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Abstract

Salmonella injects over 40 virulence factors, termed effectors, into host cells to subvert diverse host cellular processes. Of
these 40 Salmonella effectors, at least 25 have been described as mediating eukaryotic-like, biochemical post-translational
modifications (PTMs) of host proteins, altering the outcome of infection. The downstream changes mediated by an effector’s
enzymatic activity range from highly specific to multifunctional, and altogether their combined action impacts the function
of an impressive array of host cellular processes, including signal transduction, membrane trafficking, and both innate and
adaptive immune responses. Salmonella and related Gram-negative pathogens have been a rich resource for the discovery of
unigue enzymatic activities, expanding our understanding of host signalling networks, bacterial pathogenesis as well as basic
biochemistry. In this review, we provide an up-to-date assessment of host manipulation mediated by the Salmonella type lll
secretion system injectosome, exploring the cellular effects of diverse effector activities with a particular focus on PTMs and
the implications for infection outcomes. We also highlight activities and functions of numerous effectors that remain poorly
characterized.

INTRODUCTION

Salmonella enterica is a major pathogen of humans and animals and the leading cause of bacterial foodborne illness globally
[1-3]. The species can be broadly divided into human-restricted typhoidal or zoonotic non-typhoidal Salmonella (NTS) serovars.
To date, over 2600 serovars of NTS have been characterized. Therefore, it is not surprising that they have a remarkably broad
host range and diverse disease manifestations. Whereas typhoidal S. enterica typically cause invasive disease and typhoid fever
in humans, NTS have multiple animal reservoirs and typically cause self-limiting gastroenteritis in humans. There is, however,
an emerging global burden of invasive NTS (iNTS) infections, and as with typhoidal Salmonella, iNTS serovars are becoming
increasingly multidrug-resistant [4-7].

S. enterica mediates much of its virulence through multiple genomic regions known as Salmonella pathogenicity islands (SPIs),
two of which (SPI-1 and SPI-2) encode distinct functional type III secretion systems (T3SSs) [8] named accordingly as the SPI-1
and SPI-2 injectisomes. The Salmonella injectisomes have been most intensively studied in the prototype S. enterica serovar
Typhimurium and collectively inject over 40 effector proteins, or effectors, with various functions (summarized in Table 1).

Remarkably, a single effector can have multiple host targets and/or functions, and even mediate ‘cross-talk’ within host cell
signalling pathways during infection. While it is well established that SPI-1 effectors promote invasion of host epithelial cells
[9], both SPI-1 and SPI-2 effectors contribute to the maturation and positioning of the unique intracellular membrane-bound
niche of Salmonella, known as the Salmonella containing vacuole (SCV) [10]. Additionally, both SPI-1 and SPI-2 effector cohorts
contribute to the subversion of innate immune responses and replication dynamics within the host [10-12].
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The Salmonella effector repertoire is highly diverse in terms of biochemical functionality and is generally divided into enzymes and
so-called adaptors that mediate no known direct enzymatic activity but often co-opt host enzymes. Those with enzymatic activity,
like many Gram-negative pathogen effectors, mediate an impressive array of eukaryotic-like, biochemical post-translational
modifications (PTMs) on host proteins, which in general promote infection [13]. PTMs represent a fundamental regulatory
system that influences almost all aspects of normal host cell biology. PTMs including phosphorylation, ubiquitylation, glycosyla-
tion, nitrosylation, methylation, acetylation, lipidation and proteolysis can drastically affect the structural composition of host
proteins, their subcellular localization, interactions and activities. They represent a highly effective mechanism by which bacteria
can interfere with host cellular processes. As the ongoing discovery of host PTMs expands with the development of increasingly
sensitive analytical techniques and deeper analysis of proteomic data [14, 15], the revelation of effector-mediated PTMs adds
significantly to these processes.

Our understanding of effector-mediated PTMs has transformed the field and emphasized the complexity of Salmonella virulence
mechanisms. In this review, we focus on the diverse ways in which Salmonella effectors use PTMs to manipulate eukaryotic
signalling pathways, as summarized in Fig. 1. After more than 25years of research since the discovery of the SPI-1 [16] and
SPI-2 [17] secretion systems, our understanding of Salmonella effector functions represents one of the best characterized bacte-
rial pathogens. Here we have grouped effectors according to the PTM they mediate, either directly or indirectly, and how this
changes the cell status. Considering each of these examples, we highlight the diverse aspects of effector biology including the
role of molecular mimicry, PTMs of effectors by host proteins or the effector itself, irreversible modifications, and the cross talk
between different PTMs as well as co-operative effector functions. Finally, we review some of the less clearly defined activities
and functions of poorly characterized effectors.

BIOCHEMICAL MODIFICATION OF HOST PROTEINS BY SALMONELLA EFFECTOR PROTEINS
Phosphorylation

The dynamic process of protein phosphorylation represents one of the most abundant PTMs found in eukaryotes. For canonical
protein phosphorylation, kinases mediate the transfer of a phosphate group onto a target serine, threonine or tyrosine residue.
Individual kinases can phosphorylate between one and a few hundred phosphorylation sites and with at least 518 annotated human
protein kinases it is perhaps unsurprising that up to two thirds of the human proteome can become temporarily phosphoryl-
ated [18]. At least 500 host proteins exhibit an altered phosphorylation status upon infection with Salmonella, highlighting the
importance of phosphorylation in host cell responses to infection [19, 20]. This also represents an opportunity for manipulation
by Salmonella effectors, either through the direct addition or removal of the phosphate group (discussed in this section, Fig. 2)
or through indirect mechanisms including acetylation of kinases (see 'Acylation’) and adaptor-mediated reprogramming of a
host kinase [see 'Adaptors'].

SteC: An effector kinase

SteC is the only recognized Salmonella effector kinase and was recently reviewed in depth [21]. With only 28% amino acid
sequence identity to the human serine/threonine kinase Rafl and lack of several highly conserved residues or motifs found in
classical eukaryotic kinases it is remarkable that SteC demonstrates kinase activity [22]. To date, three host substrates, MEK1
[23], HSP27 [20] and FMNLI1 [24], have been described (Fig. 2a). MEK1 is activated via serine phosphorylation by upstream
activator kinases, including Rafl. Whereas Rafl phosphorylates MEK1 at S, /S, | residues, SteC phosphorylates MEK1 at the non-
canonical S, | residue. This induces MEK1 auto-phosphorylation at S, /S, and initiates downstream activation of extracellular
signal-regulated kinase (ERK) signalling independent of Rafl [23]. PAK phosphorylation of MEK1 at S298 also triggers MEK1
autophosphorylation and subsequent activation, suggesting that SteC exploits plasticity in the mechanism by which MEK1 is
activated [25]. Whether this form of activation changes the activity, substrate repertoire or negative regulation of MEK1 awaits
further investigation. SteC-mediated phosphorylation of MEK1, HSP27 and FMNLLI have been implicated in the reorganization
of F-actin and recruitment of myosin ITb [21-23]. The significance of this for Salmonella survival and replication remains unclear
given wild-type, but not kinase mutant, SteC reduces Salmonella replication within epithelial cells and macrophages, as well as
in sensitive virulence tests in mice [23].

SptP: A dual phosphatase and GTPase activating protein (GAP)

The T3SS-1 effector SptP is a 60 kDa protein with dual enzymatic activity; the N-terminal domain (residues 167-290) is a GTP
activating protein (GAP) and the C-terminal domain (residues 280-543) functions as a tyrosine phosphatase [26] (Fig. 2b). The
phosphatase domain exhibits both high sequence identity and structural similarity with Yersinia spp. effector YopH and human
protein tyrosine phosphatases such as PTP1B [26-29] and contains the conserved catalytic cysteine residue, SptP ., [27, 30]. The
GAP domain demonstrates high sequence and structural similarity to Yersinia spp. effector YopE and Pseudomonas aeruginosa
ExoS [26, 31, 32].

What then is the function of this dual enzyme? During invasion, SopE, a guanine exchange factor (GEF), activates Rho GTPases
to generate GTP-bound Cdc42 and Racl that drive actin polymerization to generate the membrane ruffles that mediate bacterial
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Fig. 1. Summary of modifications mediated by Salmonella effectors. Salmonella effectors enact a range of host modifications, either enzymatically or
through adaptor activity, to manipulate host cell processes, shown here in summary form. Effector proteins are categorized by colour corresponding
to sections of the review, and demonstrated with their PDB structure in cartoon form (outside the circle) and surface form (in circle) using Pymol.
Protein structures used here and in other figures were as follows: SptP (PDB: 1G4W, phosphatase and GAP domains used in corresponding parts of
this figure, and phosphatase domain used in Fig. 2), SpvC (2P1W, here and Fig. 2), SopA (2QYU here and Fig. 3), SirP (4PUF, Fig. 3), SspH2 (3G06, Fig. 3),
Ssel (5HAF, here and Fig. 3), SseK1 (5H60 here and Fig. 4), SseK2 (5HAF, Fig. 4), SseK3 (6EYR, Fig. 4), SpvB (2GWJ), AvrA (6BEO), GtgE (5KDG, here and
Fig. 5), GtgA (6GGR) and SopE (1GZS). Where no relevant PDB structure is available, a generic protein symbol is used. A *?" before the effector name
refers to cases where the evidence of enzymatic activity is equivocal. Host substrates or co-factors are represented in grey. Symbols are either circular
with atomic symbols (carbon [C], magnesium [Mg], nitrogen [N], oxygen [0] and zinc [Zn], with X referring to a variable atomic group), square signifying
an amino acid by three-letter code (arginine [Arg]), skeleton chemical structures (UDP-GIcNAc in GlcNAcylation, glycerophospholipids in acylation,
inositol hexakisphosphate in acetylation) and rectangles (ATP, ADP, GDP and GTP). The cartoon protein ‘Ub’ refers to ubiquitin. For a complete list of the
Salmonella effector proteins see Table 1. Image created with BioRender.com.

entry into the cell [33, 34]. The GAP domain of SptP inactivates Cdc42 and Racl to counteract the activity of SopE and restore
the cortical actin cytoskeleton after internalization [35-37]. SptP activity depends on a conserved arginine residue (R,,) that
stabilizes the transition state of the active centre like the arginine finger motif of eukaryotic GAPs, even though SptP displays a
distinct protein fold with no amino acid sequence identity to eukaryotic GAPs [30, 35]. Interestingly, host-mediated ubiquitylation
mediates the differential half-life of SopE (SopE and SopE2: functional analogs of host GEFs of Cdc42) and SptP, so that SopE is
eliminated faster via proteasomal degradation, allowing SptP to act longer than SopE [38] thereby explaining the transient nature
of F-actin-mediated membrane ruftling.

