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Abstract Type III secretion systems are used by some Gram-negative bacteria to
inject effector proteins into targeted eukaryotic cells for the benefit of the bacterium.
The type III secretion injectisome is a complex nanomachine comprised of four main
substructures including a cytoplasmic sorting platform, an envelope-spanning basal
body, an extracellular needle and an exposed needle tip complex. Upon contact with
a host cell, secretion is induced, resulting in the formation of a translocon pore in the
host membrane. Translocon formation completes the conduit needed for effector
secretion into the host cell. Control of type III secretion occurs in response to
environmental signals, with the final signal being host cell contact. Secretion control
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occurs primarily at two sites—the cytoplasmic sorting platform, which determines
secretion hierarchy, and the needle tip complex, which is critical for sensing and
responding to environmental signals. The best-characterized injectisomes are those
from Yersinia, Shigella and Salmonella species where there is a wealth of infor-
mation on the tip complex and the two translocator proteins. Of these systems, the
best characterized from a secretion regulation standpoint is Shigella. In the Shigella
system, the tip complex and the first secreted translocon both contribute to secretion
control and, thus, both are considered components of the tip complex. In this review,
all three of these type III secretion systems are described with discussion focused on
the structure and formation of the injectisome tip complex and what is known of the
transition from nascent tip complex to assembled translocon pore.

1 Introduction

The importance of type III secretion systems (T3SS) for the pathogenesis of
Gram-negative human pathogens was acknowledged before they were recognized as
actual secretion systems and long before visualization of the type III secretion
nanomachine (the injectisome). The effects of calcium as it is related to the V antigen
in Yersinia (Pasteurella) pestis were described more than a half-century ago (Bacon
and Burrows 1956; Lawton et al. 1963) with similar observations in Yersinia
pseudotuberculosis (Burrows and Bacon 1960). The observed calcium effects came
to be known as the low calcium response (LCR) and it was found to have profound
effects on the expression of the Yersinia V antigen. For the LCR, it was determined
that in the absence of calcium Y. pestis growth was arrested at 37 °C, with no such
growth arrest at 26 °C (Kupferberg and Higuchi 1958). This effect was reversed by
including calcium at millimolar concentrations in the growth medium, restoring
production of the Yersinia W and V antigens (Brubaker and Surgalla 1964; Lawton
et al. 1963). Excitingly, the V antigen had been demonstrated to provide protection
against bacterial challenge (Lawton et al. 1963), however, it was not immediately
understood why or how this secreted antigen was protective. The V antigen later
came to be known as LcrV and it was found to be an essential virulence factor for Y.
pestis as well as other Yersinia species known to infect humans (i.e., Y. enterocol-
itica and Y. pseudotuberculosis) (Bhaduri et al. 1990; Goguen et al. 1986; Sample
et al. 1987; Skrzypek and Straley 1995). Later studies described bacteria that had lost
a large plasmid and become avirulent and no longer responded to the LCR (Ferber
and Brubaker 1981). This long line of research would eventually lead investigators
to identify the role of the plasmid-encoded Yersinia T3SS in evasion of host innate
immunity (Michiels et al. 1990; Rosqvist et al. 1991) and the eventual study of the
injectisome from both a functional and structural perspective. Injectisome needles
were observed about a decade later (Hoiczyk and Blobel 2001) with higher reso-
lution models of the Yersinia injectisome described shortly thereafter (Cornelis
2002). Yersinia continues to be a prime model system for studying type III secretion
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and it was in this system that identification of the first injectisome needle tip complex
was made (described in more detail below).

Like Yersinia, Shigella species possess a plasmid that is essential for virulence
(Sansonetti et al. 1981) and their ability to invade host cells within the gastroin-
testinal tract (Sansonetti et al. 1982). As with Yersinia, key Shigella antigens were
found to be secreted into culture supernatants under conditions in which the viru-
lence plasmid was active and the organism fully invasive (e.g., growth at 37 °C). In
this case, the identified secreted proteins were called the invasion plasmid antigen
(Ipa) proteins and they were considered to be potential protective antigens based on
anecdotal information provided at that time (Buysse et al. 1987; Oaks et al. 1986).
The first reports regarding the potentially complex structures of the Shigella
injectisome structure were in 1999 (Blocker et al. 1999) with much more detailed
structural information soon following (Blocker et al. 2001). Along with the Yersinia
T3SS, this secretion system in Shigella has become a second model for improving
our understanding of the structural and functional features of this important viru-
lence determinant. Identification of the Shigella injectisome needle tip complex was
reported shortly after identification of the analogous structure in Yersinia (Espina
et al. 2006a). This is also discussed in further detail below.

