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The WxxxE proteins in microbial pathogenesis

Sajan Chandrangadhan Achi1, Sareh Karimilangi1, Dominique Lie1, Ibrahim M. Sayed1,$, 
Soumita Das1,*

1Department of Pathology, University of California San Diego, La Jolla, CA, USA.

Abstract

Effector proteins secreted by pathogens modulate various host cellular processes and help in 

bacterial pathogenesis. Some of these proteins, injected by enteric pathogens via Type Three 

Secretion System (T3SS) were grouped together based on a conserved signature motif (WxxxE) 

present in them. The presence of WxxxE motif is not limited to effectors released by enteric 

pathogens or the T3SS but has been detected in non-enteric pathogens, plant pathogens and 

in association with Type II and Type IV secretion systems. WxxxE effectors are involved in 

actin organization, inflammation regulation, vacuole or tubule formation, endolysosomal signaling 

regulation, tight junction disruption, and apoptosis. The WxxxE sequence has also been identified 

in TIR [Toll/interleukin-1 (IL-1) receptor] domains of bacteria and host. In the present review, we 

have focussed on the established and predicted functions of WxxxE effectors secreted by several 

pathogens, including enteric, non-enteric, and plant pathogens.
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Introduction

Pathogenic bacteria have evolved various mechanisms to invade and survive within the host. 

One of these strategies is the injection of several bacterial effector proteins using diverse 

secretion systems (types I–IX) (Costa et al., 2015; Mak and Thurston, 2021; Rapisarda et al., 

2018). These effector proteins allow the pathogen to survive and replicate within the host by 

disrupting various host cellular processes, rearranging the host cell morphology, modifying 

membrane and vesicular trafficking and evading the host immune response (Alto et al., 

2006; Colonne et al., 2016; Cornelis, 2006; Galán, 2009; Weber and Faris, 2018). Many of 

the host cellular processes are mediated by low molecular weight GTPases, making them 

essential targets for bacterial effector proteins (Mattoo et al., 2007; Wennerberg et al., 2005). 

These small guanine nucleotide-binding G proteins are regulated alternately by guanine 

nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). During the 
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presence of the extracellular stimulus, G-proteins are sequestered from the cytoplasm and 

localized to the membrane, where a molecular switching mechanism activates them. This 

process involves a conversion from inactive guanosine diphosphate (GDP) bound to active 

guanosine triphosphate (GTP) bound state through activation of the G protein by GEFs (Bos 

et al., 2007; Jaiswal et al., 2011). Once the stimulus is terminated, GAPs accelerate the 

GTPase reaction to hydrolyze GTP to an inactive GDP bound state (Vetter and Wittinghofer, 

2001).

Some bacterial effectors target the host cytoskeleton G protein signaling cascades, and 

others bypass the endogenous GTPases to directly activate downstream signaling responses 

(Alto et al., 2006). The first group of bacterial effectors interacts directly with host GTPases, 

for example, RhoGTPases; where these effectors modulate the host responses either by 

modifying GDP/GTP cycling or acting directly on RhoGTPases, that could facilitate 

several processes involved in bacterial pathogenesis, such as induction of cytoskeletal 

rearrangements allowing entry of bacteria, modulation of membrane trafficking, and 

stimulation of cytokinesis (Hardt et al., 1998; Shao et al., 2002).

Previous studies had shown that pathogenic bacteria manipulate the host GTPase pathways 

for their own benefit by developing a unique subset of effector proteins exhibiting eukaryotic 

motif mimicry. This motif, first identified by Alto et al. in the effector proteins secreted 

by some enteric pathogens, is characterized by an invariant sequence that includes the 

tryptophan (W) and glutamate (E) residues known as the signature WxxxE motif (Alto et 

al., 2006). Following this discovery, these bacterial effectors were categorized into a single 

family of WxxxE effector proteins and, at the time, were believed to closely mimic low 

molecular weight GTPases to activate signaling cascades within host cells. Although WxxxE 

effectors were initially identified among enteric pathogens, recently, our group showed 

that the WxxxE effectors are distributed among enteric, non-enteric and plant pathogens. 

However, these effectors are absent in the commensals (Sayed et al., 2021). Further, studies 

examining the protein structure of the WxxxE containing effectors revealed GEF-like fold 

resembling that of Salmonella SopE effector protein despite sharing no sequence similarity 

(Huang et al., 2009). SopE had previously been documented as the first bacterial GEF 

mimic that induces membrane ruffling during bacterial invasion through activation of host 

GTP-binding proteins Cdc42 and Rac1 (Hardt et al., 1998). Subsequently, Huang et al. 
reported direct evidence of several WxxxE effector proteins such as Map, IpgB1, and IpgB2 

to function as GEFs for Rho-GTPases (Huang et al., 2009). Collectively, the previous data 

revealed that various enteric pathogens utilize the bacterial GEF protein structure to trigger 

GTPase signaling cascades within host cells. Recently, we have shown the WxxxE effectors 

bind to host engulfment and cell motility protein 1 (ELMO1) that could modulate the host 

immune response and could explain how the host immune system discriminates between 

pathogenic and non-pathogenic bacteria (Sayed et al., 2021).

In the present review, we have focussed on bacterial effectors containing the WxxxE motif, 

their functions, and their roles in bacterial pathogenesis. We have also highlighted the impact 

of the interaction of these effectors with host proteins on the modulation of the host immune 

response against pathogens. Additionally, we have discussed the relevance of the WxxxE 

sequence identified in TIR domains of microbes.
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Role of WxxxE containing effectors, secreted by enteric pathogens

Although these effectors have a common WxxxE motif and several mimic GEF, depending 

upon the bacteria and their pathogenesis, these effectors exhibit different functions inside 

the host. The functions associated with different WxxxE effectors from various microbes are 

summarized in Figure 1 and Table 1.

