
 1

Translocation of Toxins by Gram-Negative Pathogens Using the 

Type III Secretion System 

 

Arjan J. Vermeulen$, Yuzhou Tang#, and Alejandro P. Heuck#$ 

$Department of Biochemistry and Molecular Biology 

#Program on Molecular and Cellular Biology 

University of Massachusetts  

Amherst, Massachusetts, USA 

heuck@umass.edu 

 

Abstract 

The Type 3 Secretion (T3S) system is a syringe-like proteinaceous apparatus used by 

several Gram-negative bacteria to inject toxic/effector proteins into eukaryotic cells. Three 

proteins are essential for protein translocation into the host cell. One of these proteins forms a tip 

complex at the end of a needle that extends from the bacterial surface and plays a role in 

regulating secretion in response to host cell contact. The other two proteins, or translocators, 

insert into the target membrane and form a pore through which proteins are injected. Compared 

to other components of the T3S machinery, the needle tip and translocators show low levels of 

sequence identity among different T3S families, which suggests that these essential components 

adapted to the specific needs of the bacteria that use these T3S systems. 
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Introduction 

 The Type 3 Secretion (T3S) system is used by many Gram-negative pathogenic bacteria 

to translocate toxins/effector proteins into host cells (Hueck 1998). T3S plays a key role in 

diarrheal diseases caused by enteric pathogens like Salmonella enterica and Shigella flexneri. 

T3S is also essential in diseases like the plague caused by Yersinia pestis and infections caused 

by the opportunistic pathogen Pseudomonas aeruginosa. A precise understanding of the T3S 

system is therefore essential to discover new therapeutic targets to combat these pathogens. 

The T3S system itself is a complex multi-protein machinery that allows for an efficient 

transport of proteins across the bacterial inner membrane, the periplasmic space, and the outer 

membrane to the extracellular milieu or into a target cell (Galán et al. 2014). Secreted proteins 

are recognized by an N-terminal sequence that is not cleaved during the secretion process. It is 

not entirely clear how this secretion signal is recognized by the T3S system as a consensus 

sequence seems to be missing. T3S is used by bacteria in two different settings: in the assembly 

of flagella and as a mediator of pathogenesis or symbiosis. T3S that involves injection of 

proteins into a target eukaryotic cell is called virulence T3S, or non-flagellar T3S system. In this 

chapter the term T3S system will be used in reference to the non-flagellar T3S system. 

 T3S can serve several purposes depending on the organism and the situation. In S. 

flexneri and Salmonella sp., T3S allows the bacteria to enter the host cell. Yersinia sp. on the 

other hand, use their T3S system to ward off immune responses. In all of these situations the T3S 

system allows the bacterium to deliver toxins or protein effectors directly into the host cell’s 

cytosol.  

 The T3S systems can be classified into families based on the phylogenetic analysis of 

their proteins. The focus of this chapter is the animal-pathogen associated families, including the 



 3

Ysc, Inv-Mxi-Spa, and Ssa-Esc families (Cornelis 2006). A fourth animal-pathogen associated 

family is the Chlamydiales family. This is the only family found outside the proteobacteria 

phylum and was initially thought to be an early ancestor of the T3S systems (Mueller et al. 

2014). A more enigmatic fifth family is the Myxococcales family. This family was thought to be 

an evolutionary remnant and no complete systems were thought to exist (Pallen et al. 2005; Abby 

& Rocha 2012). However, more complete systems have been found recently in this family and it 

is now thought that it represents an early form of T3S system (Abby & Rocha 2012). The 

phylogeny of T3S systems is markedly different from the bacterial phylogeny based on 16S 

RNA, indicating an evolutionary origin after bacterial speciation took place, followed by 

distribution among different species through horizontal gene transfer (Cornelis 2006). Lastly, 

three more families are found in plant-associated bacteria (the so-called Hrc1, Hrc2 and 

Rhizobiales families).  

Some bacterial species contain T3S systems from different families (Cornelis 2006). For 

example, S. enterica has two T3S systems. The first T3S system is a member of the Inv-Mxi-Spa 

family and plays a role in host cell invasion, while the second one belongs to the Ssa-Esc family 

and is activated after the bacteria enter the host cell. Besides phylogenetic differences, the 

different families also feature distinctive needle structures. Members of the Ysc and Inv-Mxi-Spa 

families produce needles capped by relatively small tip complexes. Needles of the Ssa-Esc 

family on the other hand have a relatively short needle, and extended filamentous needle tips. 