A third pathogen that has become a paradigm for the study of type III secretion
and injectisome structure–function relationships is Salmonella enterica. Unlike
Yersinia and Shigella, Salmonella encodes many of its virulence determinants on
pathogenicity islands (SPI) that are located chromosomally rather than on a large
virulence plasmid. Two of these, SPI-1 and SPI-2, were found to encode T3SS that
contribute to this pathogen’s complex lifestyle as an extracellular and intracellular
pathogen (Mills et al. 1995; Ochman et al. 1996; Shea et al. 1996). Kaniga and
colleagues identified homologs of the secreted Ipa proteins from Shigella that were
expressed from SPI-1, which were important for Salmonella entry into host cells
(Kaniga et al. 1995a, b). This observation was followed up by the Galan and Miller
groups who reported the first high-quality images of the Salmonella injectisome
(Kimbrough and Miller 2000; Kubori et al. 1998). Taken together, the Shigella,
Yersinia and Salmonella T3SS arguably represent the best-characterized T3SS with
regard to our understanding of architecture, substructure and function. From these
organisms, there is an evolving understanding of the assembly and dynamics of the
individual components, including the most exposed portions of the apparatus, the
needle and its associated tip complex (TC). The TC is the major focus of this review.

2 The Type III Secretion Apparatus or Injectisome
(The Injectisome)

The injectisome is a complex nanomachine that functions through the combined
actions of distinct substructures to promote the secretion of proteins (termed
effectors) into target eukaryotic cells for the benefit of the infecting pathogen. These
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systems appear to be used exclusively by bacteria to communicate with eukaryotic
cells for the benefit of the bacteria and have been identified in many plant- and
animal-associated Gram-negative bacteria (Bergman et al. 1994; Galan et al. 1992;
Gough et al. 1993; Wei and Beer 1993). It was initially unclear what types of
structures were responsible for type III secretion, however, filamentous surface
appendages (diameter of 6–8 nm) associated with pathogenesis were observed in
the plant pathogen Pseudomonas syringae and called Hrp pili because of their roles
in the plant hypersensitivity response and pathogenicity (Roine et al. 1997).
Likewise, extracellular appendages that might be associated with type III secretion
were identified in the human pathogen Salmonella following bacterial contact with
host cells (Ginocchio et al. 1994). From various types of transmission electron
micrograph analyses and high-resolution structure studies, we now have a rea-
sonable understanding of the overall architecture of the injectisome (see Fig. 1) (Hu
et al. 2015; Deng et al. 2017). While T3SS fall into broad groups that include
multiple pathogen types (e.g., the Mxi/Spa/Ipa family includes Salmonella and
Shigella), there are some general features common among all the known injecti-
somes. Each system contains a fixed basal body spanning the entire Gram-negative
cell envelope (IM-cell wall-OM) (Marlovits et al. 2004). The basal body is sand-
wiched between an extracellular needle composed of a polymer of a small,
helix-turn-helix needle protein (Cordes et al. 2005; Deane et al. 2006a; Demers
et al. 2014; Fujii et al. 2012; Zhang et al. 2006; Wang et al. 2008) and a cytoplasmic
sorting platform. The sorting platform is comprised of the export gate, an energy
source (ATPase) and an associated hexameric unit that is the structural equivalent
of the flagellar C ring (Hu et al. 2017; Lara-Tejero et al. 2011; Hu et al. 2015).
Recognition of secretion substrates and determination of secretion hierarchy most
likely occurs within this cytoplasmic portion of the injectisome. Induction of
secretion occurs as a result of external signals such as changes in the bacterium’s
environment (e.g., host cell membrane contact, change in pH or changes extra-
cellular calcium levels) which potentially implicates the needle and/or the complex
of proteins located at the exposed end of the injectisome needle, the tip complex
(TC), in sensing such signals. Once the environmental signals are encountered,
however, the switch to effector secretion involves complexes that contain gate-
keeper proteins such as SsaL for the SPI-2 injectisome of Salmonella (Yu et al.
2010, 2018), SepL in enteropathogenic Escherichia coli (Shaulov et al. 2017) or
YopN in Yersinia (Bamyaci et al. 2018). The regulators of needle length have also
been implicated in these switches to effector protein secretion. The focus here will
be a description of the TC and a summary of how it may be involved in secretion
control and sensing the environment.
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Fig. 1 The proposed architecture of the Shigella injectisome. In panel A, a side view of the
injectisome is shown with the major basal body components indicated (in blue hues). Beneath the
bacterial inner membrane is the cytoplasmic sorting platform with the main components indicated.
At the top is the extracellular needle comprised of a polymer of MxiH. Panel B shows a bottom
view of the sorting platform depicting the sixfold symmetry of this complex. The tip complex is
not indicated here, but panel C shows the crystal structure of IpaD, which is the main component
of the tip complex. IpaD resides as the most distal structure from the surface of the bacterium—
presumably as a pentamer in the nascent injectisome. Panels A and B are adapted from (Hu et al.
2015). Copyright National Academy of Sciences. Panel C is PDB ID: 2J0O, (Johnson et al. 2007)
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3 The Injectisome Needle Tip Complex

