified peptides corresponded
to TRADD, confirming results from the targeted approach using overexpressed protein and
suggesting that TRADD is the main SseK1 target during macrophage infection. Additionally,
the Thioredoxin Domain Containing protein 9 (TXNDC9, also named PHLP3) was identified.
The exact function of TXNDC9 is currently unknown but it has a function in establishing a
functional cytoskeleton (Stirling et al., 2006). Therefore, actin and tubulin disturbance by
SseK1 might be possible and should be investigated. Unexpectedly, three SseK1-dependent
arginine-GlcNAcylated Salmonella proteins were also detected. OmpR and ArcA are
transcriptional response regulators (Evans et al.,, 2011; Lee et al., 2000), whilst RbfA is a
ribosome binding factor. None of these Salmonella proteins are reported to be translocated
into the host cell and were likely in the analysed cytoplasmic fraction due to the cell lysis
conditions used (0.3 % triton X-100) or bacterial cell death. Nevertheless, it is possible that
SseK1 has dual functions, modifying proteins inside Salmonella as well as in the host cell.

Analysis of arginine-GIcNAcylated proteins from bacteria grown in SPI-2 inducing minimal
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medium is likely to clarify this. During macrophage infection several proteins of different
molecular weight were GlcNAcylated in an SseKl-dependent manner. One arginine-
GlcNAcylated protein of approximately 38 kDa present in wild-type Salmonella infected cells
(Figure 5.1, highlighted by the ¥ symbol) could represent SseK1 itself (38.8 kDa) as this protein
was absent during infections with the AsseK1 deletion stain. Instead an additional protein of
approximately 41 kDa was present during infection with the AsseK1/2/3pSseK1 strain, which
could represent 2xHA-tagged SseK1. Additional arginine-GlcNAcylated proteins with a similar
molecular weight to TRADD and TXNDC9 were detected in macrophage lysates. But which (if
any) of these represent TRADD or TXNDC9 remains to be established. Analysis of the arginine-
GlcNAcylation protein pattern in respective knock down or knock out cells would be required

for this.

Anti-Arg-GlcNAc immunoprecipitation and mass spectrometry analysis from macrophages
infected with Salmonella expressing SseK3 revealed a large number of putative host cell
targets of SseK3. Gene ontology analyses showed that the majority of these proteins localise
to host cell membranes, mainly at the Golgi network (e.g. BET1L, RAB14, RAB1A, RAB1B,
SCFD1, ACBD3, GOSR1, GOLGAS5, OSBP, PDXDC1, SLC30A6, VAMPA4). This correlates with the
subcellular localisation of SseK3-dependent arginine-GlcNAcylated proteins detected by
immunofluorescence as well as SseK3’s localisation in the host cell. Currently it is not known
whether the differences in SseK1 and SseK3-dependent modified proteins is solely due to the
differential subcellular localisation of the proteins in the host cell. Redirection or tethering of
SseK1 to the Golgi network for example with nanobody traps (Harmansa et al., 2017) might
resolve this question. In addition, in vitro target glycosylation assays as well as the structure-
based identification and subsequent mutation of the SseK-target interface will help to further

elucidate SseK1 and SseK3 target specificity.

In addition to their Golgi network localisation, several of the SseK3-dependent identified
proteins are involved in (vesicle-mediated) protein transport to and from the Golgi network
(e.g. BET1L, NSF, RAB14, RAB1A, RAB1B, RAB3IL1, RAB5C, SCFD1, GOSR1). Manipulation of
intracellular protein transport and host cell organelles is a common defence mechanism of a
large number of bacterial pathogens (Escoll et al., 2015). Of the SPI-2 T3SS effectors, SifA,
SseG and SseF have been shown to redirect exocytic post-Golgi vesicles to the vicinity of the