Several substrates undergo dephosphorylation through the tyrosine phosphatase activity of SptP, implicated in distinct cellular
processes. Vimentin is an intermediate filament protein that is recruited to membrane ruftles and undergoes dephosphorylation
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Fig. 2. Enzymatic reactions involving protein phosphorylation. (a) SteC is a Salmonella effector kinase that has not been structurally characterized.
It has three identified host substrates, MEK1, HSP27 and FMNL 1/2. Its kinase activity leads to actin polymerization in the host cytosol. (b) SptP is a
phosphatase with four identified host substrates, VCP, NSF, Syk and vimentin. Its dephosphorylation of these substrates prevents F-actin severing
and mast cell degranulation. (c) SpvC has a non-canonical phosphothreonine lyase activity meaning it is able to irreversibly dephosphorylate
phosphothreonine residues by severing the Cf-0y bond, requiring a double bond to form between the Cf and Co. This is in contrast to the O-P bond
which is formed by kinases (a) or broken by phosphatases (b) and makes the threonine residue unable to reaccept a phosphate moiety. Single letters
are used to represent carbon (C), oxygen (0) and phosphate (P). Image created with BioRender.com.

by SptP [27]. Villin is an actin-binding protein that, when phosphorylated, nucleates G-actin and severs F-actin. Villin is required
for optimal Salmonella invasion and becomes rapidly phosphorylated by the host kinase c-Src during infection. This is tempered by
SptP phosphatase-mediated inactivation of c-Src [39]. In this way, SptP, together with another actin-binding effector SipA, protects
F-actin severing, contributing to the tight regulation of actin remodelling during invasion [39]. SptP tyrosine phosphatase activity
is also implicated in increased replication rates of Salmonella inside SCV's by dephosphorylating the host AAA+ATPase valosin-
containing protein (VCP/p97), which aids SCV membrane fusion [40]. In addition to regulating the actin cytoskeleton, SptP
dephosphorylates and inhibits at least two proteins required for mast cell degranulation: vesicle fusion protein N-ethylmalemide-
sensitive factor (NSF) and tyrosine kinase Syk, thereby supporting Salmonella spread within the host [41]. The absence of SptP
is also linked to apoptosis [42], albeit not in S. Typhi [43].
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Finally, both the GAP and tyrosine phosphatase domains of SptP contribute to the downregulation of Salmonella-induced activa-
tion of the mitogen activated protein (MAP) kinase, ERK. The GAP domain of SptP prevents GTP-bound Cdc42/Racl from
activating the host serine/threonine kinases Pakl and Pak3, which are required for Rafl .. phosphorylation and subsequent
ERK activation [44, 45]. How the phosphatase domain contributes is less clear, but sustained ERK phosphorylation occurs in

cells infected with the SptP . - catalytic mutant compared to cells expressing WT SptP [27].

SopB: a phosphoinositide phosphatase

Lipid molecules can similarly be phosphorylated for the purposes of signal transduction. SopB (SigD) is an SPI-1 effector
consisting of Cdc42-binding N-terminal (residues 29-142) and C-terminal phosphoinositide phosphatase (residues 357-561)
domains. The latter dephosphorylates small phosphoinositide phosphate molecules that are implicated in a range of intracellular
signalling pathways. Enzymatic activity was first identified through its CX.R sequence motif and phosphoinositide activity
was demonstrated in vitro [46]. Several functions are attributed to its phosphatase activity through analysis of the SopB_, .
mutant. SopB’s early role in invasion involves the stimulation of an endogenous exchange factor, SH3-containing GEF (SGEF),
activating the Rho family GTPase RhoG, leading to actin reorganization [47]. Then, at the plasma membrane, SopB indirectly
induces the phosphorylation of the serine protein kinase Akt [48, 49]. Once bacteria are inside the cell, SopB indirectly promotes
phosphatidylinositol 3-phosphate formation on the SCV by the host PI3-kinase Vps34. Vps34 is activated by Rab5, which is
recruited by SopB positioned at the SCV [50]. SopB also regulates SCV subcellular positioning through activation of a Rho - Rho
kinase (ROCK) - myosin II pathway [51]. SopB’s enzymatic activity presumably causes these cellular events through triggering
phosphoinositide flux. This has not been directly demonstrated, although SGEF has a phosphoinositide-binding pleckstrin
homology domain essential for its activity [48]. The temporal progression in SopB’s subcellular localization and activity is medi-
ated by ubiquitylation on several lysine residues in its first 120 aa [48], demonstrating how a host-mediated PTM is co-opted
to diversify effector function. The N-terminal domain of SopB binds to Cdc42 through structural mimicry of a host guanosine
nucleoside dissociation inhibitor [GDI, see 'Guanine nucleotide exchange factors (GEF) and gtpase activating proteins (GAP)']
[52]. Hence, SopB activates a novel Cdc42-MEK1/2 pathway to remodel vimentin around the SCV to facilitate the intracellular
replication of Salmonella in a phosphatidylinositol phosphatase-independent manner [53]. Therefore, through enzymatic activity,
protein—protein interactions and subcellular localization, SopB has evolved to manipulate multiple cellular pathways.

SpvC: a phosphothreonine lyase

SpvC is a phosphothreonine lyase that catalyses the irreversible dephosphorylation of MAP kinases. It achieves this through
B-elimination of phosphate, i.e. breaking of the Cp-Oy bond (rather than the O-P bond usually broken in a dephosphorylation
reaction), making the substrate unable to reaccept a phosphate moiety [42, 54, 55] (Fig. 2¢). The irreversible nature of this
phosphothreonine lyase activity, which was originally described for OspF from Shigella flexneri [56] and has now been expanded
to include VirA from Chromobacterium violaceum [57] and HopAl from Pseudomonas syringae [58], is likely to represent a
potent mechanism for the regulation of phosphorylation-dependent signalling, even at low protein concentration. Given this, it
is perhaps unsurprising that lyase activity is highly specific: domains within OspF, SpvC and VirA mimic a D-motif that mediates
protein—protein interactions towards MAP kinases and, in line with this, phosphothreonine lyase activity occurs on the pT-X-pY
motif present in ERK, p38 and c-Jun N-terminal kinase (JNK) [42]. Overall, this results in arrest of downstream immune signal-
ling, which is implicated in a reduced inflammatory response to infection and the promotion of systemic Salmonella infection
in vivo [59].

Ubiquitylation

Ubiquitylation regulates numerous cellular processes including signal transmission, transcription and the cell cycle [60]. The
process, which occurs through three well-defined enzymatic steps involving E1, E2 and E3 enzymes (Box 1), was originally
described as the formation of an isopeptide bond between the C-terminal glycine residue of a conserved protein called ubiquitin
(UDb) to a lysine residue in target proteins. Its versatility as a protein modifier is expanded through the modification of multiple
residues on the target protein or through poly-ubiquitin chains formed via the linkage to either one of seven lysine residues
on ubiquitin, or the amine group of the N-terminal methionine [61-64]. Recently, the non-canonical ubiquitylation of serine,
threonine and cysteine residues has also been described [65]. Remarkably, Salmonella that aberrantly enter the cytosol of epithelial
cells are subjected to ubiquitylation of their lipopolysaccharide, transiently targeting the pathogen for antibacterial autophagy
early in infection [66] (Box 2). Therefore, a relatively small protein (76 aa) can have a huge and diverse impact on the regula-
tion of cell signalling, with the length of the ubiquitin chain and the type of residue(s) that form the links greatly widening the
range of molecular reactions that the substrate can undergo [63, 65, 67]. The central role that ubiquitin plays during infection
is exemplified by the dynamic ubiquitylation events defined during infection [68] as well as the identification of five Salmonella
effectors that directly impact host ubiquitylation despite the absence of a mammalian-like system in bacteria (Fig. 3). Four of these
are E3 ubiquitin ligases, which are reliant on the host E1 and E2 components for activity, and the fifth, SseL, is a deubiquitylase
(DUB), mediating the removal of ubiquitin from substrates. In this section we describe how modulation of ubiquitin-mediated
signalling impacts Salmonella pathogenesis.
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Box 1. The mechanism of ubiquitylation

The combined action of the E1, E2 and E3 classes of enzymes whose functions are activation, conjugation and ligation respec-
tively mediate the attachment of ubiquitin molecules to a substrate [61, 62, 64, 65,320]. Activation occurs through ATP-dependent
linking of ubiquitin to a cysteine residue on the E1 enzyme. Following this, the molecule is transferred to the E2 conjugating
enzyme through a thioester transfer. Finally, an E3 ligase enzyme facilitates the covalent linkage of the ubiquitin molecule to the
substrate protein [60, 61, 321]. Different categories of E3 enzymes accomplish this via two main and distinct mechanisms, with
newer mechanisms recently elucidated that also modify non-proteinaceous substrates [322]. For the RING (really interesting
new gene) family of E3 ligase enzymes, the RING domain interacts with both the ubiquitin and the E2 enzyme of the E2-Ub
complex to allosterically activate the thioester bond, facilitating transfer of ubiquitin from the E2 directly to the target protein.
In contrast, the HECT (homologous to the E6AP carboxy terminus) and RBR family of E3 ligases form an intermediate bond
directly with the ubiquitin molecule through transthiolation of the active site cysteine followed by the transfer of ubiquitin to the
substrate by the ligases [60, 61, 321]. Finally, ubiquitylation is reversible through the action of DUBs that cleave the ubiquitin
molecules or chains from substrates to prevent degradation, turn off signalling pathways and recycle ubiquitin [62, 64, 65, 323].