3.1 Discovery of the Nascent Tip Complex Protein
and Overall Structure

It was noted long ago that the Yersinia V antigen (LcrV) had the potential for
inducing protective immunity in animals (Lawton et al. 1963). Eventually, recom-
binant LcrV was specifically studied for its strong potential as a subunit vaccine
component (Leary et al. 1995; Motin et al. 1994) and it continues to be a component
of some of the lead candidate vaccines being explored for protection against plague
(Verma and Tuteja 2016). The Cornelis group reported in 1998 that LcrV was
required for proper secretion of what later were identified as the Yersinia T3SS
translocator proteins (the Yersinia Outer Proteins or Yops) YopB and YopD (Sarker
et al. 1998). Once the structural architecture for the injectisome began to be revealed,
it was found that antibodies against LcrV could disrupt proper translocon assembly
in targeted cells (in this case erythrocytes). Strikingly, the same was true for anti-
bodies against the LcrV-homolog PcrV from the closely related Pseudomonas
aeruginosa T3SS (Goure et al. 2005). The mechanistic basis for these phenomena
did not become entirely clear until the V antigen was definitively localized to the tip
of the injectisome needle in three related pathogens (Y. pestis, P. aeruginosa and
Aeromonas salmonicida) (Mueller et al. 2005). It was at this time that LcrV was
designated as the Yersinia injectisome needle tip complex protein. Shortly afterward,
IpaD was identified as being the needle tip protein for the Shigella injectisome
(Espina et al. 2006b). The crystal structure of LcrV had previously been reported to
2.2 Å resolution in 2004 (Derewenda et al. 2004) and this structure was used to
model the LcrV tip protein as a pentameric needle “tip complex” (TC) atop the
Yersinia YscF needle filament (Broz et al. 2007).

While advances were being made regarding LcrV as the Yersinia needle TC,
parallel achievements were occurring for a needle TC from a distinct injectisome
family. IpaD was identified as the Shigella needle tip protein in 2006 (Espina et al.
2006b) and its crystal structure was determined shortly thereafter (see Figs. 1 and
2), along with a TC homolog (BipD) from the same injectisome family and pro-
duced by Burkholderia pseudomallei (Erskine et al. 2006; Johnson et al. 2007). In
addition to LcrV and IpaD, a number of homologous TC proteins have now been
described and compared using biophysical analyses to identify their shared struc-
tural features (Deng et al. 2017; Espina et al. 2007; Sato and Frank 2011). One
major feature of all the TC proteins characterized to date is the presence of an
extended coiled-coil (green region within Fig. 2) that provides the scaffold upon
which the rest of the protein is built. While the coiled-coil domain appears
important for protein–protein interactions across all T3SS-possessing pathogens,
the remainder of the TC protein structure appears to vary somewhat and may be
adapted to more pathogen-specific functions.

The structural basis for the interaction between cognate needle tip protein and
the actual needle proteins has been described for some of these systems, most
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notably for the IpaD-MxiH combination, respectively, from Shigella and the
homologous combination (SipD-PrgI) from Salmonella (Rathinavelan et al. 2011,
2014; Zhang et al. 2007). It is likely that the interactions between the TC and needle
itself play an instrumental role in regulation of type III secretion, which is clearly
the case for Shigella (Deane et al. 2006b; Picking et al. 2005; Kenjale et al. 2005). It
has been shown that mutations within the MxiH needle protein of the Shigella T3SS
can have profound effects on secretion kinetics and, in some cases, secretion
substrate hierarchy (Deane et al. 2006b; Kenjale et al. 2005). Additional studies
have shown that the C-terminus of IpaD is required for anchoring it to the injec-
tisome needle tip (Picking et al. 2005) with deletion of only a few C-terminal amino
acids resulting in secretion of uncontrolled amounts of IpaD into the culture
supernatant. The stabilizing coiled-coil of IpaD has been implicated in generating
secretion signals (Barta et al. 2012b; Roehrich et al. 2013; Stensrud et al. 2008)

Fig. 2 Crystal structure of IpaD and the camelid single chain (VHH) antibody designated
20ipaD. The crystal structure of IpaD (colored based on individual domains: N-domain (blue),
central coiled-coil (green), distal domain (red) (Johnson et al. 2007) is depicted in cartoon ribbon
format in complex with the neutralizing VHH 20ipaD (colored gray). Complex [PDB ID: 5VXM,
(Barta et al. 2017b)]. Inset, IpaD residues within hydrogen bonding distance (2.5–3.5 Å) are
depicted as balls-and-sticks (magenta)

The Tip Complex: From Host Cell Sensing to Translocon Formation 179



along with anchoring it to the tip of the Shigella injectisome needle (the IpaD
C-terminus is part of the coiled-coil). If the IpaD coiled-coil does indeed interact
with the needle protein, then it is not surprising that mutations within this region
that influence contact (and thus communication) between these structures are able to
influence secretion control. Additional structure/function features of IpaD are pre-
sented in Sect. 4.