Organization of Actin

Actin filaments, along with intermediate filaments and microtubules, define the cellular 

cytoskeleton and play a key role in determining the shape as well as the organization of 

cell components. Hence, they serve as a target for several pathogenic bacteria. Bacterial 

effectors can modulate the architecture of the host cell and thus help in pathogenesis. 

Previous studies have shown that several WxxxE effectors such as Map, EspT, IpgB1, 

IpgB2, EspM1, EspM2, and EspM3 are involved in the subversion of cytoskeleton dynamics 

(Alto et al., 2006; Arbeloa et al., 2008; Bulgin et al., 2009). For instance, the secretion 

of IpgB1 by Shigella into epithelial cells induces membrane ruffles by activation of Rac1 

and Cdc42 functions (Ohya et al., 2005). Handa et al. reported that IpgB1 interacts with 

the host engulfment protein ELMO1 and activates the ELMO–Dock180-Rac1 pathway 

promoting bacterial entry and invasion through induction of the membrane ruffling (Handa 

et al., 2007). Similarly, stimulation of Rac1 and Cdc42 by EspT secreted from Citrobacter 
rodentium has been shown to trigger lamellipodia formation on Swiss 3T3 cells and 

induce membrane ruffles on HeLa cells (Bulgin et al., 2009). Shigella also secretes IpgB2, 

which induces actin stress fibers in a mechanism similar to GTP-active RhoA (Alto et al., 

2006). Enteropathogenic E.coli (EPEC) releases Map that triggers filopodia formation by 

the activation of Cdc42 (Berger et al., 2009). Map also interacts with host cell protein, 

NHERF (sodium/hydrogen exchanger regulatory factor-1), leading to recruitment of Ezrin 

and activation of RhoA-ROCK pathway, which stabilizes actin microfilaments (Berger et al., 

2009). EPEC and Enterohemorrhagic E.coli (EHEC) secrete EspM effector proteins such 

as EspM1, EspM2 and EspM3, which induce stress fibers. EspM1 induces the formation 

of localized parallel stress fibers, whereas global parallel stress fibers and localized radial 

stress fibers are triggered by EspM2 and EspM3 respectively, through the RhoA-ROCK 

pathway (Arbeloa et al., 2008; Simovitch et al., 2010). EspM has also been demonstrated 

to inhibit the formation of actin pedestals formed by these pathogens (Arbeloa et al., 2008; 

Simovitch et al., 2010). Further, EspM2 has been shown to interact with another effector 

protein EspO1-2 which results in the regulation of EspM2 associated RhoA activity and 

stabilization of focal adhesion formation in EHEC infected cells (Morita-Ishihara et al., 

2013).

Collectively, the previous findings showed that enteric pathogens utilize WxxxE containing 

bacterial effectors belonging to type III secretion system to facilitate their pathogenesis 

inside the host. These effectors activate different mediators (Rac1, Cdc42, RhoA, etc) and 

act on reorganization of actin elements to facilitate bacterial invasion and establish infection. 

Figure 1 summarizes the different pathways of enteric pathogens to invade host cells.
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Regulation of inflammation

The effectors secreted by T3SS of pathogenic bacteria are known to modulate cell signaling 

pathways and disrupt host cell responses. There are very few studies that have investigated 

the role of WxxxE effectors with respect to inflammation signaling.

Shigella flexneri mutant strains lacking IpgB1 and IpgB2 induced pro-inflammatory 

response and response similar to wild-type strain, respectively, in the cornea of guinea 

pig (kerato-conjunctivitis model). However, a double inactivated ipgB1 ipgB2 mutant 

strains failed to induce inflammation and in the murine pulmonary shigellosis model, the 

inflammation score was low compared to the wild type (Hachani et al., 2008). However, 

the precise mechanism associated with the process has not been identified. Fukazawa et al 

demonstrated that IpgB2 activates Nuclear Factor kappa-light-chain-enhancer of activated 

B cells (NFκB) by a mechanism that requires guanine nucleotide exchange factor H1(GEF-

H1) and NOD1, wherein RhoA mediated activation of ROCK was found to be essential for 

this activation (Fukazawa et al., 2008).

EspT secreted by Citrobacter rodentium has been shown to induce the production of 

inflammatory cytokines IL-8 and IL-1β as well as inflammatory mediators prostaglandin 

E2 (PGE2) and expression of cyclooxygenase-2 (COX-2) in U937 macrophages. The 

EspT induced cytokine release was mediated by NFκB, extracellular-signal-regulated 

kinase (Erk,1/2), and c-Jun N- terminus kinase (JNK) pathways (Raymond et al., 2011). 

Interestingly, it has also been noted that the WxxxE motif of EspT effector was essential 

for the release of pro-inflammatory cytokines and the substitution mutations at ‘W’ residue 

significantly decreased the level of IL-8 secretion (Raymond et al., 2011). Additionally, 

using in vivo mouse model of Citrobacter rodentium infection, Raymond and colleagues 

demonstrated that EspT stimulated the expression of inflammatory mediators such as 

CXCL-1 (also known as KC) and TNFα (Raymond et al., 2011). Moreover, a recent in 
vivo study using Citrobacter rodentium has revealed that T3SS effectors act as a network or 

in combination. WxxxE effectors such as Map have been shown to act in combination with 

other effectors and affect the secretion of GM-CSF and IL-6 from immune cells. Besides, 

Map and EspF have been shown to influence the IL-22 response (Ruano-Gallego et al., 

2021).