SopA: an HECT-type E3 ubiquitin ligase

To date, the SPI-1 effector SopA has been shown to contribute to a number of outcomes during S. Typhimurium infection,
including (i) the invasion of polarized epithelial cells, (ii) stimulation of polymorphonuclear (PMN) leucocyte transepithelial
migration and (iii) induction of electrolyte and water secretion [9, 69, 70]. Early investigations found SopA was poly-ubiquitylated
by a host RING-E3 ligase named HsRMA1, which targets SopA for proteasomal degradation (Box 3). An sopA deletion or
HsRMA1 knock-down resulted in fewer vacuole membrane marker LAMP2-negative bacteria, suggesting that SopA may facilitate
escape from the SCV [71]. More recent insights, however, have shown that SopA ubiquitylates substrates itself via HECT-like E3
ligase activity [72] (Fig. 3a). S. Typhimurium strains expressing a SopA E3 catalytic mutant (C_,,S) were less able to stimulate PMN
transepithelial migration in polarized T84 cells compared to native SopA, suggesting its E3 ligase activity contributes to intestinal
inflammation [72]. Regarding host targets, SopA enhances the ubiquitylation of host innate signalling mediators TRIM56 and
TRIM65, boosting melanoma differentiation-associated (MDAS5) protein function and subsequent upregulation of IFNp expres-
sion [73]. Conversely, another study found that SopA targeted both TRIM56 and TRIM65 for proteasomal degradation [74]. While
both studies agree on TRIM56 and TRIM65 as SopA interaction partners, the exact basis for these differences in the outcome
of SopA activity requires further investigation. Further evidence suggests the E3 ligase activity of SopA contributes to intestinal
inflammation, whereby S. Typhimurium strains expressing a SopA E3 catalytic mutant (C__,S) were less able to stimulate PMN
transepithelial migration in polarized T84 cells compared to native SopA [72]. NleL, an Escherichia coli SopA homologue, also
displays eukaryotic-like HECT E3 ubiquitin ligase activity via the common E2 conjugating enzyme (Ube2L3), but NleL lacks the
residues required for SopA-TRIM interaction, suggesting diversification of function [74-77].

Novel E3 ligases (NEL) in Salmonella

Salmonella and several other Gram-negative bacteria express members of a distinct family of bacterial ubiquitin ligases referred to
as the NEL family, for Novel E3 Ligase. These proteins harbour a structurally unique C-terminal domain with canonical RING or
HECT E3 ligases [78-81]. Despite sequence dissimilarity, NELs act as E3 ligases in an HECT-like way by forming an intermediate
bond with ubiquitin before transferring the ubiquitin molecule to the substrate and require ubiquitin charging by E2 enzymes [82].

SIrP: a leucine-rich repeat NEL ligase

Salmonella leucine-rich repeat protein (SIrP) is an effector which belongs to the leucine-rich repeat (LRR) class of proteins and is
translocated by both the SPI-1 and SPI-2 T3SSs [79]. SIrP consists of an N-terminal LRR region, the proposed substrate binding
site, and a C-terminal NEL domain housing the catalytic residue and a linker region between the two [11, 83]. In standard

Box 2. Antibacterial autophagy

Autophagic degradation is a process involving the breakdown of long-lived proteins, insoluble aggregates, damaged orga-
nelles and various other molecules, including pathogens, through envelopment in a double membrane vesicle known as the
autophagosome. Subsequent fusion with a lysosome leads to the degradation of the cargo by the acidic environment and
presence of hydrolytic enzymes [62, 63, 65, 320, 324]. For the autophagosomal degradation of intracellular bacteria, termed
xenophagy, adaptor proteins such as NDP52 [325] and Optineurin [326] form a link between ubiquitylated targets and the
forming autophagosome. Dysregulation of this process results in increased Salmonella replication in the cytosol of epithelial
cells.
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Fig. 3. Mechanisms of host manipulation by Salmonella effectors through ubiquitylation. (a) SopA mimics the activity of a host HECT E3 ligase and
ubiquitylates TRIM56 and TRIM65, leading to increased IFN-f gene expression. The ubiquitin molecule is transferred from a host E2 ligase (Ube2D1/
Ube2D3/Ube2L3) and a temporary bond is formed with SopA. (b) SIrP is a novel E3 ligase (NEL) that ubiquitylates thioredoxin to increase cell death
and may ubiquitylate an unknown target to inhibit antigen presentation of dendritic cells. The E2 conjugating enzyme involved in the ubiquitin transfer
is Ube2D2. (c) SspH1 is an NEL that facilitates binding of ubiquitin to PKN1 following transfer from the E2 Ube2D leading to suppression of NF-kB
signalling. (d) SspH2 is an NEL and following transfer of a ubiquitin molecule from the E2 Ube2D, interacts with SGT1 and NOD1 resulting in the
ubiquitylation of NOD1, causing an increase in IL-8 production. (e) Ssel is a deubiquitylating enzyme (DUB) which removes ubiquitin from IkBo and
RPS3 and causes a reduction in NF-xB signalling and IL-8 production respectively. Ubiquitin molecules are depicted as light blue circles containing
the text ‘Ub’. Curved arrows demonstrate a transfer of ubiquitin molecules. Bar-headed lines demonstrate inhibition while arrows indicate facilitation/
increase in a downstream effect. Human names for the E2 conjugating enzymes have been used throughout. Image created with BioRender.com.
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Box 3. Ubiquitin in proteasomal degradation

Proteasomal degradation is vital to the turnover of proteins in the cell and predominantly degrades short-lived ubiquitylated
proteins involved in regulatory cellular processes in an ATP-dependent process [63, 324, 327]. The 26S proteasome, located in
the cytosol or nucleus, represents a major pathway for ubiquitin-mediated proteolysis, often targeting proteins with K ,-linked
polyubiquitin chains [60, 328, 329]. The 19S subunit of the 26S proteasome serves a ‘gatekeeper’ function to control entry of
proteins. In contrast, the 20S subunit forms the chamber of the complex and is the site of substrate proteolysis. Several Salmo-
nella effectors are degraded by the proteasome, including SopE and SptP [38] as well as effector targets such as TRIMb6 [48].

conformation, SIrP is inactive owing to the LRR region obstructing the NEL region. However, binding to ubiquitin allows the
NEL region to be uncovered and exert E3 ligase activity. SlrP interacts with and ubiquitylates thioredoxin, a ubiquitous protein
that functions in concert with other enzymes to protect against oxidative stress, as well as enhancing the activity of transcription
factors such as NF-xB and p53 [84-86] (Fig. 3b). Another study found SlrP inhibited the reducing activity of thioredoxin, but
this activity was only partially dependent on SIrP E3 ligase activity [80]. SlrP also ubiquitylates a component of the spliceosome
(SNRPD2), a protein complex that removes non-coding sequences from pre-mRNA transcripts, but the impact of this is currently
unclear [81]. How the currently known substrates mediate the diverse infection outcomes attributed to SIrP, including (i) a role in
promoting S. Typhimurium virulence in vivo, (ii) increased cytotoxicity in epithelial cells, (iii) inhibition of antigen presentation by
dendritic cells and (iv) prevention of host anorexia through inhibition of inflammasome activation, remains unknown [80, 87-89].

SspH1 and SspH2 and their divergent targets

Like SIrP, SspH1 and SspH2 are LRR proteins with NEL activity. While SspH1 and SspH2 share 69% amino acid sequence
similarity, their localization and interaction partners suggest they induce divergent cellular effects in host cells [11, 90]. SspH1
is translocated by both the SPI-1 and SPI-2 T3SSs and is localized to the nucleus while SspH2, delivered by the SPI-2 T3SS,
migrates to the apical surface of epithelial cells [11, 91, 92]. SspH1 interacts with the serine/threonine protein kinase N1 (PKN1)
through its N terminal LRR domain, with SspH1-mediated ubiquitylation targeting PKN1 for proteasomal degradation [93, 94]
(Fig. 3c). PKN1 is implicated in androgen receptor signalling and is associated with macrophage stimulation and bacterial
immunity [95-97]. SspH1 reduces inflammatory gene expression stimulated by NF-«B in epithelial cells through its LRR domain
[92, 94, 98]. Although catalytically active PKN1 inhibits NF-xB stimulated gene responses [99], no reliable association between
the ubiquitylation and degradation of PKN1 by SspH1 has been linked to the suppression of NF-xB signalling by the effector.

SspH2 targets the NOD-like receptor (NLR) protein Nod1 (Fig. 3d). Presence of the Nod1 chaperone SGT1, which is essential for
Nod1 function, augments SspH2 ubiquitylation of Nod1 [100-102]. NLRs play a critical role in detection of pathogen-associated
molecular patterns (PAMPs) and initiation of inflammatory responses to promote host defence [103, 104]. Counterintuitively,
SspH2 augments the activity of Nod1l in an SGT1-dependent manner, resulting in increased production of IL-8 in infected
epithelial cells.

In addition to Salmonella, LRR-NEL-containing proteins, referred to as the IpaH family, occur in the gastrointestinal pathogens
Shigella and enteroinvasive E. coli (EIEC) [91, 98, 105, 106]. Some of these have distinct functions, with IpaH9.8 targeting members
of the interferon-induced GTPase family of guanylate-binding proteins (GBPs), subverting their function to promote Shigella
motility and cell-to-cell spread [107]. There is also evident family expansion and substrate diversification of these proteins in
invasive Escherichia species from non-primate hosts [106].