Elucidation of the atomic-level structure of IpaD enabled modeling of IpaD as a
pentameric TC at the distal end of the Shigella MxiH needle where it was later
directly observed by transmission electron microscopy (Sani et al. 2007). Since this
work, multiple models of the Shigella TC have been proposed with an additional
hypothesis that the TC is a heteropentamer consisting of four copies of IpaD and
one of the first secreted translocator protein IpaB (Veenendaal et al. 2007). In the
initial description of the IpaD tip complex, it was noted that while IpaB was not
detected on the surface of the nascent injectisome, it could be detected by immu-
noblot analysis of artificially long needles (generated by overexpressing MxiH).
This suggested that IpaB could be associated with needles, but probably was not
physically located at the nascent injectisome needle tip at this stage (Espina et al.
2006b). It is clear that IpaB is not required for IpaD to reside at the tip of the
nascent injectisome needle (Olive et al. 2007) and in ipaB null strains it exists as a
homopentamer (Epler et al. 2012; Espina et al. 2006b; Cheung et al. 2015).
Conversely, IpaB has never been found to associate with the injectisome needle tip
in the absence of IpaD, even though it is secreted at elevated levels, thus confirming
that IpaD is the anchor for IpaB binding (Dickenson et al. 2013a; Espina et al. 2007;
Olive et al. 2007). Furthermore, even for wild-type Shigella, the majority of the TC
appear to exist as a pentamer of IpaD (Cheung et al. 2015), perhaps indicating that
detection of IpaB within some TC may be due to an intermediate stage of the
secretion process.

3.2 Maturation of the Tip Complex in Shigella

As described above, the IpaD TC protein and IpaB, a Shigella T3SS translocator
protein, have long been known to control Shigella secretion. This role is seen as
substantially elevated levels of Ipa and effector proteins in culture supernatants for
null mutants of either (Menard et al. 1994). It is worth noting, however, that
Shigella does not control its T3SS as stringently as many other systems do in the
absence of extracellular signals for secretion induction. Such signals for Shigella
could include incubation with the dye Congo red or contact with a host cell. This
low level of background or steady-state secretion has not been specifically
described for other T3SS, which implies that there is phylogenetic variation in the
control mechanisms used by these pathogens. Consistent with system-to-system
variation, similar roles in secretion control have been described for IpaD and its
homolog (SipD) from Salmonella (Kaniga et al. 1995b), however, no such regu-
latory role has been reported for SipB, the IpaB-homolog in Salmonella (Kaniga

180 W. D. Picking and M. L. Barta



et al. 1995b). This suggests that differences in the way that type III secretion is
controlled can be seen even for closely related pathogens within the same T3SS
family (e.g., Shigella and Salmonella SPI-1). As more distantly related injectisomes
are considered, even greater differences in the mechanisms by which secretion is
induced are observed. For example, Yersinia expresses their T3SS at 37 °C but only
secretes when depletion of calcium is detected and this process may be under the
control of multiple genes including the injectisome needle protein YscF (Torruellas
et al. 2005). This is distinct from Shigella where cation concentrations in the media
have not been reported to influence type III secretion, while the addition of small
amphipathic dyes such as Congo red or Evans blue elicits a strong secretion phe-
notype (Bahrani et al. 1997).

Thus far, the discrete steps of secretion induction have only been described for
the T3SS of Shigella species. For the Shigella injectisome, the nascent apparatus is
primarily comprised of a pentameric IpaD TC population (Cheung et al. 2015;
Espina et al. 2006b). As mentioned above, there may also be a minor TC population
that is composed of only four copies of IpaD with the fifth position being filled with
IpaB (Cheung et al. 2015; Veenendaal et al. 2007). Neither complex composition
can be ruled out as being physiologically relevant, but within the context of the low
background secretion phenotype of Shigella alluded to above, it is possible that this
heteropentameric TC represents an intermediate state where IpaB is being recruited
into the complex. Active recruitment of IpaB into the TC appears to require
additional external signals, and these will be described in more detail below.

Enteric bacteria have evolved numerous mechanisms to allow survival and
colonization of the human gastrointestinal tract (Merritt and Donaldson 2009).
Among the many chemical defenses in the GI tract are bile salts that act to reduce
the bacterial burden in the small intestine in addition to their contributions to
nutrient uptake and metabolism (Schubert et al. 2017). It has been shown that bile
salts influence a variety of Shigella behaviors, including increased: adherence to
mammalian cells, invasiveness and protein secretion during laboratory propagation
(Olive et al. 2007; Pope et al. 1995; Faherty et al. 2012). We were able to
demonstrate that after a short (� 30 min) incubation in the presence of the bile salt
deoxycholate (DOC), Shigella invasiveness increased significantly (Olive et al.
2007). Unexpectedly, this DOC-mediated virulence increase did not correlate with
upregulated protein effector secretion, but in fact, resulted in the recruitment of
IpaB to the tip of the Shigella injectisome needle (Olive et al. 2007) where it was
stably maintained. IpaB was unable to localize to the needle tip for an ipaD null
mutant, strongly suggesting an interaction within the TC for these two proteins.
Meanwhile, in an ipaB null mutant, IpaD could still associate with the needle tip,
however, incubation of these bacteria with DOC resulted in decreased levels of
IpaD at this site (Olive et al. 2007). Considered in toto, these observations sug-
gested that DOC acts directly on IpaD. Furthermore, the fact that IpaD and IpaB
were both genetically identified as major players controlling the Shigella T3SS
suggests they are able to physically communicate with each other and this correlates
with identification of a stable interaction at the exposed injectisome tip.
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3.3 The Translocon