Needle complexes of the Hrp1 family have longer and more flexible needles. These differences 

most likely reflect specific adaptions in order to function under different conditions such as the 

presence of mucus layers or cell walls (Cornelis 2006). 
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The T3S system is made of more than 20 different proteins. The largest part is the basal 

body: a complex that traverses the cytosolic membrane, the periplasmic space and the outer 

membrane of the bacterium (Figure 1). The overall structure of the basal body is conserved 

among the different species. Two inner rings make up the base of the structure, this continues 

into the neck, and finally the outer ring that crosses the outer membrane (Kosarewicz et al. 

2012). On the cytosolic side, the export apparatus forms an assembly platform for the C-ring and 

an ATPase complex (Portaliou et al. 2015).  

<<INSERT FIGURE 1>> 

The needle extends from the bacterial outer surface and the basal body. The needle itself is a 

tube-like structure made of multiple copies of a single protein. The needle is capped with a 

structure made of single proteins. In the Ysc and Inv-Mxi-Spa families, this structure is made of 

several subunits, while in the Ssa-Esc family the needle tip is an extended structure that is more 

filamentous (Cornelis 2006). The last component of the T3S system is the translocon. The 

translocon is made of multiple copies of two different membrane-associating proteins, the so-

called translocators. These translocators are secreted and form a pore in the host cell membrane. 

This pore allows for passage of toxins/effectors into the host cell.   

The tip of the needle, the translocators, and associated chaperones are encoded in a single 

operon (Mueller et al. 2008; Sawa et al. 2014). The needle tip and the translocators are secreted 

and essential for translocation of effector proteins into the target cell, but not for protein 

secretion outside the bacterium. Initially it was assumed that the three proteins formed the 

translocon and therefore, it is not uncommon to find that all three proteins are referred to as 

translocators in the literature. However, it is now clear that the water-soluble protein is secreted 

first and forms the needle tip before translocation takes place (Broz et al. 2007). Therefore, in 
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this chapter for clarity, the term translocator will exclusively be used for the two membrane-

associated proteins. 

Effectors are proteins that function inside the host cytosol and modulate aspects of the host 

cell’s physiology. Individual bacteria can produce up to 30 different effector proteins. Others like 

P. aeruginosa, use a relatively small arsenal of three different effectors that can modulate the 

host cell’s cytoskeleton, trigger apoptosis, break down the cell membrane or alter intracellular 

cAMP levels. 

 The assembly and functioning of the T3S system is a tightly regulated process (Büttner 

2012; Portaliou et al. 2015). Assembly of the basal body is mediated by Sec dependent 

translocation. Once the basal body is complete a substrate switch takes place. Inner rod proteins 

and needle subunits (the early secretion substrates) are secreted through the T3S system and 

assemble spontaneously, forming a needle structure that extends from the inner rod and protrudes 

from the cell’s surface. As the needle reaches a certain length, another switch takes place and the 

T3S system starts secreting the tip protein and prepares for the secretion of translocators (the 

middle secretion substrates) and effectors (the late secretion substrates).  

Substrate selection and regulation of secretion are important aspects of the T3S system. A 

major regulator is a gatekeeper protein (PopN in P. aeruginosa). Work in P. aeruginosa 

indicates that PopN binds indirectly to the basal body (Lee et al. 2014). Mutants carrying 

deletions of popN secrete effectors (late secretion substrates) prematurely (Lee et al. 2010; 

Sundin et al. 2004). Precise timing of secretion is further regulated through interactions with 

several other components of the T3S system. In S. enterica, a structure called the sorting 

platform binds different secretion substrates. In absence of the middle substrates the sorting 

platform binds late secretion substrates, suggesting that this structure plays an important role in 
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regulating the order of secretion (Lara-Tejero et al. 2011). It is likely that sorting platforms are 

present in all T3S systems. 

Basal bodies containing the needle, and needles capped by the tip, have been observed by 

negative stain electron microscopy (EM) and cryo-EM; however, little is known about how the 

needle/tip interacts with the translocon. While the tip proteins may help to seal the needle before 

secretion starts, it is not clear if they stay attached to the needle when interaction with the 

translocon occurs. The P. aeruginosa PopB and PopD can efficiently replace YopB and YopD in 

a Yersinia mutant lacking these two translocators only if PcrV (the tip protein from P. 

aeruginosa see Table 1) is also present. This observation suggests that the tip remains attached to 

the needle and engages with the membrane- assembled translocon during secretion (Bröms et al. 