In the case of Salmonella Typhimurium pathogenesis, the WxxxE effector SifA contributes 

to T3SS1 (SPI-1-encoded T3SS effectors) independent inflammation in streptomycin 

pretreated murine model of colitis. In the previous model, mice pretreated with streptomycin 

become more susceptible to oral infection with Salmonella enterica serovars Typhimurium 

and Enteritidis due to the elimination of commensal intestinal bacteria by the effect of the 

antibiotic (Barthel et al., 2003). In addition, this model can be used to study colitis (intestinal 

inflammation) associated with Typhimurium infection (Barthel et al., 2003). Using this 

model, Mastuda et al. showed thar the T3SS1 deficient strain is incapable of translocating 

T3SS1 effectors however they still invade the intestinal cells and induce inflammation 

(Matsuda et al., 2019). T3SS2 effectors (SPI-2-encoded T3SS effectors), including SifA, 

SpvB, SseF, SseJ and SteA collectively contribute to the T3SS1 independent inflammatory 

changes. Although these five effectors were required for induction of cytotoxicity in RAW 

macrophages in vitro, SifA was identified as most important for induction of inflammation 
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in vivo (Matsuda et al., 2019). However, the mechanistic studies determining the role of 

SifA in inflammation are lacking.

Recently, we have shown SifA interacts with the C terminus end of ELMO1 and WxxxE 

motif of SifA is specifically required for the interaction (Sayed et al., 2021). ELMO1-SifA 

interaction influences the colonization and dissemination of Salmonella Typhimurium as 

well as the production of inflammatory cytokines such as TNFα, IL-1β, MCP-1, CXCL-1, 

and IL-6 in vivo. In a parallel line, ELMO1 has also been shown to interact with 

WxxxE effectors IpgB1, IpgB2, and Map, stimulating higher inflammatory responses upon 

challenge with microbes or microbial ligands (Sayed et al., 2021). Collectively, our findings 

show that the WxxxE containing effectors stimulate the host inflammatory responses (Sayed 

et al., 2021). The induction of proinflammatory cytokines could impact bacterial load and 

dissemination, therefore the WxxxE containing effectors affect the microbial pathogenesis 

and enteric diseases. The presence of WxxxE signature motif in enteric bacterial proteins but 

not in the commensals (Sayed et al., 2021) could explain the differential immune response of 

host following interaction with pathogenic vs non-pathogenic bacteria. We have previously 

shown that ELMO1 interacts with WxxxE effectors of enteric bacteria, generates MCP-1 

in epithelial cells following infection and recruits monocytes and increases the TNF-α 
level (Sayed et al., 2020). This pathway could be helpful in the detection of the early 

biomarker of inflammatory bowel disease. Other than our published work, till date, the 

effect of WxxxE containing effectors on the adaptive immune response is not studied. This 

area of host immune responses would be useful in our understanding of the initiation of 

infection-associated inflammatory diseases.

Formation of vacuoles or tubules

Some pathogens, such as Salmonella, invade cells, then reside and replicate in a membrane-

bound compartment called Salmonella Containing Vacuoles (SCV) (Garcia-del Portillo et 

al., 1993). These vacuoles initially acquire markers of early endosomes, which then mature 

to late SCV by dropping off early markers and then acquiring markers of late endosomes as 

well as lysosomes (Méresse et al., 1999; Steele-Mortimer et al., 1999). However, they have 

lesser lysosomal hydrolases compared to lysosomes (Drecktrah et al., 2007; McGourty et 

al., 2012; Méresse et al., 1999). Salmonella replicates within the SCV through the release 

of effectors, such as SifA, by the T3SS2. Many of these effectors are involved in the 

formation of tubular structures called Sifs (Salmonella-induced filaments). Sifs are tubules 

extended outwards from the SCV and characterized by the presence of the host lysosome-

associated membrane protein-1 (LAMP1) within their membranes (Garcia-del Portillo et 

al., 1993; Krieger et al., 2014; Leung and Finlay, 1991). SifA promotes the Sif formation 

through the fusion between late endocytic compartments and the SCV and induce LAMP1-

positive tubules (Brumell et al., 2001). A recent study revealed that among seven T3SS2 

effectors (SifA, SopD2, PipB2, SteA, SseJ, SseF, and SseG), SifA is sufficient to induce 

LAMP1-positive tubule formation on its own, and multiple T3SS2 effectors are required 

for efficient formation and extension of LAMP1-positive tubule (Knuff-Janzen et al., 2020). 

The C-terminus of SifA interacts with GTPase Rab7, components of homotypic fusion 

and vacuole protein sorting (HOPS) complex and Pleckstrin homology domain-containing 

family M member 1 (PLEKHM1), which amplifies GTP loading of Rab7. This complex 
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recruits phagolysosomal membranes and LAMP1 for SCV growth (McEwan et al., 2015; 

Zhao et al., 2015).

Regulation of Endolysosomal signaling

Kinesin-1, a microtubule motor protein, is involved in the transportation of cargoes 

towards the plus end of microtubules (Dietrich, K.A. et al., 2008). SifA interacts with 

the host protein SKIP (SifA and kinesin interacting protein), which controls the level of 

kinesin-1 on the SCV (Boucrot et al., 2005). Biochemical and crystallographic studies 

have revealed that the N- terminus domain of SifA interacts with the pleckstrin homology 

(PH) domain of SKIP, which then modulates the mobilization of kinesin-1 (Diacovich et 

al., 2009). The WxxxE motif of SifA is essential for maintaining the tertiary structure of 

SifA, which is crucial to the interaction with the SKIP protein (Diacovich et al., 2009). 

The tetratricopeptide repeat (TPR) domain of the kinesin interacts with the C- terminus 

domain of SKIP, RUN (RPIP8, UNC- 14 and NESCA) and triggers the microtubule and 

kinesin-1dependent anterograde movement of late endosomal/ lysosomal compartments 

(Dumont et al., 2010). The SifA/SKIP complex was found to be essential either for the 

formation or the anterograde transport of kinesin-1-enriched vesicles. (Dumont et al., 2010). 