SCV (Kuhle et al., 2006), however whether SseK3 contributes to this process was not
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addressed in the study and requires further investigation. Interestingly, both SseF and SseG
interact with the Golgi protein ACBD3 (Yu et al., 2016), which was also identified as a putative
SseK3 target. Currently there is no evidence of cooperation or antagonism between Ssek3
and SseF-SseG. SseK3 alone is sufficient to inhibit NF-kB signalling and cell death, yet analysis
of Golgi network associated functions of the effector in differential deletion mutants might
further our understanding of SPI-2 T3SS effector coordination. In addition, SopB, PipB2 and
SspH2 block host cell exocytosis (Perrett and Zhou, 2013). Yet, in the same study no effect of
SseK3 on exocytosis was detected (Perrett and Zhou, 2013) suggesting that any effect on
protein transport is limited to intracellular trafficking. Golgi network localisation of SseK3 was
not required for the effectors inhibition of NF-kB signalling but might be essential for effects
on protein redistribution in the host cell and therefore requires further investigation. Besides
the Golgi network associated proteins, several other potential SseK3 targets stand out. TRADD
and JAK1 are both involved in innate immune signalling. While TRADD is likely to be the Ssek3
target responsible for NF-kB signalling inhibition, no effect of SseK3 on JAK1-mediated IFNf
signalling was detected. Nevertheless, it is possible that JAK1 modification by SseK3 might
affect IL-6 or IFNy signalling. Unexpectedly, the mammalian O-GIcNAc transferase (OGT) was
also identified in the anti-Arg-GIcNAc immunoprecipitation mass spectrometry. Whether this
is due to unspecific binding of the antibody or if OGT is a true SseK3 target is currently
unknown but presents an intriguing line of future research. Overall, verification of the
identified putative SseK3 arginine-GlcNAcylation targets might reveal a target “motif” as
recently suggested for NleB (El gaidi et al., 2017) and also open up a large number of research
avenues with potentially interesting new Ssek3 functions during Salmonella infection of

macrophages.

In summary, the work presented in this thesis revealed intriguing similarities and
differences between the SseK effectors. Both SseK1 and SseK3 inhibit NF-kB activation and
necroptosis during Salmonella infection of macrophages but this is not the case for SseK2.
SseK function requires a DxD motif, which in SseK1 and SseK3 is essential for protein arginine-
GlcNAcylation. Inhibition of immune signaling and host cell death by the SseK effectors is
specific for TNFa-induced inflammation and probably due to the arginine-GlcNAcylation of

TRADD by SseK1 and SseK3. Interestingly, SseK3 function was found to be independent of
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TRIM32, despite stable interaction of the proteins during Salmonella infection. In addition,
SseK1 and SseK3 caused GIcNAcylation of different proteins in infected macrophages

revealing that these effectors have distinct substrate specificities and additional, yet-to-be

validated functions during Salmonella infection.
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7 APPENDIX

Table 7.1. Murine proteins identified by tandem LC-MS/MS analysis as SseK-HA or SseL-HA specific binging
partners

Accession: Swiss-Prot database identifier
Score: Mass spectrometry score obtained through MASCOT analysis
Peptides: Number of significant peptide matches identified by LC-MS/MS MASCOT analysis

Rep_B and Rep_E: Two independent biological repeats

Accession Score (Peptides) Description

Rep_B Rep_E

SseK1-HA specific proteins

Q7TMX5 52 (1) 124 (3) Protein SHQ1 homolog

Q8BH35 99 (1) 48 (1) Complement component C8 beta chain

Q64261 42 (2) 28 (2) Cyclin-dependent kinase 6

D3YZP9 37 (2) 24 (1) Coiled-coil domain-containing protein 6

Q56A10 31(2) 29 (2) Zinc finger protein 608 1

Q6ZWX6 37 (1) 23 (1) Eukaryotic translation initiation factor 2 subunit 1

Q9QZ05 31 (1) 26 (2) Eukaryotic translation initiation factor 2-alpha
kinase 4

SseK2-HA specific proteins
Q6ZWR6 43 (2) 44 (4) Nesprin-1
P48428 34 (1) 27 (1) Tubulin-specific chaperone A

SseK3-HA specific proteins
Q8CH72 654 (10) 779 (21) E3 ubiquitin-protein ligase TRIM32

Q7TPR4 54 (1) 85 (2) Alpha-actinin-1

Qacale 49 (2) 38 (1) Coactosin-like protein

E9Q414 31 (1) 48 (2) Apolipoprotein B-100

A2AQ25 35(1) 41 (2) Sickle tail protein

P56394 42 (1) 29 (1) Cytochrome c oxidase copper chaperone
Q8BzQ7 25 (1) 29 (1) Anaphase-promoting complex subunit 2
Q7TQGO 25 (1) 16 (1) Zinc finger and BTB domain-containing protein 5