SselL: a deubiquitylating enzyme

SseL, a member of the CE clan of cysteine proteases, is the only known Salmonella DUB. It exhibits specificity for ubiquitin over
other ubiquitin-like modifiers, with a preference for K ,-linked chains [108, 109]. This suggests a putative role in the regulation of
infection-associated signalling that is often mediated via K, -linked ubiquitin-regulated protein-protein interactions. Structural
analysis of SseL revealed an N-terminal VPS-27, Hrc and STAM (VHS)-like domain. In eukaryotes, the VHS domain is involved
in vesicular trafficking, sometimes via ubiquitin binding. Indeed, the VHL domain of SseL constitutes a ubiquitin binding site
which is required for the subcellular localization of SseL to the SCV and tubular connections to the SCV called Salmonella-induced
filaments (SIFs), presumably directing SseL activity at these locations [108].

Functionally, the direct targets of SseL DUB activity are not well defined; early reports suggested SseL targeted NF-kB signalling
mediators to prevent downstream inflammatory signalling in both murine and avian macrophage models [110, 111]. However,
conflicting reports have emerged on its ability to curb NF-kB signalling through IxBa deubiquitylation [109, 112]. SseL also
interacts with, deubiquitylates and inhibits nuclear ribosomal protein S3 (RPS3), a host protein that guides the NF-xB complex
to specific gene promoter sites for maximal expression of proteins such as IL-8 [113-115] (Fig. 3e). However, the study only used
ectopically expressed SseL [115], and whether RPS3 represents an SseL target under physiological conditions awaits investigation.
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SseL shares sequence similarity to two cysteine protease DUBs originating from Chlamydia trachomatis, ChlaDub1 and ChlaDub2
[116, 117], as well as ElaD from E. coli, which is orthologous to SseL and exhibits DUB activity in vitro [118]. ChlaDubl impairs
NF-kB activation [116] but the function of ChlaDub2 and ElaD, as well as numerous other bacterial DUBs, remain poorly
characterized under physiologically relevant settings.

SseL is also required for the deubiquitylation of cytosolic protein aggregates or aggresome-like induced structures (ALIS), formed
in a T3SS-dependent manner during infection [119]. Although the content and implications of ALIS remain unclear, SseL
counteracts this ubiquitin-dependent selective autophagic response mounted by the host, via its deubiquitylation activity [119].
Finally, SseLs interaction with host protein OSBP, which results in no apparent ubiquitin-mediated regulation of OSBP, is discussed
in 'SseL and its interaction with OSBP".

Glycosylation

Protein glycosylation is the covalent attachment of glycan moieties, including carbohydrates or sugars, to a protein. N-glycosylation
refers to the attachment of glycans to the side-chain nitrogen atoms of asparagine whereas O-glycosylation is their attachment
to the side-chain oxygen atoms of hydroxyl amino acids such as serine or threonine. In mammalian cells, N-acetylglucosamine
(GleNAc) is transferred from an activated uridine-diphosphate donor substrate (UDP-GIcNAc) to the hydroxyl group of serine
and threonine by a glycosyltransferase, termed GlcNAcylation. Remarkably, a family of bacterial effectors catalyse the addition
of GlcNAc to arginine residues with an N-glycosidic linkage (Fig. 4). First described for enteropathogenic E. coli (EPEC) effector
NleBl1, this pathogen-specific modification is irreversible by the host cell and in the case of NleB1 inhibits proinflammatory
immune responses and host cell death [120-122].

SseK1, SseK2 and SseK3: related arginine-glycosyltransferases

Three Salmonella glycosyltransferases, SseK1, SseK2 and SseK3, which are translocated via the SPI-2 T3SS, share high sequence
similarity with NleB1 [123, 124]. According to their structures, NleB and SseK effectors are classified as type A family (GT-A)
glycosyltransferases. Each modifies a critical arginine residue of target proteins with a single GIcNAc moiety. Similar to other
structurally characterized bacterial glycosyltransferases, this group of effectors all contain a conserved metal-coordinating DXD
motif (SseK1 , DAD, ;SseK2  DAD, ;SseK3 , DAD, ) thatis indispensable for mediating their enzymatic activity [125-127].
Several studies have investigated the sugar transfer mechanism of these glycosyltransferases. A retaining sugar transfer mechanism
was proposed for SseK3 [126] and SseK1 [125], resulting in an alpha-anomeric glycosidic linkage. Retaining glycosyltransferases
are thought to operate through stabilization of an oxocarbenium-like transition state [128] with different mechanisms proposed
[128-131]. For SseK3, the glutamate side chain of SseK3_,., was proposed to act as the intramolecular nucleophile in the first
step of a double-displacement mechanism [126]. However, the corresponding residues, SseK1 .. and SseK2 ., are not essential
for catalysis [125]. Therefore, for SseK1 at least, a so-called S, single displacement reaction, is proposed, where the 3-phosphate
of the UDP formed in the reaction acts as the catalytic base to activate the acceptor arginine [125]. Interestingly, NleB, similar
to mammalian O-GlcNAc transferase (OGT) [132], acts via an inverting glycosyltransferase mechanism, so that NleB modified

substrates displaying a beta-anomeric configuration [127].

Upon translocation into host cells, the SseK effectors exhibit distinct subcellular localization patterns and target different host
substrates (Fig. 4). Both SseK2 and SseK3 localize to the Golgi, whereas SseK1 localizes to the cytosol of host cells [133]. The
development of an mAb specific for the Arg-GlcNAc modification [134] has aided identification of host substrate specificity of
the SseKs, but the findings have been conflicting [120, 133, 135, 136]. What is clear is that overexpression of the NleB1/SseK
effectors results in inauthentic or promiscuous modification of many host and bacterial proteins [122], whereas native expression
results in specific modified targets. For example, during Salmonella infection, natively expressed SseK1 modifies the death receptor
signalling protein TRADD, while SseK3 modifies receptors of the mammalian TNF superfamily, including TNFR1 and TRAILR
[136]. Both SseK1 and SseK3 function cooperatively to inhibit NF-xB signalling and necroptotic cell death when translocated
into macrophages, in an Arg-GlcNAc-dependent manner [133, 137]. While some enzymatic effectors have limited host targets
this is not the case for SseK3. Two recent studies found that during Salmonella infection in vitro, SseK3 modified several small
Rab (GTPases) on arginine residues, including Rab1, Rab5 and Rab11 [138, 139]. Rab1, which mediates vesicle transport from
the endoplasmic reticulum (ER) to the Golgi, was targeted by SseK3 in its switch II region, reducing protein secretion [138].
Interestingly, Rab1A is inhibited by SseF and SseG, resulting in inhibition of Rab1A-mediated autophagy, supporting the formation
of a replicative niche [140]. Furthermore, Rab5 is recruited to the early SCV by SopB [50] and activated by SopE (a GEF) [141].
However, the implications of this effector cross-talk on host Rab proteins remains unclear.

Interestingly, the substrate specificity of the NleB/SseK family of effectors is finely tuned by a single residue close to the catalytic
core (Y,,, in NleB1) [142]. Whereas Y, dictates a relatively broad substrate specificity by NleB, SseK1 has a narrow substrate
range. Amino acid substitution of S, in SseK1 or N, in SseK2 with Y promoted Arg-GlcNAc modification of FADD and DR3
proteins, respectively [142]. Interestingly, definitive substrate identification for native SseK2 has so far been elusive, suggesting
SseK2, much like NleB2 from EPEC [143], may use an alternative sugar for arginine modification of host proteins. Nevertheless,

expression of either SseK1_ . or SseK2 . . in a triple sseK null background, but not WT SseK1 or SseK2, resulted in complete
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Fig. 4. The molecular basis of arginine GlcNAcylation. (a) Salmonella effectors SseK1 and SseK3 utilize UDP-GlcNAc to catalyse Arg-GlcNAcylation on
host proteins (grey). (b) During Salmonella infection, SseK1 localizes to the host cell cytosol and modifies the mammalian signalling protein TRADD,
while Golgi-localized SseK3 modifies TNFR1 and TRAILR. Thereby, SseK1 and SseK3 target the TNF and TRAIL signalling pathways in host cells. SseK3
also targets Rab1, which mediates host protein transport from the endoplasmic reticulum to the Golgi, thus interfering with host protein secretion.
SseK2 localizes to the Golgi, though a host substrate is yet to be identified. Image created with BioRender.com.

restoration of the replication defect observed for the triple sseK mutant in RAW macrophages. This suggests that with artificial
expansion of the substrate repertoire, Salmonella no longer requires all three SseK effectors for its optimal intracellular replication.

Besides targeting substrates of host cells, SseK1 and SseK3 undergo self-GlcNAcylation which is critical for their enzymatic
activity [144]. Furthermore, SseK effectors are reported to modify an array of bacterial proteins, but whether this occurs in intact
bacteria or represents an experimental artefact awaits further experimentation [125, 136, 144, 145].

Several in vivo studies have explored the role of the SseKs in murine infection, albeit with mixed results [123, 124, 139, 146-149].
Clearly more studies are required to clarify the contribution of SseK effectors to Salmonella pathogenicity in vivo, as well as
continued efforts to further define the physiological substrates of each effector.
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Ribosylation

ADP-ribosylation is the enzymatic addition of ADP-ribose to a protein substrate catalysed by poly (ADP-ribose) polymerases
(PARPs) with the use of NAD* (Fig. 1). It plays a critical role in numerous host cellular processes including DNA repair, modula-
tion of cell signalling pathways and initiation of a form of programmed cell death known as parthanatos [150]. Salmonella encodes
two ADP-ribosyltransferase effectors, SpvB and SopFE, each of which subverts host innate responses.

SpvB: an actin targeting ADP-ribosyltransferase

SpvB is an effector encoded within the spv operon on Salmonella virulence plasmids, which plays a critical role in mediating
systemic Salmonella infection in mice [151, 152]. SpvB, identified as an ADP-ribosyltransferase via PSI-BLAST analysis [153],
harbours a conserved NAD binding site in the C-terminal domain to perform ADP-ribosylation [152]. Structural analysis
demonstrates a canonical fold as seen in other bacterial ADP-ribosyltransferases [154]. During Salmonella infection, SpvB is
translocated via the SPI-2 T3SS and targets actin within infected host cells [11, 152, 155]. SpvB modifies R __ of actin to interfere
with ATP hydrolysis, thereby inhibiting actin polymerization [156, 157]. The depolymerization of actin via SpvB eventually
results in the loss of filamentous actin content and downregulates SIF biogenesis in infected cells [155, 158]. Interestingly, the
effect of SpvB on host cell actin antagonizes the activity of another Salmonella effector SteC, which promotes the formation of
a meshwork of F-actin around SCVs at an earlier stage of infection [22]. Therefore, the activity of SpvB is tightly regulated in a
time-dependent manner.