SifA and SKIP interactions also influence the recruitment of LAMP1 and its distribution 

in the perinuclear location. SifA functions as an antagonist to Rab9 by preventing SKIP: 

Rab9 interaction by binding to the PH domain of SKIP. The interaction of SifA and SKIP 

is stronger than Rab9 interaction allowing SifA to bring SKIP to SCV and interestingly, the 

W197 and E201 residues of the WxxxE are required for the binding of SifA with SKIP 

(Jackson et al., 2008).

Salmonella containing vesicles have reduced levels of hydrolytic enzymes and Mannose 

Phosphate Receptors (MPR) that are responsible for the transport of these hydrolases. 

MPRs act as a shuttle between Trans-Golgi Network (TGN) and endosomes to deliver the 

new synthesized lysosomal enzymes to endosomes. Acidification of endosomes results in 

dissociation of the hydrolases from MPR and the empty MPR are recycled back to TGN for 

the next cycle of transport. Interestingly, Rab9 is involved in late endosome- TGN transport 

of MPRs; further, it also facilitates the tethering of MPR vesicles and its fusion at TGN 

by binding to the Golgi-associated protein GCC185 (McGourty et al., 2012). SifA has been 

shown to have a role in the subversion of this trafficking by binding to SKIP (also known 

as PLEKHM2) (McGourty et al., 2012). SifA forms a stable complex with SKIP and Rab9 

in Salmonella-infected cells. SifA and SKIP form a sink for the sequestration of Rab9, 

resulting in inhibition of MPR transport and lysosome function (McGourty et al., 2012).

Disruption of tight junction

Tight junctions (TJ) are adhesion complexes by which cells adhere to each other and 

regulate permeability (Zihni et al., 2016). They are comprised of transmembrane proteins 

such as claudins, occludin, tricellulin, etc., and cytoplasmic plaque such as zonula occludens 

(ZO) proteins, kinases, phosphatases, GTPases, exchange factors, etc. (Singh et al., 2018). 

These cytoplasmic plaques are linked to the C terminal region of transmembrane proteins on 

one end and the other end is linked to actin (Singh et al., 2018; Zihni et al., 2016). Intestinal 

pathogens are known to disrupt TJs and increase the permeability of intestinal epithelium 
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(Singh et al., 2018). Shigella interact with intestinal epithelial cells and deplete claudin1 

as well as modulate the expression of ZO1, ZO2, cadherin and dephosphorylate occludin 

(Hachani et al., 2008). IpgB1 and IpgB2 have been predicted to have a role in disturbing TJ 

by unidentified signaling pathways due to their Rac and Rho mimicking ability, respectively 

(Hachani et al., 2008). Map secreted by EPEC affects the junctional assembly of TJ proteins 

by preventing their recruitment to the complex and disrupting the TJ. Map reduces the 

expression of claudin-1 and decreases the level of claudin-4, and occludin by lysosomal 

degradation (Singh et al., 2018). Map also disrupts the intestine’s barrier function and 

may contribute to diarrhea (Dean and Kenny, 2004). A previous study has reported that 

EspM2 secreted by EPEC modulates the mislocalization of ZO1 towards the basal end of 

polarized epithelial monolayers. However, in this case, the functioning of TJ was found to be 

unaffected (Simovitch et al., 2010).

Apoptosis

Map secreted from EPEC plays a role in bacterial pathogenesis through stimulation of 

host cell apoptosis. Map targets host mitochondria lead to disruption of the membrane and 

increase the Ca2+ efflux, which activates ADAM10 sheddase and release of epidermal 

growth factors triggering the ERK and p38 MAPK signaling cascades leading to cell 

apoptosis (Ramachandran et al., 2020).

WxxxE effectors/ virulence proteins identified in non-enteric pathogens

Although the WxxxE motif has been initially identified in the T3SS bacterial effector 

proteins belonging to a group of enteric pathogens, we have found the presence of this motif 

in effectors/ proteins associated with type II and type IV secretion systems of non-enteric 

pathogens (Table 2).

BepF is one of the seven effector proteins secreted through VirB/VirD4 (Type IV secretion 

system) by Bartonella henselae, a zoonotic pathogen (Schmid et al., 2004; Truttmann et 

al., 2011b). BepF along with BepC is known to trigger F-actin rearrangements leading to 

invasome formation and uptake of Bartonella (Truttmann et al., 2011b). BepF possesses 

three BID (Bartonella intracellular delivery) domains among them BIDF1 and BIDF2 was 

found to be sufficient for inducing invasome formation (Truttmann et al., 2011a). WxxxE 

motif has been identified in BIDF1 domain and mutation at ‘W’ residue was found to affect 

the invasome formation. Although BepF is speculated to perturb Cdc42 and Rac1 signaling, 

it has less similarity to the WxxxE-GEF mimics identified, and hence the mechanism of 

action may differ (Truttmann et al., 2011a).

DrrA (also known as SidM) is an effector protein secreted by Legionella using 

Dot/Icm (Type IV secretion system). DrrA has three functional domains i) C- terminus 

lipid phosphatidylinositol-4-phosphate binding domain (P4M) responsible for membrane 

attachment ii) guanine nucleotide exchange factor (GEF) domain for Rab1 activation, and 

iii) N- terminus adenylyltransferase (ATase) (Müller et al., 2010). Legionella replicates 

within specialized vacuoles called Legionella-containing vacuole (LCV). DrrA helps in the 

formation of this LCV by remodeling vesicles derived from the endoplasmic reticulum (ER) 

and prevents its fusion with lysosomes (Goody et al., 2011; Hardiman and Roy, 2014). DrrA 
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localizes to the LCV membrane and then recruits Rab1, which is involved in the regulation 

of transport of ER-derived vesicles (Goody et al., 2011). Importantly, the WxxxE motif is 

also identified in DrrA effector (Sayed et al., 2021).