SseL-HA specific proteins
Q3B722 2420 (43) 2301 (51) Oxysterol-binding protein 1
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Q9QY76

Q9D1C1
Q80X71
Q8vCo4
Q99J93
Q8CFEb6
P27601

P97765
070404
P61028
035609
Q9EROO
P35295
Q61542
Q9JKK1
088384

Q2TBE6
P20934
Q9D4H8
QoD6M3
Q5Y5T1
054965
Q9QXK3
QsJLuo

P70398

Q60972
Q9D799
Q9z0P4
Q8BS95

283 (7)

191 (3)
317 (6)
238 (5)
194 (2)
104 (1)
95 (2)

110 (3)
85 (1)
59(3)
77 (1)
58 (1)
68 (1)
87 (1)
102 (1)
28 (2)

77 (1)
34 (1)
82 (3)
43 (1)
50 (1)
47 (1)
78 (2)
55 (1)

36 (2)

35 (1)
33(2)
25 (1)
28 (1)

487 (11)

230 (5)
96 (2)

160 (3)
146 (4)
198 (6)
181 (4)

124 (5)
141 (6)
132 (3)
112 (1)
125 (2)
100 (2)
73 (1)

52 (1)

109 (2)

57 (1)
89 (1)
38(2)
67 (1)
52 (1)
52 (1)
19 (1)
42 (1)

35(2)

36 (1)
24 (1)
28 (1)
19 (1)

Vesicle-associated membrane protein-associated
protein B

Ubiquitin-conjugating enzyme E2 C
Transmembrane protein 106B

Transmembrane protein 106A
Interferon-induced transmembrane protein
Sodium-coupled neutral amino acid transporter 2

Guanine nucleotide-binding protein subunit
alpha-13

WW domain-binding protein 2
Vesicle-associated membrane protein 8
Ras-related protein Rab-8B

Secretory carrier-associated membrane protein 3
Syntaxin-12

Ras-related protein Rab-20

StAR-related lipid transfer protein

Syntaxin-6

Vesicle transport through interaction with t-
SNAREs homolog 1B

Phosphatidylinositol 4-kinase type 2-alpha
Protein EVI2A

Cullin-2

Mitochondrial glutamate carrier 1
Probable palmitoyltransferase ZDHHC20
E3 ubiquitin-protein ligase RNF13
Coatomer subunit gamma-2

Lipopolysaccharide-induced tumor necrosis
factor-alpha factor homolog

Probable ubiquitin carboxyl-terminal hydrolase
FAF-X

Histone-binding protein RBBP4
Methionyl-tRNA formyltransferase, mitochondrial
Paralemmin-1

Golgi pH regulator
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SseK1-HA and SseK3-HA specific proteins

A2ARI4

SseK1
SseK3
035737
SseK1
Ssek3

23 (1)
24 (1)

138 (2)
84 (1)

Leucine-rich repeat-containing G-protein coupled

receptor 4
28 (1)
21 (1)
Heterogeneous nuclear ribonucleoprotein H
136 (4)
103 (3)

SseK2-A and SseK3-HA specific proteins

Q8BV66
SseK2
SseK3

72 (2)
69 (1)

Interferon-induced protein 44

53 (1)
32 (1)

SseK1-HA, SseK2-HA and SseK3-HA specific proteins

P04945
SseK1
SseK2
Ssek3

P47757
SseK1
SseK2
SseK3

P26443
SseK1
SseK2
SseK3

129 (1)
138 (1)
342 (3)

299 (5)
131 (4)
80 (3)

64 (1)
45 (1)
46 (1)

Ig kappa chain V-VI region NQ2-6.1
66 (1)
89 (1)
205 (2)

F-actin-capping protein subunit beta
74 (2)
42 (1)
55 (2)

Glutamate dehydrogenase 1, mitochondrial
29 (1)
68 (1)
59 (1)
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Table 7.2. Proteins identified by tandem LC-MS/MS analysis after arginine-GIcNAc immunoprecipitation

from RAW 264.7 macrophage infection for 16 h with AsseK1/2/3pE, AsseK1/2/3pSseK1, AsseK1/2/3pSsek2 or

AsseK1/2/3pSsek3.

Accession: SwissProt database identifier (Mus musculus)

UniProt database identifier (S. Typhimurium 14028s) highlighted in light blue.