2003). The switch to secretion of late substrates presumably takes place when the translocon 

pore is formed in the host cell membrane and engage with the needle. After this switch, effector 

proteins are secreted and injected into the target cell’s cytosol. Interestingly, the secretion of late 

substrates can also be induced by non-physiological signals. For example, in the Ysc family 

depletion of calcium from the medium trigger secretion, and in S. flexneri secretion can be 

induced by adding the Congo Red dye to the medium. 

<<INSERT TABLE 1>> 

 It is clear that the final stage of T3S system assembly, the formation of the translocon 

complex, is essential for toxin injection. Therefore, a precise understanding of the translocon 

composition, stoichiometry, and structure is critical to develop the much needed therapeutic 

agents against these several human pathogens. In the following sections a summary of the 

current knowledge of the T3S needle tip and translocators will be presented.  
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The needle tip 

 One T3S secreted protein is responsible of capping the needle at the distal point, before 

the bacterium makes contact with the target cell (Table 1). In Yersinia enterocolitica, LcrV is the 

only protein present at the tip of the needle (Mueller et al. 2005). Likewise, P. aeruginosa PcrV 

is the cap for the needle tip (Cisz et al. 2008). Based on a model built using the crystal structure 

of LcrV monomer and the EM density maps, the quaternary structure of the needle tip of 

Yersinia has been proposed to be a pentameric ring. Immunolabeling and crosslinking studies 

using antibodies against IpaB show that the needle tip of S. flexneri contains 4 IpaD subunits and 

one IpaB subunit (Olive et al. 2007; Veenendaal et al. 2007). However, these results are 

controversial since other studies have shown that S. flexneri’s IpaB is not present at the tip. In 

this model, the recruitment of IpaB to the needle tip occurs only after binding of bile salts 

(Cheung et al. 2015; Dickenson et al. 2011). 

Structure of the needle tip 

 The first high resolution structure of the T3S needle tip protein (LcrV) was solved for 

Yersinia pestis (Derewenda et al. 2004). Since then, more structures became available for the 

needle tip proteins of other T3S systems (Figure 2) (Blocker et al. 2008; Mueller et al. 2008; 

Sato & Frank 2011). The most striking feature of the needle tip structures is the extended coiled-

coil at the core of the protein. In LcrV the central coiled-coil connects two globular domains 

giving the protein a dumbbell-like shape. One globular domain consists of the N-terminus, while 

the other is made of a central region of the polypeptide. The structures of IpaD, BipD and SipD 

did not show a globular domain at the N-terminus. Instead, the N-terminus forms two antiparallel 

alpha-helices that fold along the coiled-coil giving the overall structure a more elongated 

appearance (Blocker et al. 2008). 
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<<INSERT FIGURE 2>> 

 Only low resolution structures of tip proteins assembled on top of the needle are 

available. The overall shape of assembled needle tips, as determined by negative stain EM, 

reflect the differences in their subunit structures (Mueller et al. 2005; Veenendaal et al. 2007). 

Members of the Inv-Mxi-Spa family with their lack of globular domains, assemble in a scepter-

like structure (Cheung et al. 2015). Homologs of LcrV on the other hand show a distinct 

structure at the needle tip that has a shoulder-neck-head organization, which reflects the more 

globular structure of the needle tip subunits (Mueller et al. 2005; Broz et al. 2007). Mutant 

strains lacking lcrV do not show this structure and instead produce needles that are more scepter-

like (Mueller et al. 2005). The closely related tip proteins of Y. enterocolitica, P. aeruginosa 

PcrV and Aeromonas salmonicida AcrV all readily assemble on a Yersinia needle (Broz et al. 

2007). These homologs differ in the size of both globular domains, and by comparing 

dimensions of the tip complex using EM it was established that the shoulder domain at the base 

of the needle tip consists of the N-terminal domain while the head consists of the central globular 

domain (Broz et al. 2007).  