PtlH is one among the accessory proteins of Ptl (a member of the Type IV secretion system) 

which is required for the secretion of pertusis toxin from Bordetella pertussis (Kotob and 

Burns, 1997). PtlH has a nucleotide-binding motif and interacts with proteins involved in 

the transport process (Kotob and Burns, 1997; Verma and Burns, 2007). Although the exact 

role of PtlH is not known, it is speculated to provide energy for the toxin translocation by 

ATP hydrolysis or may act as a signaling component responsible for the opening of gate or 

channel due to its kinase activity (Kotob and Burns, 1997; Verma and Burns, 2007). Our 

recent study reported the presence of the WxxxE sequence in the PtlH proteins (Sayed et al., 

2021).

PulA (Pullulanase) is a lipoprotein secreted to the cell surface by Klebsiella through the 

PulA secretion (Type II secretion system) (East et al., 2016). PulA plays a role in immune 

evasion by perturbing the TLR dependent detection of K. pneumoniae (Tomás et al., 2015). 

The WxxxE motif is also recorded in PulA from K. pneumoniae (Sayed et al., 2021).

The secretion systems require NTPases, mainly ATPases, as a part of its assembly to 

energize the transfer of substrates/molecules to the host cell. VirB 11 is an example of 

ATPases associated with the Type IV secretion system (Savvides et al., 2003). Interestingly, 

the WxxxE sequence has been identified in VirB11 present in Acinetobacter baumanni 
and Pseudomonas aeruginosa (Sayed et al., 2021). The functional relevance of the WxxxE 

motif present in the above-mentioned proteins (PtlH, DrrA, PulA, VirB 11) need further 

experimentation.

Small GTPase-like protein (SGLP) fragment identified in the chromosome partition protein, 

Smc of Mycoplasma pulmonis has been reported to possess WxxxE motif (Hu et al., 

2014). SGLP has been shown to induce activation of Rac1 and phosphorylation of Stat3 

and mutations at the tryptophan and glutamate residues of WxxxE motif resulted in loss 

of activation. SGLP and its homologues are considered as virulence factors and SGLP-

transduced HeLa cells demonstrated a decrease in stress fibers and an increase in filopodia 

and lamellipodia. It is also involved in tumor cell migration and proliferation (Hu et al., 

2014).

WxxxE effectors/ virulence proteins identified in plant pathogens

Various plant pathogens also use the secretion systems to inject effector proteins to suppress 

the plant immune system. AvrE is one such superfamily of effectors secreted by T3SS 

and present in various genera of plant pathogens (Ham et al., 2009). The presence of 

WxxxE motifs was recorded in several of the AvrE effectors (Table 3). Interestingly, two 

WxxxE motifs have been reported in AvrE effectors secreted by pathogens such as Pantoea 
stewartii subsp. stewartii, E. amylovora, E. pyrifoliae, P. syringae pv. tomato, P. syringae pv. 

phaseolicola 1448A, P. viridiflava and P. cichorii whereas only one motif has been identified 

in effectors of Pantoea agglomerans pv. gypsophilae, P. syringae pv. syringae B728a, and 
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P. fluorescens SBW45 (Ham et al., 2009). Mutation of ‘W’ residue at the WxxxE motif of 

WtsE, Avr effector secreted by Pa. stewartii resulted in altered functioning of the protein. 

However, their role as GEF mimics has yet to be ascertained (Ham et al., 2009).

Jin et al., revealed that AvrE-type effectors target protein phosphatase 2A (PP2A). 

They demonstrated that WtsE from Pantoea stewartii subsp. stewartii and AvrE1 from 

Pseudomonas syringae interact with B’ regulatory subunit of (PP2A) of their respective 

hosts (Jin et al., 2016). AvrE-type effectors DspA/E and WtsE both hindered sphingolipid 

biosynthesis in yeast cells by exhausting precursor molecules in this pathway. They also 

found that DspA/E interacts with the PP2A B regulatory subunit, Cdc55, in yeast which 

disrupts the ORM(for orsomucoid like proteins)1/2 proteins involved in the rate-limiting 

step of sphingolipid biosynthesis (Jin et al., 2016). Importantly, the effector-mediated 

inhibition of sphingolipid metabolism in plants affects vesicular trafficking and may lead 

to cell death (Chen et al., 2006; Dietrich et al., 2008; Markham et al., 2011). AvrE- type 

effectors also target other molecules such as leucine-rich repeat receptor-like kinases (LRR-

RLKs) involved in triggering plant defense responses (Jin et al., 2016).

VirB11, is believed to be a traffic ATPase that promotes pilus polymerization through 

regulation of VirB4 as it disrupts pilin subunits from the inner membrane to the periplasmic 

region (Ripoll-Rozada et al., 2013). It was also reported that VirB11 is involved in 

nucleoprotein transfer by interacting with the VirD4 coupling protein (Ripoll-Rozada et 

al., 2013). Ultimately, VirB11 acts as a switch between substrate transport and pilus 

biogenesis in which VirD4, VirB11 and VirB4 interact with one another to promote substrate 

transfer through an ATP-dependent and independent mechanism (Atmakuri et al., 2004; 

Ripoll-Rozada et al., 2013). We have identified WxxxE motif in the type IV assembly 

protein VirB11 from the plant pathogen A. tumefaciens.