SpvB has functions beyond inducing morphological changes of actin, with the expression of SpvB activating caspase-3 and inducing
apoptosis in macrophages [159, 160]. SpvB also induces the disassembly of P-bodies, which are cytoplasmic domains involved
in post-transcriptional regulation processes [161] and contributes to the disruption of the intestinal cell barrier, contributing
to Salmonella dissemination in infected hosts [162]. Additionally, SpvB mediates the downregulation of NRF2 and modulation
of intracellular iron homeostasis [163] and NF-xB signalling via antagonizing IKK( [164]. However, whether these functions
require the enzymatic activity of SpvB awaits further study. Importantly, several studies have indicated a critical role for SpvB in
colonization and virulence of Salmonella in vivo [148, 165-167]. In summary, SpvB has one clearly defined host substrate, yet
hijacks multiple host cell processes to promote Salmonella virulence.

SopF: ADP-ribosylation to inhibit autophagy

Recently, a Salmonella SPI-1 T3SS translocated effector SopF was identified as a novel ADP-ribosyltransferase [168, 169]. Although
the sequence of SopF shows no homology to previously identified ADP-ribosyltransferases, SopF bears an ‘I-Y-E’ catalytic triad,
which is similar to the catalytic triad found in diphtheria toxin-like ADP-ribosyltransferase [170]. ADP-ribosylation factor (ARF)
GTPases bind SopF, and the N-terminal domain of ARF1 was required to activate SopF [170]. During Salmonella infection, SopF
is translocated into host cells to modify Q,,, of ATP6VOC in the V-ATPase. Such modification prevents recruitment of ATG16L1
by V-ATPase to the damaged SCV's thereby inhibiting LC3 lipidation, which is critical in initiating antibacterial autophagy [169].
In another study, SopF was shown to bind to phosphoinositides and was required to promote SCV membrane stability [171].
By targeting the V-ATPase-ATGI6L1 axis of host cells, SopF functions as a broad-spectrum antibacterial autophagy inhibitor
without affecting canonical autophagy [169]. Notably, a AsopF S. Typhimurium mutant exhibited attenuated virulence in mice
compared to the wild-type strain, supporting its role in antagonizing the host immune response to infection [169].

Acylation

Acylation is the addition of an acyl group (R-C=0) to a protein or lipid substrate. When cholesterol is esterified, the carboxylate
group of a fatty acid (acyl chain) is activated with thio-coenzyme A to form an acyl-CoA. When this reacts with the hydroxyl
group of cholesterol, a cholesterol-ester is formed.

SseJ - an acyltransferase

Sse] is an SPI-2 translocated acyltransferase effector [50]. Amino acid sequence analysis of Sse] identified both a ‘GDSL motif and
catalytic triad composed of serine (S ), aspartic (D,, ) and histidine (H,,,) residues, common to GDSL-type lipases [172, 173].
The effector exhibits both phospholipase A and glycerophospholipid:cholesterol acyltransferase (GCAT) activity, as well as
deacylase activity [172, 174, 175]. Upon translocation, SseJ associates with the host GTP-bound small GTPase RhoA in order
to become enzymatically active and perform membrane cholesterol esterification, which is the transfer of acyl chains from
glycerophospholipids onto free cholesterol [175-177]. Subcellular localization studies revealed that SseJ localized to SCVs and
SIFs [178, 179]. Consistent with its localization pattern, Sse] regulates SCV membrane dynamics and the biogenesis of SIFs
[179-181]. The importance of Sse] in membrane dynamics is highlighted by the deletion of Sse] in a sifA mutant background
rescuing the unstable nature of sifA mutant SCVs [179, 182]. Also, ectopic expression of SifA and Sse] in HeLa cells induces
formation of tubular structures, which mimic tubules induced upon Salmonella infection [183]. Thirdly, together with SseL, Sse]
recruits oxysterol-binding protein-1 (OSBP) to the SCV and without SseJ and SseL, SCV's are unstable [184]. Fourth, a recent
study revealed that the catalytic activity of Sse] is required to suppress the expression of host cholesterol transport protein ABCA1
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and induce cholesterol accumulation in infected macrophages [185]. Therefore, Sse], through its acyltransferase activity and in
concert with SseL (see 'SseL and its interaction with OSBP') regulates the biogenesis and integrity of SCVs and SIFs.

Acetylation

Acetylation is a PTM conserved across all domains of life and is carried out by N-acetyltransferases. The Yersinia outer membrane
protein J (Yop]) was the founding member of a superfamily of effectors found in diverse plant and animal pathogens that display
unique acetyltransferase activity to potentiate infection [186], referred to as the Yop]J family. Despite sharing a conserved catalytic
triad that is identical to that of the C55 family of cysteine proteases, they modify host target proteins by acetylating specific serine,
threonine and/or lysine residues. Several S. enterica serovars encode AvrA, an acetyltransferase effector of the same superfamily
that is translocated by both the SPI-1 and SPI-2 T3SS machinery.

AvrA: an anti-inflammatory acetyltransferase

All members of the Yop] family of acetyltransferases, including AvrA, require two co-factors for their activity: acetyl-CoA (AcCoA)
as the source of the acetyl group and inositol hexakisphosphate (IP6) [187]. Mutation of the core catalytic cysteine, AvrA__, .,
abolishes its autoacetylation, while individual mutation of residues E , , I ., and C . mediate a reduction in the acetyltransferase
activity of AvrA [188]. Of note, despite early reports that AvrA might act as a deubiquitylase, it is now considered a dedicated
acetyltransferase [108].

What then are the targets of AvrA’s acetyltransferase activity? Initially described to inhibit pro-inflammatory NF-kB signalling
[189], subsequent studies in both in vitro and in vivo Salmonella infection models revealed that AvrA specifically inhibits c-Jun
N-terminal kinase (JNK) signalling via acetylation of a key threonine residue within the MAPK kinases (MAPKKs), MKK4 and
MKK?7 [190, 191]. Analysis of the allelic L, variant of AvrA demonstrated that this residue is essential for JNK suppression,
as the variant functions to prohibit interaction with MKK4/7 [192]. Through this mechanism, AvrA simultaneously reduces
JNK-mediated inflammatory and apoptotic responses in both intestinal epithelial cells and macrophages, probably to promote
a replicative niche. Of note, unlike Yop] itself, AvrA does not inhibit the ERK MAPK pathway and, instead, ERK2 interacts with
and phosphorylates AvrA, inhibiting its activity [190]. Finally, several other functions for AvrA have been reported, with poorly
defined mechanisms [188, 193-200]. Most of these studies use strains with a PhoP constitutive mutation (phoP<). With the
expression of more than 40 proteins altered [201], this renders the bacteria attenuated for virulence and survival in macrophages,
and therefore the physiological significance of the findings are unclear.

Proteolysis

Proteolysis is the enzymatic breakdown of proteins following hydrolysis of peptide bonds by a protease. It results in an irreversible
alteration of the protein and is essential for maintaining cellular homeostasis as well as regulating cell signalling. The irrevers-
ible nature of proteolysis represents a potent method by which pathogens can alter host-mediated signalling [202]. Several
Salmonella effectors are designated as proteases, encompassing two classes: the cysteine proteases (GtgE, SpvD and Ssel) and the
zinc-metalloproteases (GtgA, GogA and PipA) [11]. Cysteine proteases use a cysteine residue for nucleophilic attack of the target
peptide bond. Meanwhile, zinc metalloproteases use an activated water molecule as the nucleophile. Other proteases include
serine, threonine, aspartic and glutamic proteases, and asparagine peptide lyases. However, Salmonella is not known to encode
any of these peptidases as effectors. The Salmonella DUB, SseL, a cysteine protease which specifically cleaves a ubiquitin moiety
is addressed in the ubiquitin-specific section above ('Ubiquitylation’).

Cysteine proteases

GtgE, SpvD and Ssel represent cysteine proteases, with similarity in their catalytic triad and papain-like fold (Fig. 5). The
structural similarity and ordering of catalytic-site residues places each of these in the CA clan. Despite this, the proteins are not
redundant and indeed different functions and substrates are described, with Ssel acting as a deamidase, in which the amide group
of glutamine is converted to glutamic acid. Therefore, as for eukaryotic proteins, similar catalytic triads can result in different
biochemical activity and ultimately function.

GtgE: a GTPase-targeting protease

GtgE, which is required for replication and virulence in vivo, consists of a papain-like fold and catalytic triad comprising C,,, H
and D, [203] with the triad side chains requiring minor adjustments to resemble that of an active enzyme state [204] (Fig. 5).
GtgE targets three members of the Rab family of GTPases: Rab29, Rab32 and Rab38, cleaving after G, in Rab32 which results
in an inactive GTPase conformation [205]. Rab proteins are found in GTP-bound active states and GDP-bound inactive states
with the switch I and switch II regions of Rab proteins moving from a disordered state when inactive to a well-defined structure
in the active form. This change, and in particular the positioning of F,, of Rab32, allows for the remarkable discrimination of
Rab32:GDP from Rab32:GTP so that GtgE displays preferential cleavage towards inactive GDP-bound Rab32 [206]. This finding
also explains why Rab32:GTP inactivation by the GAP SopD2 ('SopD and SopD2: Two effectors with GAP activity') is required for
the activity of GtgE [206, 207], highlighting another example where two Salmonella effectors functionally cooperate. Interestingly,
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Papain

Fig. 5. Structural alignment of cysteine proteases GtgE, Ssel and SpvD with papain-like folds. (a) Structure of papain (pdb: 1ppn) compared to that of
Salmonella effectors GtgE (pdb: 5kdg), Ssel (pdb: 4929) and SpvD (pdb: 5lgé). Structures are aligned to the catalytic cysteine of papain (Cys25). The
papain-fold motif is highlighted in dark pink and comprises an o-helix containing the catalytic cysteine residue and an anti-parallel f-sheet. The arrow
indicates the location of the catalytic cleft/active centre. The structure of SpvD was rotated by -45° along the xy-axis for better comparability. (b) Zoom
into the active centre of the cysteine proteases shown in (a). Residues of the catalytic triad are shown as sticks and atoms were coloured as follows:
carbon - grey, oxygen - red, nitrogen — blue, sulphur — yellow. In contrast to the catalytic triad of GtgE, Ssel and SpvD, which is made up of cysteine,
histidine and aspartate, that of papain contains an asparagine residue instead of aspartate.