 

Multiple roles of the needle tip protein 

 Under physiological conditions T3S is activated upon host cell contact. The needle tip is 

postulated to play a central role in host cell-sensing: contact between the host cell and the needle 

tip protein would trigger a signal that is then transferred through the needle to the bacterial 

cytosol (Blocker et al. 2008). In the cytosol, this signal triggers a switch in secretion specificity 

to secretion of effectors (late secretion substrates) and expression of T3S genes. While little is 

known about this signal transfer in P. aeruginosa, it is better studied in the distantly related S. 
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flexneri T3S system. In S. flexneri, the gatekeeper protein MxiC (PopN in P. aeruginosa) plays a 

key role in preventing effector secretion before induction. Upon induction MxiC is secreted and 

secretion of effectors is activated. A single point mutation in the needle protein rendered the 

bacterium unable to secrete effectors (Kenjale et al. 2005). Further analysis showed that this 

mutation also blocks secretion of MxiC, while still allowing secretion of the translocators IpaD 

and IpaB (Martinez-Argudo & Blocker 2010). This suggests that needle subunits undergo a 

conformational change upon host cell-sensing and that transfer of this signal through the needle 

is blocked when the single point mutation of the needle protein is present.  

In P. aeruginosa, host cell contact leads to increased expression of the effector ExoS. 

Triggering of effector expression is dependent on the presence of translocators PopB and PopD 

(Cisz et al. 2008). A recent study suggested that interaction between the C-terminus of PopD and 

the N-terminal globular domain of PcrV plays a key role in triggering effector secretion upon 

host cell contact (Armentrout & Rietsch 2016). How this signal then is transferred to the cytosol 

of the bacterium is not known, but it is likely that it travels through the needle to the basal body 

where the MxiC homologue PopN plays a similar role in substrate selectivity (Lee et al. 2010). 

Thus, in P. aeruginosa not only host cell-contact, but also the assembly of a translocon complex, 

seems required to initiate effector secretion.  

 The needle tip may also contribute to preventing secretion of T3S substrates under non-

inducing conditions (resting state, see Figure 3). In P. aeruginosa, the needle tip protein (PcrV) 

plays a role in regulating secretion of effectors. Mutants lacking PcrV secrete effectors in the 

presence of calcium, whereas in wildtype strains this would completely block secretion (Lee et 

al. 2010; Sato & Frank 2011; Sundin et al. 2004). Deletion of the gene encoding the chaperone 

PcrG did cause a similar disruption of secretion regulation. A double mutant lacking both PcrG 
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and PcrV showed an even stronger regulation defect, indicating that both proteins play a role in 

regulation (Lee et al. 2010). In Yersinia sp., deletion of lcrV disrupts the low calcium response, 

and mutants secrete effectors in the presence of calcium (DeBord et al. 2001). A stronger 

deregulated phenotype is seen in S. flexneri needle tip mutants, where secretion control is 

completely lost and Congo Red no longer affects induction (Veenendaal et al. 2007). A pcrV 

mutant, in which the export signal was removed, behaved like a ∆pcrV mutant and fails to 

suppress effector secretion in the presence of calcium (Lee et al. 2010). This  suggest that 

physical blocking of the needle by PcrV assembled at the tip plays a role in regulation of 

secretion. However, this phenotype may also be due to a change in the signaling state of the 

needle and the regulatory complex at the base of the needle instead. More work will be needed to 

discern these two possibilities. 

<<INSERT FIGURE 3>> 

 In P. aeruginosa, PcrG is a binding partner of the tip protein PcrV. In vitro, PcrG forms a 

heterodimeric complex with PcrV with high affinity (KD ≈ 16 nM) (Nanao et al. 2003). In 

solution, purified PcrG is an unstructured protein that assumes a more helical form upon binding 

with PcrV (Nanao et al. 2003). PcrG is usually described as a chaperone for PcrV, but while 

many T3S related proteins are non-functional and unstable without chaperone, deletion of pcrG 

does not seem to disrupt PcrV function. P. aeruginosa pcrG deletion mutants show normal 

cytotoxicity to HeLa cells, as shown by cell rounding (Sundin et al. 2004). In the same assay, a 

mutant lacking the tip protein on the other hand was no longer cytotoxic. Interestingly, a 

secretion assay did show a reduction in secretion of PcrV in a pcrG deletion mutant, while 

production of PcrV was not reduced (Lee et al. 2010). Thus these studies suggest that it is 

unlikely that PcrG is required to chaperone PcrV and prevent oligomerization in the bacterial 
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cytosol. Instead, PcrG may merely keep PcrV in a secretion-competent state that facilitates its 

secretion. 

 Recent studies suggest that PcrG may play a role as a regulator of the secretion process. 