Score: Mass spectrometry score obtained through MASCOT analysis

Peptides: Number of significant peptide matches identified by LC-MS/MS MASCOT analysis

Rep_1, Rep_2 and Rep_3: Three independent biological repeats

Accession Score (Peptides) Description
Rep_1 Rep_ 2 Rep 3

pSseK1 specific proteins

Q9CQ79 361 (7) 612 (12) 325 (4) Thioredoxin domain-containing protein 9

Q64112 464 (8) 324 (6) Interferon-induced protein with
tetratricopeptide repeats 2

Q99PN3 83(2) 46 (1) 322 (4) Tripartite motif-containing protein 26

Q99NB9 117 (2) 213(2)  Splicing factor 3B subunit 1

Q8QzY1 36 (1) 152 (3) 127 (2) Eukaryotic translation initiation factor 3
subunit L

Q8R1S0 162 (16) 125(13) Ubiquinone biosynthesis
monooxygenase COQ6, mitochondrial

070469 114 (2) 162 (3) Docking protein 2

Q61210 161(17) 112 (14) Rho guanine nucleotide exchange
factor 1

Q9DCH4 24 (1) 92 (1) 134 (1) Eukaryotic translation initiation factor 3
subunit F

P70460 47 (1) 170 (4) Vasodilator-stimulated phosphoprotein

P63001 119 (2) 96 (3) Ras-related C3 botulinum toxin
substrate 1

Q9Cz44 175 (3) 36 (1) NSFL1 cofactor p47

P62814 90 (2) 110 (1) V-type proton ATPase subunit B, brain
isoform 1

Q3uovi 43 (1) 150 (3) Far upstream element-binding protein 2

173



APPENDIX

Accession Score (Peptides) Description
Rep_1 Rep_ 2 Rep 3

Q6NZJ6 102 (2) 89 (2) Eukaryotic translation initiation factor 4
gamma 1

Q9DBR1 115 (2) 54 (1) 5’-3" exoribonuclease 2

Q60875 61(2) 70 (1) Rho guanine nucleotide exchange
factor 2

Q9DOL8 74 (1) 35(2) MRNA cap guanine-N7 methyltransferase

P0O5555 45 (1) 62 (2) Integrin alpha-M

P60229 34 (1) 64 (2) Eukaryotic translation initiation factor 3
subunit E

Q3Uz39 59 (1) 38 (1) Leucine-rich repeat flightless-interacting
protein12

P23116 34 (1) 47 (1) Eukaryotic translation initiation factor 3
subunit A

Q9Z0P5 23 (1) 37 (1) Twinfilin-2

A2AAY5 25 (1) 15 (1) SH3 and PX domain-containing
protein 2B

AOAOF6BBE4 1035 2149 1799 Two-component response regulator

(21) (27) (22)
AOAOF6B9Z0 537 (9) 2278 1044 Putative cytoplasmic protein (SseK1)
(31) (14)