GtgE is absent from S. Typhi and this contributes to the narrow host range observed in which only humans develop typhoid
fever. Remarkably, an S. Typhi strain engineered to express gtgE is able to replicate within murine macrophages and colonize
mice [208], elegantly addressing the importance of serovar-specific effector repertoires.

SpvD and Ssel: same protein fold, different biochemistries

Despite evident structural similarity between SpvD, Ssel (also called SrfH) (Fig. 5) and cysteine hydrolase effectors from other
Gram-negative pathogens, each is functionally distinct. Ospl from Shigella flexneri deamidates Ube2N (Ubc13), a ubiquitin-
conjugating enzyme, to inhibit TRAF6 [209] whereas AvrPphB, from the plant pathogen Pseudomonas syringae, targets plant
kinases for cleavage [210]. This probably reflects differences in substrate binding surfaces and/or orientation of the catalytic
triad and means that identifying a putative biochemical activity through structural homology is not always sufficient to elucidate
effector function. Indeed, identifying protease targets requires significant effort and while functionally, SpvD inhibits NF-xB in a
catalytically dependent manner [211] it is unclear if this is via its only known interaction partner exportin-2 [212]. Furthermore,
despite evidence that recombinant SpvD cleaves a C-terminal peptide of ubiquitin (RLRGG) fused to aminoluciferin, SpvD does
not cleave full-length di-ubiquitin substrates [211]. Intriguingly, a single-nucleotide polymorphism at position 161, identified
between serovars of S. Typhimurium (R, ) and S. Enteritidis (G, ), altered the catalytic activity of SpvD. Given its proximity to the
catalytic site, this probably alters substrate access to the active site, with arginine occupying a larger space. Whether this changes
the substrate specificity requires further investigation, but SpvD . elicited greater Salmonella virulence in mice compared to
strains expressing SpvD,  [211].

Glel
R161

Ssel is one of several SPI-2 effectors that inhibits dendritic cell migration and promotes long-term systemic infection [213, 214].
Structural resolution of the catalytic domain of Ssel revealed that it resembles a cysteine protease or deamidase (Fig. 5) [215]. More
recently, Ssel has been demonstrated to convert the glutamine residue Q,; of GNa,, from the heterotrimeric G protein family to
glutamic acid, confirming deamidase activity. This results in constitutive activation of GTP hydrolysis and this loss of polarized
activation/deactivation might explain how Ssel blocks directed dendritic cell migration towards chemokines [216]. Furthermore,
Ssel shows similarity to a handful of other SPI-2 effectors in its N-terminal domain and, like SspH2, Ssel is localized to the plasma
membrane via S-palmitoylation of C, which is important for its function [217]. This therefore exemplifies how individual domains
of an effector, as well as specific host-mediated PTM, can be essential for accurate effector localization and function. To this end,
it is at the plasma membrane that Ssel interacts with IQGAP1 (IQ motif containing GTPase activating protein 1), a host protein
that functions as a modulator of cell migration [213]. Finally, as seen for SpvD and GtgE, serovar-specific phenotypes have been
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described for Ssel. In ST313 S. Typhimurium isolate D23580 [213], which causes systemic bacteraemia in sub-Saharan Africa,
ssel is a pseudogene. Despite Ssel preventing dendritic cell migration, loss of its activity is associated with hyper-dissemination of
this serovar of bacteria to the mesenteric lymph nodes [218]. Additionally, an SNP at position 103 controls whether Ssel interacts
with TRIP6 in a yeast two-hybrid assay [219]. Overall, despite structural similarity in the catalytic triad (Fig. 5), SpvD, Ssel and
GtgE are unique effectors that are functional and biochemically distinct.

GogA, PipA and GtgA: Zinc metalloproteases that cleave NF-xB

GogA, PipA and GtgA are a family of Salmonella effector zinc metalloproteases that suppress proinflammatory immune responses
by cleaving p65 NF-kB [220, 221]. These proteins demonstrate a characteristic HExxH motif, whereby the two histidine residues
bind zinc at the active site while the glutamate coordinates a zinc-bound water molecule for nucleophilic attack of the carbonyl
group of the substrate [222]. Structural analysis revealed that the binding of GtgA to the N-terminal domain of p65 mimics
the NF-xB-DNA interaction with mutational analysis uncovering the basis for specificity of GtgA towards p65, RelB and cRel,
but not NF-xB1 and NF-xB2 [223]. This is in contrast to NleC, a homologue from EPEC, which cleaves all five NF-xB family
members at a different site [220, 224-231]. It is interesting to note that several Gram-negative bacteria have evolved GtgA/NleC-
like peptidases and further work analysing the divergence of substrate selectivity may reveal how effectors from this peptidase
family have evolved [232].

Guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs)

GTPase proteins are a large family of small well-conserved eukaryotic enzymes that act as molecular switches, governed by their
binding with GDP (inactive) or GTP (active) in the switch 1 and 2 regions. Usually only the active form binds and activates
downstream effectors. Cycling between inactive and active forms requires catalysis by GEFs (activating) and GAPs (inactivating).
GEFs function by eliminating GDP allowing for free GTP to bind, while GAPs function by accelerating GTP hydrolysis to GDP.
Guanine nucleotide-dissociation inhibitors (GDIs) sequester the inactive pool of Rho- and Rab-family GTPases, providing another
level of regulation in these cases [233, 234]. The importance of this host regulatory system during infection is demonstrated by
the numerous examples of GTPases as host targets of effectors in this review alone. For example, SseK3 glycosylates and GtgE
cleaves certain Rab GTPases to inactivate them ('Glycosylation' and 'GtgE: a GTPase-targeting protease’, respectively). Mean-
while, SopF ('SopF: ADP-ribosylation to inhibit autophagy') and Sse]J (SseJ — an acyltransferase’) bind GTPases and Ssel ('SpvD
and Ssel: same protein fold, different biochemistries') binds a host GAP without evidence of direct biochemical modification.
Furthermore, SifA contains a WxxxE motif classic of GEFs and demonstrates structural mimicry of GTPases to bind its host
target PLEKHM2 ('SifA and its role in membrane stability'). Similarly, SopB structurally mimics a host GDI in binding Cdc42
('SopB: a phosphoinositide phosphatase’). However, in this section we focus on four Salmonella effectors closely related either
by sequence or function to eukaryotic GEFs and GAPs. The GAP activity of SptP is described above ['SptP: A dual phosphatase
and GTPase activating protein (GAP)'].

SopD and SopD2: two effectors with GAP activity

The Salmonella effector protein SopD is required for complete virulence as a AsopD mutant exhibits reduced replication in
vitro and in murine models of infection compared to wild-type Salmonella [235]. Early studies indicated that SopD induced
inflammatory responses and gastroenteritis in infected hosts cooperatively with other Salmonella effector proteins [70, 191].
SopD also contributes to membrane fission and micropinocytosis during Salmonella infection together with SopB [236]. More
recent discoveries showed that SopD targets small Rab GTPases of host cells, including Rab8 and Rab10, to manipulate host
immune responses during Salmonella infection [237-239]. Here, SopD demonstrated GAP activity towards Rab10, resulting in
recruitment of Dynamin-2 to promote scission of the plasma membrane of infected host cells [237]. In another study, however,
SopD induced higher GTPase hydrolysis of Rab8 compared to Rab10 [239]. As active Rab8 recruits phosphoinositide 3-kinase
(PI3K) to mediate Akt-dependent anti-inflammatory programmes [240-242], the GAP activity of SopD promoted inflammatory
signalling in infected host cells [238]. In addition, SopD demonstrated GEF activity towards Rab8, which contributes to the
displacement of Rab8 from its cognate inhibitor (GDI) resulting in Rab8 activation. Importantly, the GEF activity towards Rab8
was independent of its GAP activity [238]. It remains unclear how SopD coordinates antagonistic activities towards Rab8 during
infection, and further studies are required to reveal mechanistic details.

SopD2 is thought to have arisen through gene duplication of SopD, given sequence similarity of 43% and significant structural
similarity of the two effectors [243]. SopD2 is an SPI-2 effector which is associated with the localization and dynamics of the
SCV and the obstruction of endosomal movement [243-245]. The N-terminal domain of SopD2, which is not homologous with
SopD, is essential for its localization at SCVs and endosomes [246]. Targets of SopD2 include Rab7, Rab8, Rab10, Rab32 and
Rab34 [207, 243, 247] although the downstream effect of interactions with Rab8 and Rab10 have not been characterized. Rab7
activity is inhibited by direct SopD2 binding and GAP activity and leads to a halt of endosomal trafficking and dissociation with
Rab7 effector proteins, potentially preventing the fusion of the SCV with lysosomes and promoting the cell-to-cell spread of
bacteria [243]. A proteomic screen revealed that annexin A2 (AnxA2) interacts with SopD2 during infection [244]. Given the
ability of AnxA?2 to interact with Rab7 and modulate cytoskeletal rearrangement in the host, the authors speculated that AnxA2
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assisted in positioning the SCV inside the cell and altered the endocytic pathways to promote intracellular growth; however, this
needs validation.