The ultimate goal of the T3SS is the formation of a pore (the translocon) in the
target cell membrane, thereby allowing the subsequent passage of effector proteins
into the cell where they commandeer normal cellular functions for the benefit of the
pathogen (Pizarro-Cerda et al. 2016). In generating the translocon, a difficulty that
must be overcome by the pathogen is maintaining proteins having a significant
hydrophobic character in the cytoplasm until they can be recognized for secretion,
at which point they become imbedded within the targeted cell’s membrane.
Preventing interactions with the bacterial cytoplasmic membrane is critical and this
is ensured by maintaining stability and solubility as a complex with a chaperone.
For example, in Shigella the chaperone for the IpaB and IpaC is IpgC (Birket et al.
2007) and in Salmonella the chaperone for SipB and is SicA (Tucker and Galan
2000). In addition to this feature, it has been shown that the proteins secreted by the
T3SS that are destined to become transmembrane proteins in the host cell possess
an inherent balance of their transmembrane segments that prevent them from tar-
geting to the bacterial cytoplasmic membrane (Krampen et al. 2018).

In Shigella, IpaB is the first of the two translocators to be secreted. As such it
seems to have two roles—as a TC protein following exposure to bile salts and as a
component of the translocon pore following host cell contact. A hallmark of all T3SS
is the presence of a TC protein and two translocator proteins that function together to
form the translocon pore (Deng et al. 2017). In the Shigella system, the translocon is
formed by IpaB and IpaC (Blocker et al. 1999; Terry et al. 2008) and one assay for
monitoring the formation of the complete translocon is measuring contact-mediated
hemolysis (Picking et al. 2005). Based on its hydrophobicity, a potential role of IpaB
in translocon formation from its position at the injectisome needle tip is sensing
contact with the host cell membrane. Indeed, IpaB has been shown to interact with
lipid membranes in vitro (De Geyter et al. 2000), as has the second hydrophobic
translocator IpaC (Kueltzo et al. 2003). Furthermore, contact with host cells was
found to trigger the release of Ipa translocators as a prelude to invasion (Watarai
et al. 1995) and lipid-based signaling has been shown to trigger the secretion of
effector proteins. These host-pathogen interactions were proposed to occur at
cholesterol-rich cellular lipid rafts (van der Goot et al. 2004) and are consistent with
the final step of TC maturation/activation being triggered by host cell lipids.

Red blood cell ghosts and liposomes having a defined composition were used to
demonstrate that the final step of T3SS TC maturation is triggered by tip-localized
IpaB sensing contact with host cell membranes (Epler et al. 2009). Treating Shigella
with DOC followed by liposomes resulted in the recruitment of IpaC to the bacterial
surface. Not surprisingly, recruitment of IpaC to the surface coincided with full
induction of type III secretion. Unlike IpaB, which appears largely to be limited to
the TC once it is recruited to the Shigella surface, the secreted IpaC was found to
stick to many surfaces once it was in the extracellular milieu. IpaC was found as part
of the needle TC, however, it was also found in complexes not associated with the
bacteria, on the bacterial membrane surface and bound to almost anything with
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which it could interact. In these studies, it was demonstrated that maximal liposome-
induced secretion occurred when cholesterol and sphingomyelin were present,
which is in agreement with previous observations that IpaB is a cholesterol-binding
protein (Hume et al. 2003) and Shigella invasion most likely occurs at lipid rafts (van
der Goot et al. 2004). Similar to IpaB, purified IpaC is able to insert spontaneously
into phospholipid membranes (Kueltzo et al. 2003; De Geyter et al. 1997) and has
been shown to possess important effector functions that contribute to host cell entry
(Jaumouille et al. 2008; Marquart et al. 1996; Terry et al. 2008; Tran Van Nhieu et al.
1999). IpaC’s effector function is essential for Shigella entry into host cells (Terry
et al. 2008), while its ability to insert into and disrupt membranes may also be
responsible for Shigella escape into the cytoplasmic niche in which it replicates
(Osiecki et al. 2001; Du et al. 2016). Unfortunately, most of the information obtained
on the translocon is from indirect biochemical analyses of purified or partially
purified proteins because visualization of the translocon has been difficult. This may
be changing since Park and colleagues have now used cryo-electron tomography of
mini-cells interacting with host cells to generate images of the in situ Salmonella
translocon at the pathogen-host interface (Park et al. 2018).