AOAOF6B7V9 374 (6) 703 (10) 344 (7) Osmolarity response regulator

AOAOF6B770 143 (3) 163 (2) 429 (6) Ribosome-binding factor A

AOAOF6B9X6 53 (1) 401 (5) Elongation factor Tu

D0ZV90 180 (2) 198 (2) Virulence transcriptional regulatory
protein PhoP

AOAOF6B6MA4 117 (3) 162 (3) Putative acetyl-CoA

AOAOF6B0S7 149 (4) 43 (1) Phenylalanine—tRNA ligase beta subunit

pSseK2 specific proteins

070133 73 (1) 71 (1) ATP-dependent RNA helicase A
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Accession Score (Peptides) Description
Rep_1 Rep_ 2 Rep 3
Q9CQ65 100 (1) 25 (1) S-methyl-5’-thioadenosine
phosphorylase
Q9CX86 63 (1) 38 (1) Heterogeneous nuclear
ribonucleoprotein AO
Q8BKC5 45 (1) 32 (1) Importin-5 OS=Mus musculus
P35550 32 (1) 33(2) rRNA 2'-0O-methyltransferase fibrillarin
Q3TZ89 21 (1) 28 (1) Protein transport protein Sec31B
pSseK3 specific proteins
Q99K01 1145 3960 1789 Pyridoxal-dependent decarboxylase
(26) (58) (28) domain-containing protein 1
Q91v41 631(11) 1760 1565 Ras-related protein Rab-14
(30) (22)
Q9D1G1 801 (16) 1879 1228 Ras-related protein Rab-1B
(31) (20)
P62821 681 (13) 1483 1070 Ras-related protein Rab-1A
(27) (16)
088630 853 (16) 1379 867 (11) Golgi SNAP receptor complex member 1
(29)
Q9QYE6 546 (11) 1288 1089 Golgin subfamily A member 5
(19) (17)
7Q8BMP6 434 (9) 1248 803 (12) Golgiresident protein GCP60
(17)
P35278 537 (9) 1310 271 (6) Ras-related protein Rab-5C
(22)
Q9D662 386 (6) 1330 Protein transport protein Sec23B
(17)
Q8K1T1 206 (5) 907 (13) 469 (6) Leucine-rich repeat-containing
protein 25
Q8BRF7 678 (12) 572(7) 326 (7) Secl family domain-containing protein 1
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Q6PHN9 694 (10) 820(11) Ras-related protein Rab-35

Q922F4 680(16) 799(19) Tubulin beta-6 chain

P46460 134 (4) 616 (18) 560 (14) Vesicle-fusing ATPase

Q8CG50 99 (2) 618 (10) 483 (7) Ras-related protein Rab-43

Q6NZC7 371 (8) 300 (8) 424 (10) SEC23-interacting protein

008547 243 (6) 731 (12) Vesicle-trafficking protein SEC22b

Q921M4 273 (5) 518 (9) 80 (3) Golgin subfamily A member 2

Q8K1EO0 42 (1) 438 (9) 382(6)  Syntaxin-5

P53564 190 (5) 576 (10) 46 (2) Homeobox protein cut-like 1

Q8BVW3 120 (3) 266 (6) 399 (9) Tripartite motif-containing protein 14

Q8CIE6 80 (3) 359 (9) 236 (6) Coatomer subunit alpha

P70403 617 (11) 122(3)  Protein CASP

P27601 304 (5) 398 (6) Guanine nucleotide-binding protein
subunit alpha-13

Q971Q5 98(1) 494 (7) Chloride intracellular channel protein 1

P53994 279 (4) 330 (4) 63 (1) Ras-related protein Rab-2A

Q9DCD5 63 (1) 227 (7) 376 (4) Tight junction-associated protein

P60843 30 (1) 620 (11) Eukaryotic initiation factor 4A-I

Q9WUH1 36 (1) 334 (5) 279 (3) Transmembrane protein 115

Q8CD26 29 (1) 527 (10) 86(3) Solute carrier family 35 member E1

035153 117 (1) 206(3) 297(3)  BET1-like protein

P52332 124 (3) 301 (6) 179 (4) Tyrosine-protein kinase JAK1

Q9EQC5 68 (1) 388 (7) 126 (3) N-terminal kinase-like protein

Q99J93 186 (3) 330 (5) Interferon-induced transmembrane
protein 2

Q8CCB4 274 (7) 304 (6) Vacuolar protein sorting-associated
protein 53 homolog

Q8BJM5 106 (2) 176 (2) 283 (6) Zinc transporter 6

Q3B7Z22 131 (2) 281 (5) 145 (5) Oxysterol-binding protein 1
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Q9DB05 326 (4) 213 (3) Alpha-soluble NSF attachment protein

Q8VvDV3 163 (2) 214 (3) 156 (2) Guanine nucleotide exchange factor for
Rab-3A

Q8CGY8 144 (5) 211 (5) 153 (4) UDP-N-acetylglucosamine--peptide N-
acetylglucosaminyltransferase 110 kDa
subunit

070480 197 (2) 120 (1) 173 (2) Vesicle-associated membrane protein 4

E9Q3L2 329 (6) 144 (3) Phosphatidylinositol 4-kinase alpha

Q60766 194 (4) 239 (3) Immunity-related GTPase family M
protein 1

Q8BH60 47 (1) 248 (5) 133 (3) Golgi-associated PDZ and coiled-coil
motif-containing protein