Deletion mutants of pcrG show secretion of effectors in the presence of calcium, whereas 

wildtype cells do not secrete under these conditions (Lee et al. 2010). Deletion of lcrG in 

Yersinia also showed secretion of Yop proteins in the presence of calcium, thus disrupting 

regulation (DeBord et al. 2001). Expression of a mutant form of LcrG that no longer interacts 

with LcrV, blocks secretion of Yops (late secretion substrates) in Y. pestis under calcium-

depleted conditions (Matson & Nilles 2001). This suggests that titration of LcrG with LcrV 

removes a blockade at the secretion channel, enabling passage of Yops. A similar mutation in 

PcrG in P. aeruginosa did not significantly change secretion of effectors and translocators, even 

though interaction with PcrV is disrupted (Lee et al. 2014). Thus, the mechanisms underlying 

regulation may differ between Yersinia spp. and P. aeruginosa.  

 Besides binding PcrV, PcrG also shows interaction with PscO and PcrD, both 

components of the inner ring of the T3S system (Lee et al. 2014). PcrG and PscO regulate the 

rate of secretion by modulating proton motif force-dependent activity of the T3S system. The 

interaction between PcrG and PcrD may play a key role in regulating secretion specificity. 

Furthermore, pull down assays showed an interaction between PcrD and Pcr1, which is thought 

to tether the gatekeeper PopN to the T3S apparatus. A PcrD mutant lacking a glutamate that is 

strongly conserved in T3S systems, but not in flagellar T3S systems, gave rise to a strong 

deregulation phenotype. A similar deregulation phenotype is seen in strains lacking components 

of the PopN complex. Thus PcrG plays a role in regulating both specificity and activity of the 

T3S system. This function may in turn be further regulated by PcrV. 
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The translocators 

 The needle connects with the host cell membrane through a transmembrane protein 

complex (the translocon) formed by two secreted proteins, the translocators (Figure 1, Table 1). 

The two translocators differ in size, with the larger translocator ranging in size from 40 kDa to 

60 kDa and the smaller translocator from 30 kDa to 40 kDa. Currently it is thought that the 

translocon complex forms the pore through which the secreted effectors are translocated into the 

host cell. This hypothesis is based in the following experimental observations: i) absence of 

either protein resulted in complete loss of translocation, indicating that both translocators must 

be present to allow injection of effectors; ii) they are the only T3S secreted proteins found stably 

associated with host cell membrane after infection; and iii) both translocators, individually or 

when added together, form pores in lipid bilayers (Büttner & Bonas 2002).  

Maintenance in bacterial cytosol  

 The translocators adopt a molten globular state in aqueous solvents and they contain one 

or more hydrophobic segments in their primary structure, therefore it is not unexpected that they 

are prone to form aggregates when not associated with membranes (Faudry et al. 2007). In the 

bacterial cytosol, these two proteins are kept in a secretion-competent state by association with a 

single cognate chaperone. A gene encoding this chaperone is present in the translocon operon. In 

P. aeruginosa , deletion of this gene (pcrH) from the pcrGVHpopBD operon disrupted secretion 

of PopB and PopD completely (Bröms et al., 2003). In addition, intracellular levels of PopB and 

PopD were greatly reduced in this mutant, showing that PcrH is essential for both secretion and 

stability of PopB and PopD.  

 A few crystal structures of translocator’s chaperones exist, alone or in complex with a 

short fragment of a translocator (Discola et al. 2014; Job et al. 2010; Lunelli et al. 2009; 
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Schreiner & Niemann 2012). All of these structures show three tandem pairs of tetratricopeptide 

repeats  that give the chaperone a palm-shaped conformation with a concave and a convex side 

for substrate binding. The concave side forms a binding site for an approximately nine residue 

section of the N-terminus of the translocators, the conserved P/VXLXXP motif that is sufficient 

for binding to the chaperone (Lunelli et al. 2009). More recently a structure of A. hydrophila 

nearly full-length translocator (AopB), in complex with its chaperone AcrH, was solved (Nguyen 

et al. 2015). In this structure the conserved motif binds the concave side of the chaperone and the 

majority of AopB folds over the convex side of AcrH (Nguyen et al. 2015). Interestingly, in this 

structure three hydrophobic regions fold into two hairpins structures. These two hairpins fold 

over each other, with the helix containing less hydrophobicity facing outward. Thus, aggregation 

of the translocator is prevented by burying the hydrophobic regions and shielding those regions 

from the aqueous solution.  