Rab32, in concert with the BLOC-3 complex, contributes to host defence against Salmonella, possibly by delivering antimicrobial
peptide-containing lysosomal-related organelles to the SCV [207, 248]. In concert with the cysteine protease SPI-2 T3SS effector,
GtgE, SopD2 utilizes its GAP activity to target Rab32 to nullify this pathway and restore intracellular infection [248]. Rab34, on
the other hand, is involved in the maturation of the SCV and fusion of the SCV with lysosomal components [247]. This study
suggests SopD2 exploits the function of Rab34 to enhance the intracellular replication of S. Typhimurium, but it remains unclear
whether SopD2 GAP activity is required. The effects mediated by SopD2 in vitro involve inhibition of endocytic migration as
a mechanism to augment intracellular replication of Salmonella. This provides an explanation for observations of SopD2 being
important for the virulence and replication of S. Typhimurium in murine in vivo models and intracellular growth in macrophages
[235,249-251]. Further, SopD2 can contribute to suppression of antigen presentation by dendritic cells, either individually or in
concert with SPI-2 effectors SspH2 and SIrP [87].

SopE and SopE2: functional analogues of host GEFs of Cdc42

The two effector proteins SopE and SopE2 display 69% amino acid sequence identity and function as GEFs for the rho-GTPase
Cdc42 [37, 252]. Both effectors are injected as part of the SPI-1 effector group, localizing to the early SCV to potentiate early
intracellular replication [253]. Interestingly, they demonstrate no sequence [254] or structural homology to eukaryotic GEFs [255].
In complex with Cdc42 ., SopE employs novel amino acid residues to interact with the substrate compared to the eukaryotic
GEF Tiaml, though the impact of the interaction on Cdc42 switch regions is similar [255].

SopE and SopE2 have divergent substrate specificity, with only SopE demonstrating GEF activity towards Racl [254], pointing
to a mechanism by which Salmonella may tune its effect on host Rho GTPases. SopE also demonstrates GEF activity towards
Rab5, binds Rab5 in its GTP-bound state and recruits it to the phagosome where Rab5 is active and promotes fusion with early
endosomes. Though Rab5 usually requires prenylation for activity, a Rab5 prenylation-resistant mutant recruited by SopE recovers
activity [141]. The short half-life of SopE compared to SptP ['SptP: A dual phosphatase and GTPase activating protein (GAP)']
means SptP reverses SopE Rho GTPase activation after cell entry [36, 38].

Adaptors

Numerous Salmonella effectors display enzymatic activity and directly target host substrates to modify their function. However,
other Salmonella effectors lack domains with predicted enzymatic activity; how then do these effectors operate? To compensate
for their lack of enzymatic activity, many effectors appear to function as adaptors that facilitate non-canonical interactions
between host proteins, one of which is often an enzyme, giving the potential for indirectly modifying multiple host substrates.
In this section, we review how various adaptors function to manipulate the host cell during infection. A common theme is the
reprogramming of host enzymes towards infection-specific substrates (Fig. 6).

SteE: a kinase reprogramming adaptor

SteE is a small protein of 157 aa, translocated through the SPI-I and SPI-2 T3SSs. Mechanistically, SteE drives a change in
amino acid specificity in the host serine/threonine kinase glycogen synthase kinase 3 (GSK3), resulting in the phosphorylation
of the transcription factor signal transducer and activator of transcription 3 (STAT3) at Y, , [256] (Fig. 6). Interestingly, SteE
contains a consensus GSK3-binding motif SLPV(p)SP, but instead of phosphorylating this motif, GSK3 is responsible for the
phosphorylation of SteEatY , T, , S, and Y,,,, with GSK3-mediated SteE phosphorylation required for STAT3 phosphorylation
[256]. As GSK3 is an S/T kinase, one might speculate that phosphorylation of tyrosine residues in SteE and STAT3 requires a
conformational change in the GSK3-SteE complex, but this has not been experimentally investigated. Interrogation of the SteE
sequence revealed that SteE mimics the cytoplasmic domain of the glycoprotein 130 (gp130), which is involved in JAK-dependent
STAT3 phosphorylation [257]. Indeed, this region contains a classical SH2-binding motif, (p)Y,,,xxQ, and its phosphorylation
atY,,, by GSK3 promotes recruitment of STAT3 as a substrate [256, 257]. STAT3 phosphorylation mediates its activation as a
transcription factor, and this results in increased surface levels of IL-4 receptor a and secretion of IL-10 [256, 258]. In this way,
SteE drives an anti-inflammatory response in infected cells, counteracting the pro-inflammatory role of TNFa in the granuloma
[259] and resulting in the polarization of macrophages to an M2-like anti-inflammatory state that provides a niche for immune
evasion, survival and persistence of Salmonella Typhimurium [260]. A similar role for SteE in the long-term survival of bacteria
was recently observed in S. Pullorum-infected chickens [261].

SteD: an adaptor that redirects the host E3 ligase WWP2

SteD drives the ubiquitylation of mature major histocompatibility complex class II (mMHCII) by the host E3 ligase WWP2.
First, SteD hijacks the host AP1-mediated trafficking pathway through the ER, Golgi and trans-Golgi network to reach MHCII
compartments [262], where it binds to mMHCII [263]. SteD interacts indirectly with WWP2 via transmembrane protein
127 (TMEM127) [264], with TMEM127 interacting with WWP2 through a canonical binding motif (PPxY), so that the
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Kinase Reprogramming
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Fig. 6. Adaptor proteins that reprogramme host enzymes to new substrates SteE (a) and SteD (b) (both in brown) are (i) translocated to the cytosol
through a type Ill secretion system. (i) After translocation they interact with host proteins; SteE forms a complex with GSK3 in the cytosol and
SteD binds to TMEM127 in the trans-Golgi network (TGN), from where it is transported to an endosome called the MHCII compartment. (iii) GSK3
phosphorylates StekE and E3 ligase WWP2 is recruited to the TMEM127-SteD complex. (iv) phosphorylated SteE recruits STAT3 to the complex and
GSK3 phosphorylates the non-canonical substrate STAT3 on tyrosine 705. SteD recruits MHCIl or CD97 to the complex and WWP2 ubiquitylates the
targets. (v) Phosphorylated STAT3 activates anti-inflammatory pathways and ubiquitylated MHCIl and CD97 are targeted for degradation, reducing their
cell surface levels and dampening T-cell activation. Image created with BioRender.com.

mMHCII-SteD-TMEM127-WWP2 complex is formed [263, 264] (Fig. 6). In this complex, WWP2 ubiquitylates mMHCII with
K_,-linked ubiquitin chains, targeting it for lysosomal degradation and resulting in reduced surface levels of mMHCII. Interest-
ingly, SteD is also targeted for degradation through K_-linked ubiquitylation by WWP2 in a TMEM127-dependent manner and
mMHCII depletion in the cell membrane is enhanced by SteD ubiquitylation [264]. Exactly how SteD ubiquitylation enhances
mMHCII depletion is unclear [264], but host-mediated effector PTMs represent a common theme in effector activity. SteD, in
complex with TMEM127 and WWP2, also facilitates degradation of the host protein CD97, with CD97 ubiquitylated by WWP2
at K, targeting it for lysosomal degradation (Fig. 6) [265]. Overall, SteD fosters a reduction in mMHCII and CD97 at the cell
surface of antigen presenting cells, reducing their interaction with T cells, dampening antigen presentation and reducing T-cell
proliferation [263-265], permitting Salmonella to evade the adaptive immune response.

GogB: an F-box-like mimic

The exact molecular mechanism of GogB remains unknown. GogB contains an N-terminal canonical LRR domain, similar to that
of SspH1, SspH2 and SlrP. Its C-terminal domain resembles an F-box-like domain, which mediates protein-protein interactions.
Two host interacting partners, SKP1 and FBXO22, are described and via these proteins GogB inhibits NF-kB activation [266].
SKP1 represents a core component of the SKP1-Cull-F-box (SCF) multi-protein ubiquitin ligase complex, in which F-box proteins,
themselves bound to the adapter protein SKP1, recruit targets to the E3 ligase [267]. Whether the F-box-like domain in GogB,
which is important for SKP1 interaction, directs SCF ligase activity towards new substrates is unclear. Instead, GogB somehow
perturbs the ubiquitylation and degradation of IkBa, perhaps by abrogating the function of the SCF**°*22 Jigase complex, thereby
preventing nuclear import of p65 and activation of NF-kB. In vivo, a gogB mutant induces greater inflammation and tissue damage
as well as elevated inflammatory markers in the caecum [266].
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SseF and SseG: tethering SCVs to the Golgi

SseF and SseG are two interdependent effectors encoded by the SPI-2 locus. They share approximately 35% similarity at the amino
acid level over their entire lengths and the same chaperone SscB [268]. Both effectors are integral membrane proteins [269, 270]
with their N- and C-terminal regions facing the host cell cytoplasm [271-273]. Translocated SseF and SseG localize on the SCV
membrane and Salmonella-induced tubules [274, 275]. Deleting one or both of the genes results in the same phenotype during
Salmonella infection: (1) failure to form a microcolony and maintain SCV's close to the Golgi network in epithelial cells [269, 272,
276]; (2) formation of thinner, single membrane SIFs [274, 277] in epithelial cells and macrophages activated with IFN gamma;
(3) failure to induce the aggregation of microtubules in epithelial cells [275]; (4) reduced ability to replicate in epithelial cells and
macrophages [269, 274], and similar attenuation in a mouse infection model [269]; and (5) failure to form membrane tubules
decorated with effectors but devoid of host proteins, i.e. LAMP1-negative tubules (LNTs) in the absence of SifA and SopD2 [278].
How SseF and SseG contribute to LNTs is unclear, but as they are verified integral membrane effectors localized to the SCV
membrane, it is tempting to speculate that this requires their intrinsic ability to integrate into membranes.