The WxxxE motif is present in the TIR-domain of several eukaryotes and 

bacteria

WxxxE motif has been identified in TIR (Toll/interleukin-1 receptor (IL1R)/resistance 

protein) domains of several eukaryotes and prokaryotes. The common example of TIR 

domains in eukaryotes are TLR proteins and interestingly WxxxE is present in TLR1-10 

(Felix et al., 2014; Sayed et al., 2021). TIR domain is also present in positive regulators 

of TIR-adaptors - TRAM (TRIF-related adaptor molecule), MyD88 (Myeloid differentiation 

primary response gene 88), TIRAP also known as Mal (TIR domain-containing adaptor 

protein), TRIF (TIR domain-containing adapter-inducing interferon-β); as well as in 

negative regulator of TIR adaptor protein - sterile and HEAT-Armadillo motifs containing 

protein SARM (O’Neill and Bowie, 2007). Among all 5 adapters, WxxxE is present only in 

SARM but not in TIRAP, TRIF, TRAM and MyD88 (Felix et al., 2014; Zhang et al., 2011).

Several investigators have shown that TIR domain is important as a scaffold promoting 

assembly of signaling complexes via protein-protein interactions. For example, TLR 

signaling is triggered by dimerization of the cytoplasmic Toll/interleukin receptor (TIR) 

domains allowing protein-protein interactions between the TLRs and signal transduction 

molecules (Chan et al., 2009; Jang and Park, 2014). Toshchakov et al applied Bayesian 
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partitioning with pattern selection (BPPS) and classified TIR domains in metazoan, 

higher plant, archaeal, protozoan, chlorophytan, and in bacterial proteins (Toshchakov and 

Neuwald, 2020). Although TIR domains have been widely studied in human immune 

responses, these proteins in bacteria are probably involved in subversion of the vertebrate 

immune system (Spear et al., 2009).

An additional new role of TIR domains as catalytic enzymes has been established with 

the discovery of NAD+-nucleosidase (NADase) activity by several TIR domain containing 

proteins. The NADase activity was first detected in mammalian TIR protein SARM1, 

involved in axonal degeneration (Essuman et al., 2017). SARM1 plays a key role in 

elimination of the damaged/unhealthy axons by accelerating the depletion of NAD+ 

(Essuman et al., 2017; Horsefield et al., 2019). Substitution mutation in the glutamate 

residue to alanine in the WxxxE motif of SARM1 resulted in abolishing the NADase of 

SARM1 (Essuman et al., 2017; Horsefield et al., 2019). TIR domains are also present 

in plant nucleotide-binding leucine rich repeat immune receptors (Wan et al., 2019). 

Homology studies with SARM1 TIR domain identified several TIR domain in plants with 

catalytic glutamate and neighboring residues positionally conserved (Wan et al., 2019). 

These receptors are known to promote cell death and confer disease resistance. Substitution 

mutations of glutamate to alanine in immune receptor RBA1 (E86A), and RPS4 (E88A), 

RPPI (E164A) in Arabidopsis, BdTIR (E127A) in Brachypodium distachyon, L6(E135A) 

in Linum usitatissimum and RUN1(E100A) in Muscadinia rotundifolia resulted in the loss 

of NADase activity and its potential to induce cell death (Horsefield et al., 2019; Wan et 

al., 2019). Structural studies of TIR domain in RUN1 demonstrated that tryptophan(W96) 

residue is involved in a face to face stacking arrangement with adenosine group of NADP+. 

Mutations of W96A also resulted in loss of NAD+ cleavage activity in RUN1(Horsefield 

et al., 2019). A recent study by Toshchakov and Neuwald confirmed the glutamate residue 

responsible for NADase activity is conserved in 70% of TIR domains (Toshchakov and 

Neuwald, 2020).

Phylogenetic studies with the TIR domain of SARM1 found the related bacterial proteins 

with TIR domains (Spear et al., 2009; Zhang et al., 2011). These TIR domain containing 

proteins of pathogens for example Staphylococcus aureus (TirS), uropathogenic E. coli 
(TcpC), Brucella abortus (BtpA and BtpB) and Acinetobacter baumannii (AbTir), non-

pathogens for example, Paracoccus dentrificans (PdTir) and Actinoplanes (ApTir) species, 

and archaea such as Theionarchaea archaeon (TcpA) and Methanobrevibacter olleyae 
(TcpO) have NAD hydrolase (NADase) activity. The pathogenic bacteria can reduce the 

levels of NAD+ and NADP+ inside the host and increases pathogenicity (Coronas-Serna 

et al., 2020; Essuman et al., 2018). The NADase activity of TIR domains present in non-

pathogenic bacteria suggests its function in the regulation of metabolic pathways (Essuman 

et al., 2018). TIR domain containing bacterial proteins are also involved in a bacterial 

anti-phage defence system or Thoeris with ThsA and ThsB(Doron et al., 2018). Recently 

Ofir et al. showed that infection of phage generates cyclic ADP-ribose by the TIR-domain 

protein ThsB, that activates ThsA. ThsA depletes nicotinamide adenine dinucleotide and 

terminates phage infection(Ofir et al., 2021). We did not notice any WxxxE motif in ThsA 

and ThsB proteins.
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Several studies have demonstrated NADase activity of TIR domains where the glutamate-E 

residue is conserved and mutation of glutamate can abolish the NADase activity (Coronas-

Serna et al., 2020; Essuman et al., 2018; Horsefield et al., 2019; Toshchakov and Neuwald, 

2020; Wan et al., 2019). Though the authors did not specify the presence of WxxxE 

motif but interestingly the tryptophan position is also conserved. It is possible that WxxxE 

motif of these TIR proteins in general have a role in nucleotide binding and NADase 

activity associated with the TIR domains. It needs further study. The universal presence of 

these TIR domains from prokaryotes to eukaryotes clearly indicates its early emergence 

and the functional diversity observed in these domains owes to the long evolutionary 

history resulting in acquired functions. Since NAD+ and NADP+ are key constituents of 

bioenergetics and associated with a myriad of functions, the conservation of WxxxE motif in 

TIR domains of bacteria, archaea, plants and mammals is justified.