 In addition to maintaining translocators in a secretion-competent state, a regulatory 

function has been proposed for the Yersinia LcrH-YopD complex. In Yersina, the LcrH-YopD 

complex negatively regulates synthesis of effectors by modulating mRNA stability (Schiano & 

Lathem 2012). When T3S is triggered by removing calcium from the medium, YopD is secreted, 

repression released, and effector expression is initiated. Deletion of YopD or LcrH results in 

hyper production of effector proteins regardless of calcium level. However, this characteristic of 

YopD-LcrH complex is not shared among other members of the Ysc family. For example, 

deletion of PcrH only affects stability of PopB/PopD in the bacteria cytosol, but not the calcium-

dependent regulation of effector synthesis (Bröms et al. 2003).  
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Models for translocation 

 The currently most widely accepted model, the injectisome model, describes the T3S 

system as conduit through which unfolded proteins are transported out of the bacterium and into 

the target cell (Figure 4). Once loaded onto the base of the injectisome, the ATPase at the basal 

body induces chaperone release and substrate unfolding (Akeda & Galan 2005). Supporting that 

different proteins are secreted through the relatively narrow channel of the needle is the evidence 

of IpaB trapped in an isolated T3S injectisome in an unfolded form (Dohlich et al. 2014). While 

the injectisome model seems to be the simplest model that explains the many experimental data 

obtained to date for T3S, alternative models could also explain some of the experimental 

observations (Figure 4). An alternative model has been proposed recently based on the 

observation that translocators and some effector proteins could be found on the bacterial surface 

before contacting a target cell (Akopyan et al. 2011). It is not clear in this model what triggers 

the release of T3S substrates from the surface of the bacterium; however, it was hypothesized 

that effectors and translocators form a protein complex that is essential for translocation. The 

translocators would then resemble the B components in AB toxins and transport effectors using a 

mechanism similar to the one observed for these toxins. This model is supported by the finding 

that a yopH effector deletion in Y. pseudotuberculosis could be reverted by coating bacteria with 

purified YopH prior to host cell contact (Akopyan et al. 2011). No restoration of virulence was 

found when translocator-deficient strains were used. Despite the fact that this model gained 

considerable attention, no other studies supporting this model have been published to date.  

<<INSERT FIGURE 4>> 
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Interaction with the membrane and formation of the translocon complex 

 Regardless of which mechanism of protein translocation is used to inject effector proteins 

into the host (Figure 4), it is clear that the interaction of translocators with target membrane plays 

a critical role during T3S. Many attempts to study the interaction of translocators with 

membranes using purified proteins have been made in the past decade; however, the exact 

sequence of events leading to translocon assembly remains uncertain. Purified translocators have 

a tendency to aggregate in aqueous solutions forming heterogeneous water-soluble aggregates, 

and this has made it difficult to study the interaction between translocators or their interactions 

with the membrane. For instance, in early studies acidic pH was used to dissociate translocators 

from their chaperone, but this resulted in the formation of heterogeneous oligomeric aggregates 

of the proteins (Faudry et al. 2006; Schoehn et al. 2003). Similar heterogeneous aggregates were 

observed when detergents were used to isolate translocators (Dickenson et al. 2013; Hume et al. 

2003; Senerovic et al. 2012).  

Since the translocators are secreted through a protein-based needle in an unfolded 

conformation, later studies used denaturants such as guanidinium chloride or urea to replicate in 

vitro the initial unfolded state of these proteins (De Geyter et al. 1997; Dey et al. 2012; Faudry et 

al. 2007; Romano et al. 2011; Wager et al. 2015). These denaturing/refolding protocols have 

been optimized to allow a more efficient insertion of translocators into model membranes and 

subsequent biophysical characterization of the membrane-assembled complexes (Romano et al. 

2011; Romano et al. 2016).  

P. aeruginosa translocators PopB and PopD formed stable and discrete pores in model 

membranes, and they oligomerized into homo- or hetero-oligomers. Experiments using single 

molecule photobleaching techniques showed that when individually added to membranes, PopD 
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formed mostly hexamers. PopB, on the other hand, generated a distribution of stoichiometries, 

with complexes made of 6 or 12 subunits being the most abundants (Romano et al. 2016). 

Surprisingly, when the translocators were added together, they formed hetero-complexes 

containing 8 PopB and 8 PopD subunits. These experiments suggested that an early interaction 

between PopB and PopD guided the assembly of unique hetero-complexes in membranes. 

Moreover, the formed homo-oligomers were stable and did not dissociate to reassemble into 

hetero-complexes upon addition of the other translocator. This indicated that the formation of 

homo-complexes was not reversible (Romano et al. 2016). These findings showed that the 

translocators can spontaneously form well-defined oligomeric structures on membranes.  