Little information has been obtained on the step-wise TC maturation or secretion
induction for other T3SS, however, interaction between the Yersinia TC protein
LcrV and one of the Yersinia translocon proteins (YopD) has been reported as
being important for type III secretion by this pathogen (Costa et al. 2010).
Additionally, LcrV has been implicated in control of type III secretion, but this
control has not been described as occurring from the injectisome needle tip (Hamad
and Nilles 2007; Matson and Nilles 2001), but possibly via interactions with LcrG
in the bacterial cytoplasm which serve to influence the mobilization of the YopB
translocator (Nilles et al. 1998). Most importantly, LcrV is implicated in directing
the formation of translocon pores in Yersinia (Mota 2006), suggesting that inter-
mediates between LcrV TC formation and translocon assembly most likely do exist.
It should be noted that alternative pathways for effector entry into target cells by Y.
pseudotuberculosis have been proposed that might not necessarily even require TC
contact with the traditional model of a translocon (Akopyan et al. 2011). However,
this review will be limited to events expected to occur only at the injectisome
needle tip and that are involved in the regulation of secretion induction. Because of
this and the fact that the best-understood sequence of events related to T3SS
induction are those that have been observed in the Shigella system, the remainder of
this review will mostly focus on the Shigella TC.

3.4 Where Does the Tip Complex End and the Translocon
Begin

In many cases, the proteins that make up the needle TC and the hydrophobic
proteins that give rise to the translocon pore are collectively referred to as the

The Tip Complex: From Host Cell Sensing to Translocon Formation 183



“translocator proteins” (Deng et al. 2017). This is understandable since all three
proteins are needed for proper translocation of effector proteins into target cells. In
the same respect, the conduit that assembles to become the injectisome needle is
also needed for proper translocation. Thus, for the purpose of this review, a dis-
tinction is made between the needle, the TC and the translocon pore. IpaD clearly
falls into the category of TC protein for the Shigella injectisome since it is the
protein initially placed at the tip of the MxiH needle once it is formed and, perhaps
more importantly, because it is essential for controlling or limiting secretion from
this position. In this respect, IpaB in the Shigella system could also be considered a
needle TC protein because it is also essential for controlling secretion. Moreover,
IpaB can also be found stably associated with the injectisome needle tip prior to
secretion induction. It is in this role that IpaB most likely triggers type III secretion
induction by sensing contact with the host cell membrane. The presence of
translocator proteins as part of the TC has only been described in detail for the
Shigella system (Cheung et al. 2015; Murillo et al. 2016; Olive et al. 2007).
Simultaneous with or in transition from its function as a regulatory TC component,
IpaB becomes essential for the formation of a fully functional translocon in con-
junction with IpaC, which has no role in the control of type III secretion in Shigella.
In fact, once IpaC secretion is triggered, the full cascade of secretion induction is
completed. For these reasons, IpaD and IpaB are grouped here as the two com-
ponents of the Shigella regulatory TC and IpaB and IpaC are separately grouped as
the two translocator proteins in this organism. These are not arbitrary groupings
from the Shigella perspective, but they may be difficult to apply precisely to other
T3SS. While IpaD homologs from other systems have been implicated in con-
trolling type III secretion and are found at the needle tip, this cannot be said of IpaB
homologs. Nevertheless, the sections that follow will focus on IpaD as the initial
needle TC protein and IpaB, which joins IpaD once the TC is primed to sense
contact with host cells.

4 Sensing the Signals Responsible for Type III Secretion
Induction in Shigella

4.1 Invasion Plasmid Antigen D

By now it is clear that IpaD is an essential virulence determinant for Shigella with a
role in controlling type III secretion (Menard et al. 1993). Once nonpolar knockouts
of the Ipa proteins became available it was learned that IpaB, along with IpaD, was
responsible for controlling type III secretion in this pathogen (Menard et al. 1994).
It was not until more than 10 years later, however, that IpaD was recognized as
being a controlling unit that resides atop the Shigella injectisome needle (Espina
et al. 2006b; Sani et al. 2007). Structurally, IpaD was initially proposed to form a
homopentamer at the needle tip much like LcrV is proposed to do at the tip of the
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Yersinia injectisome needle (Deane et al. 2006b; Epler et al. 2012), however,
alternative TC compositions have been suggested that include four copies of IpaD
and one copy of IpaB (Blocker et al. 2008). While most of the TC found on the
Shigella surface are clearly composed of five copies of IpaD (Cheung et al. 2015), it
cannot be ruled out that alternative states exist that represent intermediates related to
TC maturation and the onset of secretion induction. Unlike the T3SS described for
many other bacteria, Shigella displays a low level of background secretion that is
readily measured by monitoring Ipa protein secretion in overnight cultures. Under
such conditions, a small percentage of injectisomes could be in a state that lies
between quiescence (having five copies of IpaD making up the TC) and primed
(having a TC complex that contains a reduced number of IpaD moieties in com-
bination with one or more copies of IpaB). The physiological importance for such
intermediates cannot be ruled out because of the Shigella background secretion
phenotype, however, it does appear that the first static state or checkpoint in the
assembly or maturation of the newly made Shigella injectisome TC gives rise to a
TC comprised of a pentamer of IpaD.