The structural analysis of the TIR-domain of bacteria compared to eukaryote TLRs, exposed 

a conserved core protein structure with unique conformations in loop positions among the 

TIR domain-containing subfamilies (Jang and Park, 2014; Waldhuber et al., 2016; Xu et 

al., 2000). While the secondary structure of bacterial TIR domains is similar, located in 

either the N- or C- terminus of the protein, and these domains are highly variable in the 

remaining part of the protein structure (Xu et al., 2000). These findings suggest that there 

are structural similarities between the TIR protein domains of mammals and bacteria, which 

could explain the role of TIR domain in host-pathogen interactions (Zhang et al., 2011). 

In addition, there are strong indications that the bacterial TIR proteins disrupt the host 

signal transduction pathways through molecular mimicry (Chan et al., 2009; Rana et al., 

2013). Bioinformatic analysis showed that TIR domains are present in pathogenic bacteria 

and non-pathogenic bacteria, including nonsymbiotic and commensal bacteria (Spear et al., 

2009; Zhang et al., 2011), suggesting that the TIR domain-containing proteins (Tdcps) of 

eukaryotes and non-pathogenic bacteria could also play a crucial role between host and 

commensal interactions in the gut microbiota (Zhang et al., 2011). This area of Tdcps in 

bacteria is unexplored, and further study is required to understand their contributions in 

bacteria.

Several studies have explored bacterial TIR proteins and their ability to cause disease 

through direct manipulation of the host TLR signaling pathway. Btp1/BtpA/TcpB in 

Brucella and TcpC in uropathogenic Escherichia coli CFT073 target MyD88 adaptor 

molecule to subdue downstream TLR4 and TLR2 mediated signaling (Cirl and Miethke, 

2010; Salcedo et al., 2008). TIR-like protein A (TlpA) in Salmonella enterica serovar 

Enteriditis diminishes NF-κB activation by interfering with TIR-domain containing protein 

TLR4, IL-1 receptor, and MyD88 mediated pathways (Newman et al., 2006). PumA secreted 

by Pseudomonas aeruginosa PA7 inhibits NF-κB and the TIR domain of PumA has been 

found to interact with TIRAP, MyD88, and the ubiquitin-associated protein 1 (UBAP1), 

leading to disruption of cytokine signaling and TLR signalingand helping the pathogen to 

evade host immune response (Imbert et al., 2017). In addition, other protein classes have 

been identified in pathogenic and non-pathogenic bacteria such as SEFIR and DUF1863 and 

these proteins have TIR-like domain of the unknown function (Novatchkova et al., 2003). 

These proteins also have WxxxE motif in the TIR-like domains. Further studies need to 

assess the function(s) of these proteins.
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Bacterial Tdcps have been shown to downregulate inflammatory signaling pathways. 

However, some bacterial TIR proteins such as BaTcp from Bacillus anthracis and Brucella 
Btpa target and induce microtubule formation through a conserved WxxxE motif (Cirl et 

al., 2008; Felix et al., 2014). Essentially, the conserved WxxxE motif is present in some 

eukaryotic TIR domain proteins and several bacterial TIR domain proteins. The Table 4 

summarizes the WxxxE motif containing TIR proteins of pathogenic bacteria. Multiple 

sequence alignment warrants that the WxxxE motif is highly conserved among the bacterial 

Tdcps such as Escherichia coli TcpC, Yersinia pestis YpTdp, Salmonella enterica TlpA, and 

Paracoccus denitrificans PdTir (Felix et al., 2014). The presence of this conserved WxxxE 

motif in the TIR domain of many bacteria suggests that this motif could have a significant 

structural role for the TIR domain as seen in the WxxxE GEF family proteins (Felix et al., 

2014). However, the crystal structure of BtpA revealed that the WxxxE motif is positioned 

at different loop structures and possibly important for association with microtubules (Felix et 

al., 2014). While TIR proteins such as BtpA are not a part of the WxxxE GEF family despite 

ectopic similarities in the regulation of host actin filaments, TIR domain proteins could give 

us an insight into the cross-talk between the TLR and GTPase signaling pathways (Felix et 

al., 2014). Furthermore, ectopic expression of BtpA-TIR and BtpB-TIR in yeast and human 

cells has also been reported to form long filament-like structures which is independable on 

the WxxxE motif (Coronas-Serna et al., 2020).

Conclusion and future perspectives

Although several studies have identified a plethora of T3SS effectors from different 

pathogens and their ability to hijack host cell function, there are only a few studies that have 

focussed on the characterization and functioning of WxxxE effectors. Most of these WxxxE 

effectors have been originally identified for their GEF mimicking functions, however these 

were additionally found to influence the host cytoskeleton structure. Besides, the effector 

molecules are also known to regulate cellular functions such as endolysosomal trafficking, 

inflammation and intestinal barrier function. However, the precise mechanisms associated 

with such functions and key components involved are yet to be elucidated. Recent studies 

have demonstrated that some WxxxE effectors function in cooperation with other effectors, 

and these effectors form a robust network that can sustain contraction (deletions of effector 

genes) without affecting the pathogenesis. Similar studies are required to explore such 

functions of other WxxxE effectors. The presence of the WxxxE motif in the effector 

proteins secreted by enteric pathogens and its absence in commensal bacteria indicates its 

putative role in the differentiation and recognition of pathogens by the immune system. 

Studies in this direction will shed light on the mechanism of homeostasis maintained by the 

host immune system. Further, the role of the WxxxE sequence in several of these effectors/

proteins secreted/associated with the secretion system of non-enteric pathogens is yet to be 

explored. The presence of WxxxE motif in TIR domains of bacteria, archaea, plants and 

metazoans and the NADase activity of these domains signifies the role of WxxxE motif. 