Interaction between SseF and SseG [269] enables them to interact with the Golgi network-associated protein acyl-CoA binding
domain containing 3 (ACBD3) [273], hence tethering the SCVs to the Golgi network to counteract movement away from the
Golgi driven by microtubule motors and the effectors SteA and PipB2 [250, 276]. Lack of the interaction between SseF and SseG
with ACBD3 also impairs intracellular bacterial replication [273], suggesting that proximity to the Golgi network might enable
nutrient and/or membrane acquisition. Indeed, SseF is required for efficient access to endosomal cargo and nutrients in both
epithelial and macrophage cells [277, 279], with intracellular bacteria lacking SseF entering a starvation stress response [280].

As well as ACBD3, SseF and SseG interact with RablA, inhibiting Rab1A’ interaction with its GEE, and RablA-mediated
autophagy, thereby facilitating intracellular bacterial survival and replication [140]. Given that RablA is also involved in SIF
formation in HeLa cells [281], the relative contribution of ACBD3 and Rab1A to the phenotypes attributed to SseF and SseG in
both epithelial cells and macrophages requires further investigation. Notably, SseF has also been shown to interact with TIP60
[282] and junction plakoglobin [283], and SseG with desmoplakin and Caprin-1 [283] (Table 1), but the physiological importance
of these interactions is unknown.

SifA and its role in membrane stability

SifA is an extensively studied ‘core’ effector with no confirmed enzymatic activity, yet it is very important for virulence [182].
SifA’s prototypical function is the stabilization of the SCV, preventing rupture and release of Salmonella into the cytosol [182]. As
well as preserving the integrity of the vacuole, in epithelial cells SifA is required for the formation of SIFs, which are also referred
to as Salmonella-induced tubules (SITs) [284]. These extended tubules are likely to enable nutrient acquisition for vacuolated
bacteria [279]. Several other functions for SifA are described, including inhibition of lysosomal function through disruption of
mannose 6-phosphate trafficking and Rab9 sequestration [285] as well as recruitment of the lysosomal tethering factor HOPS
to the SCV [286]. Via its N-terminal domain (residues 1-136), SifA interacts with the C-terminal Pleckstrin Homology (PH)
domain of host protein PLEKHM?2 (SKIP) [183], mediating both SCV membrane stability and SIF formation through disruption
of kinesinl membrane localization [287]. Tethering of kinesin1 to the SCV also requires the host small GTPase Arl8b [288, 289]
and Salmonella effector PipB2 [290] providing another example of effector co-operation.

SifA also interacts with the Rab7 effector PLEKHM]1 via its N-terminal domain [263]. A complex consisting of SifA, PLEKHM1
and Rab7 results in recruitment of the HOPS complex to the SCV membrane [291]. Without this interaction, bacteria accumulate
in large bag-like vacuoles, suggesting that the SifA-PLEKHMI1 interaction enables the fission/fusion of late endosomes and
lysosomes with the SCV to extend the vacuoles as the bacteria divide. While the N-terminal domain of SifA is required for
PLEKHM1/2 interaction, its C-terminal domain contains a WxxxE motif indicative of GEFs [183]. Indeed, SifA demonstrates
structural homology to the Salmonella effector SopE and other bacterial GEFs, suggesting it is a GEF mimic [292]. However,
despite this, SifA has a non-homologous putative catalytic loop and no GEF activity has been demonstrated, despite interaction
with GTPases Rab7 and RhoA [183, 293, 294].

Interestingly, there is a caspase-3 cleavage site in SifA, which is required for the proper localization of the N-terminal domain and
C-terminal WxxxE motif-containing domain, as well as dissemination of bacteria to the liver following oral gavage [295]. This
perhaps explains how SifA carries out multiple functions. Indeed, the C-terminal domain of SifA appears to independently reca-
pitulate the activity of the protein in the absence of PLEKHM?2 [296]. Furthermore, host-mediated prenylation at the C-terminal
CAAX motif and S-acetylation of another C-terminal cysteine is required for SifA localization at the SCV membrane [297],
emphasizing the importance of host-mediated PTMs to the function of this effector. Overall, the consensus is that, despite the
WxxxE motif being important for SifA-PLEKHM?2 interaction and a role for the putative catalytic loop in SIF formation and
intracellular replication [298, 299], SifA functions as an adaptor.

SipA: an actin binding protein

SipA (SspA) is a SPI-1 effector and actin binding protein (ABP) with no recognized enzymatic activity. Instead, it facilitates
bacterial entry through its C-terminal domain, which displaces host ABPs to prevent F-actin severing, and binds T-plastin to
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promote F-actin polymerization [39, 300]. The N-terminal domain of SipA mimics a cognate SNARE, mediating interaction with
host Syntaxin8 to promote fusion with early endosomes [301]. Interestingly, similar to SifA, SipA is also a caspase-3 substrate,
which releases the N-terminal domain from the actin-binding C-terminal domain [295].

Enzymatic effectors with apparent non-enzymatic functions

With many effectors demonstrating diverse functions, it is not unexpected that some effectors show both enzymatic and non-
enzymatic functions. Here we highlight some of these examples that probably require further investigation.

SselL and its interaction with 0SBP

SseL interacts with, but does not appear to post-translationally modify, a lipid transporter called OSBP [302]. Indeed, a role for
SseL in lipid regulation is supported by the observation that sseL mutant infected cells accumulate lipid droplets, which act as a
store for cholesterol [303]. Furthermore, OSBP facilitates the transport of cholesterol between subcellular compartments [276]
and appears important for Salmonella replication [302]. It is therefore interesting to speculate that SseL, in concert with Sse],
which also interacts with OSBP [184], co-opts OSBP to regulate cholesterol and lipid droplet formation. When both SseL and Sse]
are absent, the Salmonella SCV is unstable, and this is phenocopied when the OSBP-interacting partner VAPA/B is knocked out
[184]. Other host proteins might also be important, such as Niemann-Pick disease type C1 protein (NPC1), which is recruited to
the SCV in an effector-dependent manner [24] and is known to regulate cholesterol storage. Overall, it remains to be determined
how SseL regulates lipids during Salmonella infection, but together with Sse], SseL is important for vacuole stability [24, 184].

SUrP and the chaperone ERdj3

SIrP interacts with the host chaperone protein, ERdj3, following partial localization to the ER [79]. However, no enzymatic activity
of SIrP was required for the SlrP-mediated interference of ERdj3 binding to a denatured substrate [79] and a different effector
tagging technique demonstrated that SlrP did not localize to the ER of epithelial cells in significant quantities [304].

SseK3 and its interaction with TRIM32

SseK3, but not SseK1 or SseK2, interacts with the host E3 ligase TRIM32 yet the significance of this remained unclear as TRIM32
was not identified as a substrate of SseK3, nor is it required for SseK3-mediated inhibition of NF-kB [133, 137]. Instead, TRIM32
ubiquitylates SseK3, targeting it for proteasomal degradation and therefore this interaction might represent a host-mediated
response to infection [305].

Poorly defined effectors

Since the discovery of the SPI-2 Salmonella system over 25 years ago [17], significant progress has been made in assigning the
function and biochemical activity to a large proportion of its effectors (summarized in Table 1). Yet, we still know very little
about several effectors. SteB, believed to be translocated by both the SPI-1 and SPI-2 injectisomes, is uncharacterized [306] and
for CigR, which acts as an anti-virulence protein in competitive index experiments [148], it is not known if it functions within
the host or the bacteria [307]. SifB is recruited to the SCV and shares a WxxxE motif with SifA [216]. Although SifB has been
shown to co-purify with Rab13 and Rab10 in HeLa cells [24], it remains poorly characterized and has no described enzymatic
activity. The crystal structure of Srf] points to it resembling a glycoside hydrolase enzyme, yet very little is known about the
proteins function [308].

For some effectors, host interaction partners have been described but with little further characterization. For example, PipB,
recruits the ER-tethered protein PDZD8 to the SCV, and also interacts with the effector SifA [24], but the significance of these
interactions is not clear. PipB2 interacts with several additional host proteins including kinesin light chain, KIF5B and more
recently annexin A2, which also interacts with SopD2 [24, 244, 290]. However, how PipB2 impacts host PTMs and how these
interaction partners support bacterial virulence requires further investigation. Finally, the ‘core’ effector SteA binds to phosphati-
dylinositol 4-phosphate (PI4P) in the SCV membrane, regulates vacuole membrane dynamics [309] and contributes to bacterial
replication within vacuoles [310], yet further mechanistic insight is lacking. SteA also contributes to inhibition of NF-«B through
its interaction with Cullin-1, a component of the SCF-E3 ligase complex that is also targeted by GogB [311].

Conclusion and perspectives

The intensive, ongoing study of T3SS effector mechanisms has driven the discovery of diverse and novel biochemical modifications
mediated by Gram-negative bacterial pathogens. With a cohort of over 40 T3SS effectors, Salmonella has offered a bounty of such
discoveries, providing unprecedented insights into the mechanisms of bacterial virulence and host defence. The mediation or
perturbation of PTMs by Salmonella T3SS eftectors is a key virulence mechanism of the pathogen, often subverting host machin-
eries by simply modulating pre-existing host molecules to establish a favourable replication niche and evade immune detection.
Within a hostile intracellular milieu, Salmonella mediates precise and efficient cell-intrinsic immunity. The possible constraints on
the quantity of effector molecules that can be translocated into the host cytosol would favour highly targeted enzymatic activity

21



Pillay et al., Microbiology 2023;169:001342

over purely protein—protein interactions. From enzymatic modification of host proteins at non-canonical sites to self-modification,
host-enzymatic mimicry, novel effector-host modifications, effector activation by host—effector modification, or repurposing of
host enzymes, Salmonella effectors act synergistically or antagonistically to facilitate pathogen survival. Such diversity of enzymatic
activities underscores the complexity of co-evolution between the host and a highly successful intracellular pathogen over time
and highlights how the rapid evolution of prokaryotic genomes can drive innovative protein biochemistry. Given the examples
identified in this review and the current number of uncharacterized T3SS effectors, ongoing rigorous biochemical analysis is
likely to reveal more effector-mediated PTMs, not only from Salmonella but multiple Gram-negative pathogens.
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