Maturation or priming of the Shigella needle TC, as defined by the recruitment
of IpaB to become a major component of the TC, can be elicited by exposure to bile
salts such as DOC (Olive et al. 2007). A mechanistic equivalent step for Salmonella
has not been described, mostly because bile salts appear to actually inhibit SPI-1
expression (Eade et al. 2016). Nevertheless, bile salts have been shown to bind to
the Salmonella TC protein SipD (Chatterjee et al. 2011). In Shigella, the mecha-
nistic basis for bile salt-induced recruitment of IpaB into the TC appears to be a
direct interaction between DOC and IpaD (Stensrud et al. 2008) with this binding
causing a change in the structural features of the central coiled-coil of IpaD (Barta
et al. 2012b). DOC binding occurs at the hydrophobic interface between helix 3 and
helix 7 (the stabilizing coiled-coil that has also been implicated in anchoring IpaD
at the needle tip) involving residues L134, K137, I138 and L315. Furthermore,
mutation of some of these residues (L134 and L315) was shown to eliminate the
organism’s enhanced invasiveness that was seen following incubation with DOC
(Barta et al. 2012b). Interestingly, the binding of DOC by IpaD was found to occur
concomitant with an exacerbation of a kink found in helix 3, which results in a
movement of*10 Å for the end of helix 7 near the C-terminus of the protein. Such
a change in the conformational dynamics at this region is expected to significantly
affect the interaction between IpaD and the underlying needle assembly, as well as
between the IpaD subunits within the TC. Mutagenesis studies have also implicated
the C-terminal helix (helix 7) of IpaD in its ability to control type III secretion
(Roehrich et al. 2013), however, the residues implicated here were further away
from IpaD’s proposed C-terminal anchor than were the residues involved in DOC
binding. In this case, the mutations were selected for their ability to resist rapid
induced secretion caused by incubation with Congo red.

As repeatedly mentioned in the above sections, IpaD has been proposed to exist
as a pentamer as part of the Shigella needle TC. This is based on the structures seen
for Yersinia, P. aeruginosa and A. salmonicida (Mueller et al. 2005) and what was
initially proposed for Shigella (Deane et al. 2006b; Sani et al. 2007). Variations on
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the initially proposed IpaD pentamer include a four (IpaD) plus one (IpaB) model,
along with a model in which an IpaD pentamer is located at the needle tip with the
so-called distal domain (red domain in Fig. 2) extended outward (Epler et al. 2012).
An interesting finding related to this last model is that when cleavage sites for
tobacco etch virus (TEV) protease were placed on both sides of the distal domain
and the distal domain was removed by site-specific cleavage, a loss of secretion
control was observed, thus indicating that the distal domain has some role in

Fig. 3 Crystal Structure of T3SS Translocator Coiled-coil Fragments. Left, Cartoon ribbon
diagram of the IpaB74−224 crystal structure [PDB ID: 3U0C, (Barta et al. 2012a)], colored blue
(N-terminus) to red (C-terminus). Middle, Structural alignment of the IpaB (residues 120-224) and
SipB (residues 126-226) coiled-coil motifs align with an RMSD of 1.42 Å over 93/94 Ca atoms.
Right, Cartoon ribbon diagram of the SipB82−226 crystal structure [PDB ID: 3TUL, (Barta et al.
2012a)], colored gray
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controlling secretion. While alone this result is not confirmatory with regard to the
position of the distal domain within the TC, it does provide something to consider
when considered alongside two other findings. First, IpaD was shown to be able to
associate with a stable coiled-coil derived from the N-terminal part of IpaB whose
crystal structure has been solved (Barta et al. 2012a) (see Fig. 3), but only if bile
salts are present (Dickenson et al. 2013a). More importantly, association of IpaD
with the IpaB fragment resulted in movement of a fluorescent probe located within
the distal domain away from a second probe located at IpaD position 322, near the
region that anchors IpaD to the tip of the needle (Dickenson et al. 2013a). These
findings not only implicate the distal domain in interactions with IpaB, but also
suggest that IpaD has a dynamic structure that can accommodate multiple con-
formations, including one in which the distal domain moves relative to the rest of
the protein. IpaD had already been shown to consist of multiple folding units
(Espina et al. 2006a), but this was the first biochemical evidence that there is
flexibility in the distal domain. A second piece of evidence for the IpaD distal
domain being important for type III signaling processes was derived from its
interaction with specific camelid single-domain (VHH) antibodies generated by
vaccination against recombinant IpaD, which behaves as a highly soluble monomer
in solution. From a panel of IpaD-specific VHH antibodies, two populations were
identified—one population exhibited significant neutralizing activity with regard to
cellular invasion and contact-hemolysis while the other population was
non-neutralizing. The former were found to uniformly recognize the IpaD distal
domain (helix 4) as shown for one of the VHH (called 20ipaD) in Fig. 2 (Barta
et al. 2017b). Recently, NMR studies have further indicated that interactions occur
between the distal domain of IpaD and the purified N-terminal coiled-coil of IpaB
(McShan et al. 2016). This study also found that the same phenomenon occurred for
the Ipa homologs from Salmonella, SipD and SipB, and that mutations within the
SipD distal domain equivalent (e.g., helix 4 in IpaD) led to a reduced ability to
invade cultured Henle 407 cells (McShan et al. 2016).