Q9DB43 45 (1) 266 (6) 116 (2) Zinc finger protein-like 1

P55937 56 (1) 265 (7) 91 (2) Golgin subfamily A member 3

Q3UM29 315 (8) 82 (1) Conserved oligomeric Golgi complex
subunit 7

Q8BRM?2 52 (1) 221 (4) 108 (1) RABG6-interacting golgin

Q8coLs 323 (5) 57 (1) Conserved oligomeric Golgi complex
subunit 5

P35282 248 (3) 125 (1) Ras-related protein Rab-21

Q9EQH3 117 (3) 250 (5) Vacuolar protein sorting-associated
protein 35

Q92115 96 (1) 241 (6) Conserved oligomeric Golgi complex
subunit 2

QoCwu2 294 (5) 39 (1) Palmitoyltransferase ZDHHC13

QIIJIF7 266 (5) 59 (1) Coatomer subunit beta

P61982 195 (5) 94 (1) 14-3-3 protein gamma

A2A5R2 26 (1) 179 (5) 107 (2) Brefeldin A-inhibited guanine nucleotide-

exchange protein 2
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Q3uvi4 34 (2) 273 (4) Vacuolar protein sorting-associated
protein 51 homolog

Q78PY7 138 (4) 161 (2) Staphylococcal nuclease domain-
containing protein 1

Q6ZPE2 85 (2) 200 (4) 151 (2) Myotubularin-related protein 5

Q99JX3 189 (4) 93 (1) Golgi reassembly-stacking protein 2

054774 36 (1) 113 (2) 120 (2) AP-3 complex subunit delta-1

Q7TMBS 190 (5) 78 (1) Cytoplasmic FMR1-interacting protein 1

Q9JKB3 190 (3) 74 (1) Y-box-binding protein 3

Q97160 152 (2) 112 (3) Conserved oligomeric Golgi complex
subunit 1

Q8C129 159 (4) 103 (3) Leucyl-cystinyl aminopeptidase

Q92019 169 (3) 87 (1) WD repeat-containing protein 7

Q9EQG9 185 (4) 64 (1) Collagen type IV alpha-3-binding protein

Q8C754 22 (1) 160 (6) 62 (1) Vacuolar protein sorting-associated
protein 52 homolog 1

Q8R1N4 118 (1) 124 (1) NudC domain-containing protein 3

Q9JKK1 23 (1) 74 (1) 136 (3)  Syntaxin-6

Q8Clo4 167 (4 62 (1) Conserved oligomeric Golgi complex
subunit 3

055143 49 (2) 170 (2) Sarcoplasmic/endoplasmic reticulum
calcium ATPase 2

Q99P88 182 (5) 34 (2) Nuclear pore complex protein Nup155

P48962 105 (2) 104 (2) ADP/ATP translocase 1

Q5XJY5 29 (1) 127 (3) 48 (1) Coatomer subunit delta

Q97170 68 (1) 32 (1) 98 (2) General vesicular transport factor p115

035382 133(2) 61(1) Exocyst complex component 4

G3X9K3 112 (5) 81 (1) Brefeldin A-inhibited guanine nucleotide-

exchange protein 1
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P98078 40 (1) 127 (2) Disabled homolog 2

P59016 35(1) 119 (2) 100 (2) Vacuolar protein sorting-associated
protein 33B

P62874 90 (2) 55 (2) Guanine nucleotide-binding protein

G(1)/G(S)/G(T) subunit beta-1
Q8BFR5 76 (1) 68 (1) Elongation factor Tu, mitochondrial
QoDBQ7 49 (1) 95 (1) Protein-associating with the carboxyl-