While in vivo assembly of the translocators require further investigation, it is worth 

notice that the molecular mass for the hetero-complex (570 kDa) formed in model membranes is 

in very good agreement with the molecular mass of 600 +/- 100 kDa roughly estimated for 

translocons isolated after incubation of Yersinia and red blood cells (RBC) (Montagner et al. 

2011). Little is known about how the translocators are arranged in the complex and what the 

overall shape of the hetero-oligomer is. Ring-like structures were observed in electron 

micrographs of P. aeruginosa translocator aggregates incubated with liposomes (Schoehn et al. 

2003). Surprisingly, no apparent differences in ring sizes was observed in rings formed with 

PopB or PopD alone, or mixture of PopB and PopD in this study. In addition, the composition 

and stoichiometry of these structures are uncertain as translocators may not have completely 

dissociated from the chaperones. Thus more work is needed to determine the actual shape of the 

translocon pore. 

The non-reversible association of homo- and hetero-complexes also provided an 

explanation for the unsuccessful recovery of cytotoxicity when eukaryotic cells were incubated 
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using a mixture of two P. aeruginosa strains, each lacking either the popB or popD gene. Each of 

these strains was able to secrete proteins, but they were non-cytotoxic. Co-infection with both 

strains does not restore cytotoxicity, suggesting that assembly of a functional translocon requires 

that the translocators are secreted by the same bacterium (Cisz et al. 2008). Since monomeric 

translocators form homo-oligomers in membranes, it is clear that these homo-oligomers are non-

functional for protein translocation. Therefore, co-infecting with mutants expressing a single 

translocator cannot recover the phenotype, because each translocator assembles into a homo-

complex before interacting with the other translocator. These results also suggest that the 

hierarchy of secretion should play an important role during translocon assembly. If a homodimer 

is formed, it cannot further interact with the other translocator and vice versa. In contrast, once a 

heterodimer is formed it could only interact with other heterodimers (Figure 3) (Romano et al. 

2016). 

Interaction between needle tip and translocation pore 

 P. aeruginosa strains lacking needle tips are deficient in causing hemolysis, indicating 

that these strains fail to insert a translocon complex and create a pore in the RBC membranes 

(Goure et al. 2004). These mutants are also unable to infect cells and cause cell rounding, even 

though they still secrete effectors (Goure et al. 2004; Sundin et al. 2004). The insertion of 

translocon complexes requires the presence of a compatible needle tip. When expressed in a Y. 

enterocolitica ∆lcrV strain, PcrV did assemble at the needle tip but was unable to restore 

hemolytic activity (Broz et al. 2007). In this same assay, YopB was not found associated with the 

RBC membrane and only reduced amounts of YopD were found associated with the lipid 

bilayer. Therefore, it seems that for efficient insertion of the translocon, interaction between the 

translocators and the needle tip is required. 
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 Thus far little physical interaction between PcrV and PopB (or PopD) has been detected. 

The interaction between PcrV and PopD appears more of a regulatory nature (Armentrout & 

Rietsch 2016). This interaction may be weak or transient, since PcrV was not associated with 

RBC membranes after infection with P. aeruginosa or with liposomes reconstituted with PopB, 

PopD or both (Goure et al. 2004). In addition, PcrV can be found on the bacterial surface, while 

PopB and PopD are not detected on the surface of P. aeruginosa (Cisz et al. 2008; Lee et al. 

2014). On the other hand, translocation of T3S effectors into the host cell is efficient and 

effectors are not detected in the medium when cells were infected with P. aeruginosa (Sato & 

Frank 2011; Sundin et al. 2004). It is therefore likely that the needle and its tip form a tight 

connection with the translocation pore when forming a conduit that connects the bacterial cytosol 

with the host cytosol. However, it is not known whether the needle tip remains associated with 

the needle after translocon assembly, or whether it dissociates. More work will be needed to 

pinpoint the function of the needle tip in this conduit. 

Conclusion and future directions 

 The T3S system is a remarkable nanomachine used by a number of important pathogenic 

and symbiotic bacteria. Insights gained over the last decade show a machine that is regulated 

through a number of intricate mechanisms. The essential component of the T3S system, the 

translocon complex, remains shrouded in mystery. Questions about stoichiometry of the complex 

have started to be addressed. However, the structure of the translocator complex and how it 

inserts into the membrane remains largely unknown. What role, if any, the needle tip plays in 

insertion also needs to be explored. It has been suggested that the needle tip acts as a scaffold, 

but no data supporting this claim are available 
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Another of the big questions in the field is how the timing of secretion is regulated. 