NAD+ and NADP+ binding activity of WxxxE motif in TIR domains and the GEF as well as 

the ATPase activity of the WxxxE effectors/ associated proteins collectively imply the role 

of WxxxE motif in nucleotide binding. Although most of the studies associated with WxxxE 

effectors have focussed on GEF activity, the activity of these effectors on other nucleotides 
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and possible role as NADase/ influencing NADase activity needs to be examined. This 

new direction may provide answers for the absence of GEF activity in some WxxxE 

effectors. Zhang et al indicated that the TIR family proteins had a complicated evolutionary 

history and probably several independent bacteria-eukaryotes lateral gene transfer events are 

involved (Zhang et al., 2011). Their findings suggest that bacterial TIR domain-containing 

proteins may play important roles in interactions between bacteria and eukaryotes where 

WxxxE is important. Due to the lack of physiological functions and biochemical data of 

prokaryotic TIR domains our understanding of these proteins are incomplete and it needs 

further research to determine the functional implication of WxxxE motif in these bacterial 

TIR proteins.
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Abbreviations:

ADAM10 A Disintegrin and metalloproteinase domain-containing 

protein 10

ATP Adenosine tri phosphate

AvrE avirulence

Bep Bartonella effector proteins

BID Bartonella intracellular delivery

Btp Brucella TIR domain containing protein

Cdc Cell division control protein

COX-2 cyclooxygenase-2

CXCL Chemokine (C-X-C motif) ligand 1

Dock Dedicator of cytokinesis

DrrA Defect in Rab1 recruitment A

Dsp Disease specific

DUF Domain of unknown function

EHEC Enterohemorrhagic E. coli
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ELMO1 Engulfment and cell motility protein 1

EPEC Enteropathogenic E. coli

Erk,1/2 extracellular-signal-regulated kinase

Esp EPEC secreted protein

G proteins guanine nucleotide-binding proteins

GCC185 Golgi localized coiled-coil protein

GDP guanosine diphosphate

GEF guanine nucleotide exchange factors

GM-CSF Granulocyte-macrophage colony-stimulating factor

GTP guanosine triphosphate

HOPS Homotypic fusion and vacuole protein sorting

Icm/Dot intracellular multiplication/defect in organelle trafficking 

genes

IL Interleukin

Ipg Invasion plasmid gene

JNK c-Jun N- terminus kinase

LAMP1 lysosome-associated membrane protein-1

LRR-RLKs leucine-rich repeat receptor-like kinases

Mal MyD88 adaptor-like protein

Map Mitochondrial associated protein

MAPK mitogen-activated protein kinases

MCP Monocyte chemoattractant protein-1

MPR Mannose Phosphate Receptors

MyD88 Myeloid differentiation primary response gene 88

NESCA New molecule containing an SH3 domain at the carboxyl 

terminus

NFkB Nuclear Factor kappa-light-chain-enhancer of activated B 

cells

NHERF Na+–H+ exchanger regulatory factor-1

NOD1 Nucleotide-binding oligomerization domain
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NTP Nucleotide tri phosphate

PP 2A protein phosphatase 2A

PGE2 Prostaglandin E2

PH Pleckstrin homology

PLEKHM Pleckstrin homology domain-containing family M member

Ptl Pertussis toxin liberation

Rab Ras-related in brain

Rac Ras related C3 botulinum toxin substrate

ROCK Rho-associated protein kinase

RPIP8 Rap2-interactingprotein 8

RUN RPIP8, UNC- 14 and NESCA

SARM Sterile α and Armadillo motifs containing protein

SCV Salmonella Containing Vacuoles

SEFIR SEF/IL-17 receptor

Sid Substrate of Icm/Dot

Sif Salmonella-induced filament

SKIP SifA and kinesin interacting protein

SopE Salmonella Outer Proteins

SPI Salmonella Pathogenicity Island

T3SS1 Salmonella pathogenicity island 1 encoded type 3 secretion 

system

T3SS2 Salmonella pathogenicity island 2 encoded type 3 secretion 

system

Tcp TIR domain containing protein

Tdp TIR domain protein

TGN Trans-Golgi Network

TIR Toll/interleukin-1 receptor

TIRAP TIR domain-containing adaptor protein

Tlp TIR-like proteins

TLR Toll like Receptor
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TNF Tumor necrosis factor

TPR Tetratricopeptide repeat

TRAM TRIF-related adaptor molecule

TRIF TIR domain-containing adapter-inducing interferon-β

Vir virulence

Wts Water-soaking

ZO zonula occludens
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Figure 1. Schematic representation of the effects of bacterial effectors with WxxxE motif on the 
host cellular pathways.
Enteric pathogens such as Shigella, EPEC/EHEC, Citrobacter rodentium and Salmonella 
inject WxxxE containing effectors such as IpgB1/IpgB2, EspT/Map/EspM/ SifA using the 

T3SS. IpgB1/IpgB2, EspT/Map/EspM/ activate Rho GTPases (either Rac1, RhoA, and or 

Cdc42), resulting in the formation of membrane ruffles/ lamellipodia/ filopodia/ stress fibres 

allowing the entry of these pathogens. Salmonella Typhimurium invades epithelial cells via 

SPI1- T3SS and resides inside the SCV. Effector SifA induces the formation of with Rab9 

and interferes with the transport tubular structures called Sifs. SifA interacts with Rab7, 

HOPS, PLEKHM1, phagolysosome and LAMP1. SifA-SKIP complex interacts of MPR to 

the Golgi.

WxxxE containing effectors regulate the host inflammatory response; induce inflammatory 

responses such as COX-2, IL-8, IL-1β and PGE2 through Erk, JNK and NF-κB pathways.

Map induces mitochondrial dysfunction triggering a signalling cascade which results in 

apoptosis.

The same colors code indicates the effectors and the corresponding bacteria from which they 

are released. Dotted lines represent pathways that are not completely identified.

The pathways mentioned in the figure are adapted from (Berger et al., 2009; McGourty et 

al., 2012; Ramachandran et al., 2020; Raymond et al., 2011)
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