terminal domain of ezrin

Q9JM52 59 (3) 80 (5) Misshapen-like kinase 1

088685 81(3) 56 (1) 26S protease regulatory subunit 6A

Q9D5V5 56 (1) 81 (2) Cullin-5 3

Q9QyJo 83 (1) 50 (1) Dnal homolog subfamily A member 2

009005 35(1) 92 (1) Sphingolipid delta(4)-desaturase DES1

008579 39 (1) 87 (1) Emerin

Q8BLR5 54 (1) 72 (1) PH and SEC7 domain-containing
protein 4

Q8R4H9 82(2) 43 (1) Zinc transporter 5

Q8BGB2 62 (1) 61 (1) Tetratricopeptide repeat protein 7A

Q8BMS1 60 (1) 63 (1) Trifunctional enzyme subunit alpha,

mitochondrial

Q9D4H2 55 (1) 60 (1) GRIP and coiled-coil domain-containing
protein 1

Q9CX30 71 (1) 37 (1) Protein YIF1B

E9PVAS 73 (3) 34 (1) elF-2-alpha kinase activator GCN1

Q64151 68 (2) 37 (1) Semaphorin-4C

Q972D1 58 (1) 41 (1) Myotubularin-related protein 2

Q9WUA3 44 (1) 54 (2) ATP-dependent 6-phosphofructokinase,

platelet type
055029 27 (1) 70(2) Coatomer subunit beta'
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P17809 25 (1) 64 (1) Solute carrier family 2, facilitated glucose
transporter member 1
Q8BH43 44 (1) 43 (1) Wiskott-Aldrich syndrome protein family
member 2
Q8JZR0O 26 (1) 58 (2) Long-chain-fatty-acid--CoA ligase 5
Q99KN9 54 (1) 27 (2) Clathrin interactor 1
B2RQES8 42 (3) 37 (2) Rho GTPase-activating protein 42
Q80U72 55(2) 24 (1) Protein scribble homolog
Q99KG5 29 (1) 45 (1) Lipolysis-stimulated lipoprotein receptor
QIWTL? 21 (1) 46 (1) Acyl-protein thioesterase 2
P27046 25 (1) 32 (1) Alpha-mannosidase 2
Q8BP86 26 (1) 29 (1) snRNA-activating protein complex
subunit 4
Q8K441 23 (1) 29 (1) ATP-binding cassette sub-family A
member 6
Q9D172 20 (1) 20 (1) ES1 protein homolog, mitochondrial
AOAOF6B270 163 (2) 216 (4) 136 (3) Uncharacterized protein (SseK3)
AOAOF6B1A9 58 (1) 39 (1) Putative dehydratase
AOAOF6B247 31 (1) 51 (2) Regulator of RpoS
pSseK1 and pSseK3 specific proteins
Q3uUov2 Tumor necrosis factor receptor type 1-
SseK1 3183 5351 2924 associated DEATH domain protein
(61) (104) (46)
SseK3 556 (13) 430 (8)
P62827 GTP-binding nuclear protein Ran
Ssek1 341(7) 140(3)
SseK3 300(6) 905(14) 615(12)
Q64282 Interferon-induced protein with
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SseK1 184 (6) 4902 4231 tetratricopeptide repeats 1
(69) (56)
SseK3 52(1) 1487 1092
(26) (17)
P17742 Peptidyl-prolyl cis-trans isomerase A
SseK1 368 (6) 1320
(25)
SseK3 393 (6) 697 (16)
P26039 Talin-1
SseK1 330(5) 270(5)
SseK3 51 (1) 390(8) 395(7)
Q99LF4 tRNA-splicing ligase RtcB homolog
SseK1 106 (4) 151 (6)
Ssek3 57 (3) 63 (2)
Q9D967 Magnesium-dependent phosphatase 1
SseK1 42 (1) 51(1)
Ssek3 136 (3) 126(1)
P10852 4F2 cell-surface antigen heavy chain
SseK1 115(1)  115(1)
Ssek3 54(1)  69(1)
Q62448 Eukaryotic translation initiation factor 4
SseK1 76 (2) 132 (3) gamma 2
Ssek3 94 (4) 39 (1)
Q9DCN2 NADH-cytochrome b5 reductase 3
SseK1l 44 (1) 74 (2)
SseK3 67 (1) 150 (2)
Q91VH6 Protein MEMO1
SseK1 153 (2) 92 (1)
SseK3 30(1) 64 (2) 25(1)
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P30999 Catenin delta-1
SseK1 52 (1) 48 (1)
Ssek3 183 (3)  28(1)

P49813 Tropomodulin-1
SseK1 48 (1) 45 (1)
SseK3 62 (2) 122 (2)

DOZIB5 Secreted effector kinase SteC
SseK1 57 (1) 102 (2)
SseK3 132 (2) 70 (2)

pSseK1, pSseK2 and pSseK3 specific proteins

POCOS6
SseK1
SseK2
Ssek3

Q9WVA4
SseK1
SseK2
Ssek3

P80315
SseK1
SseK2
Ssek3

272 (8)
481 (11)
405 (9)

129 (2)

36 (1)

199 (4)
23 (1)
155 (2)

151 (4)
43 (1)
38 (1)

451 (13)
392 (11)
627 (15)

216 (2)
104 (1)
64 (1)

186 (5)
35(2)
38 (1)

Histone H2A.Z

Transgelin-2

T-complex protein 1 subunit delta
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