Several components that regulate the secretion order have been identified, but the specific 

mechanisms of how they work remains to be explored. Homologs of the recently discovered 

sorting platform components are found throughout different T3S families, but very few studies 

have been published that address this structure. 

Finally, the role of the needle tip in host cell-sensing and regulation of secretion also 

needs to be explored in more detail. Several studies have yielded some insight into host cell-

sensing, but what the signal is and how this signal is then transferred and converted into an 

action in the bacterial cytosol still remains a mystery.  
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Tables  

Table 1 Short names of the tip protein and translocators used in different species. 

Family Species Tip protein Translocators 

Ysc P. aeruginosa PcrV PopB PopD 

Yersina sp. LcrV YopB YopD 

Aeromonas sp. AcrV AopB AopD 

Inv-Mxi-Spa Salmonella sp. (SPI-1) SipD SipB SipC 

Shigella sp. IpaD IpaB IpaC 

Ssa-Esc 

 

Enteropathogenic E. coli EspA EspD EspB 

Salmonella spp. (SPI-2) SseB SseC SseD 
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Figure Legends  

Figure 1 Schematic overall structure of a T3S injectisome. The basal body is drawn based on 

reconstitutions from cryo-EM images of isolated Salmonella T3S injectisomes (Kosarewicz et al. 

2012). Dash line box at the top represents the translocon complex which has not been visualized 

yet. The stoichiometry (or symmetry) for different T3S structures are shown on the left. The 

basal body is separated from the tip and translocon to indicate that while the basal body is a 

schematic of Salmonella injectisome, the tip part is adapted from data of the Ysc family. PM: 

plasma membrane, OM: outer membrane, IM: inner membrane. 

 

Figure 2 Resolved structures of the needle tip proteins LcrV (PDB 1R6F), IpaD (PDB 2JAA), 

BipD (PDB 2J9T) and SipD (PDB 3NZZ). The central coiled-coil is shown in blue, the N-

terminal domain in red, and the central domain in grey. LcrV is a member of the Ysc family and 

IpaD, BipD and SipD belong to the Inv-Mxi-Spa family (see Table 1). The N-terminal and 

central domains of LcrV show a globular conformation whereas in the Inv-Mxi-Spa family 

members these domains are elongated and packed against the central coiled-coil. The letters N 

and C indicate the location of the N-terminus and the C-terminus, respectively. 

 

Figure 3 Hypothetical model for translocon formation in P. aeruginosa. In the absence of host 

cells, only a few T3S injectisomes are pre-assembled on the bacterial surface (resting state). 

Contact with the host cell membrane initiates the secretion of translocators and activates 

expression of T3S-related genes. Assembly of a hetero-oligomer while preventing the formation 

of homo-oligomers would require the alternate secretion of PopB and PopD. Alternatively, if the 

secretion of proteins is stochastic, a model where only one translocator binds to the tip could 
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explain the specific formation of hetero-oligomers. In this figure PopB was used as the bound 

translocator; however, a similar mechanism can be envisioned using PopD bound. PopB is 

secreted and anchored to the needle tip in a way that it cannot bind additional PopB monomers. 

Additional PopB monomers will be secreted into the membrane, eventually forming 

nonfunctional homo-oligomers. When PopD emerges from the needle, formation of a 

heterodimer enables release of the anchored translocator PopB. Subsequently, another PopB 

anchors to the tip and the cycle repeats. Ultimately, these heterodimers oligomerize into the 

putative hexadecameric complex as observed during in vitro experiments. The membrane- 

assembled hetero-oligomer engages the needle, triggering the switch from secretion of 

translocators to secretion of effectors. 

 

Figure 4 Schematic view of different models for T3S. In the injectisome model, upon contact-

mediated activation, the T3S apparatus injects effectors directly into the target cell through a 

translocon pore formed by the two translocators. Alternative models are shown on the right. (I) 

the T3S injectisome senses the presence of target cell, and triggers the release of surface located 

translocators and effectors. Translocation of effectors would be similar to the one observed for 

AB toxins; (II) sensing of the target cell via the T3S injectisome triggers the release of outer 

membrane vesicles (OMVs) containing the translocators and encapsulated effectors; (III) similar 

to the mechanism described in II, but one translocator is secreted through the needle and acts as a 

receptor protein for the OMVs in the target cell. Translocator-mediated fusion of the OMVs with 

the target membrane in turn allows entry of effectors into the host cell. 
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