4.2 Invasion Plasmid Antigen B

Because of its hydrophobic nature, IpaB has been more difficult to work with as a
recombinant protein than IpaD (Barta et al. 2017a) and this has slowed efforts to
fully appreciate its biochemistry and prevented determination of its atomic-level
structure. It has been possible, however, to purify N-terminal IpaB fragments that
have contributed substantially to our current level of understanding of IpaB. Crystal
structures of stable (and soluble) N-terminal domains of both IpaB (residues
74-224) and SipB (residues 82-226) were determined and are shown in Fig. 3
(Barta et al. 2012a). Both fragments have been shown to be capable of interacting
with their cognate needle tip protein as mentioned above (McShan et al. 2016),
although no crystal structure is available to describe this interaction. A slightly
longer IpaB fragment (residues 28-226) has been shown to strongly associate with
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its chaperone IpgC (Adam et al. 2012). It does appear that chaperone binding alters
the IpaB fragment’s structure, however, the precise influence of chaperone binding
on the structure of the IpaB coiled-coil is not known. On the other hand, a co-crystal
structure has been solved for an N-terminal fragment of the IpaB/SipB homolog
AopB from Aeromonas in complex with its chaperone AcrH (Nguyen et al. 2015)
and this structure indicates that the coiled-coil is specifically bent by association
with the N-terminal groove of AcrH (colored purple in Fig. 4). This suggests that
chaperone binding not only involves the immediate N-terminus of IpaB and its
homologs, but it may also specifically perturb the stable coiled-coil structure found
near the N-terminus. No structural information is yet available on the hydrophobic
portions of this translocator protein family and it is this portion that is expected to
be involved in membrane recognition and penetration. Intriguingly, current data
support a model in which IpaB association with its chaperone in the bacterial
cytoplasm occurs through its N-terminal region, however, this would be expected to
leave the hydrophobic portion of the protein exposed. Despite this, the IpaB-IpgC
complex is unable to associate, even peripherally, with phospholipid membranes
(Dickenson et al. 2013b). Thus, it is clear that there is still much to learn about IpaB
structure and function, even before it leaves the Shigella cytoplasm.

Based on what is known about the stable IpaB N-terminal domain, it has been
hypothesized that the coiled-coil allows IpaB (or SipB) interaction with IpaD (or
SipD) via the distal domain of the later (Dickenson et al. 2013a; McShan et al.
2016). This would position the hydrophobic portion of IpaB (SipB) so that it is
available for recognition of and interaction with the host cell membrane (Dickenson
et al. 2013b). The previously described neutralizing anti-IpaD VHHs support this
model because their interaction with the IpaD distal domain appears to be

Fig. 4 Crystal structure of AcrH/AopB40−264. Cartoon ribbon diagram of the AcrH/AopB40−264

crystal structure [PDB ID: 3WXX, (Nguyen et al. 2015)], with AcrH colored blue (N-terminus) to
red (C-terminus) and AopB colored gray. Structure rotated 90° about the horizontal axis on the
right. The AopB coiled-coil motif (residues 123-157; colored purple) is bent and rests in a groove
created by the AcrH N-terminus
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interfering with steps involved in TC function such as IpaB recruitment or binding
to the TC (Barta et al. 2017b). Other groups suggest a similar orientation for the
IpaB hydrophobic domain, but favor a model where it is anchored to IpaD via its
C-terminus based on decreased detection of IpaB within the TC as residues are
removed from the end of the protein (Shen et al. 2010). To be clear, IpaB’s initial
interaction with the host cell membrane is a pivotal event in triggering the final step
of type III secretion induction and for the recruitment of IpaC, which is needed for
formation of the translocon pore. There will be additional discussion of IpaB’s
interaction with membranes below.

Based on homology with pore-forming toxins, it was proposed that the IpaB
coiled-coil was involved in anchoring this protein to the needle TC following its
recruitment to the bacterial surface. Such a scenario might equate to the role of
these coiled-coil structures in a family of bactericidal toxins produced by some
bacteria to gain an advantage against competing bacteria (Jakes 2012). For exam-
ple, colicin E3 and colicin Ia share a similar coiled-coil structure with IpaB and
SipB and these extended structures are used by the colicins to span the periplasm to
bridge the domain needed for binding to an outer membrane receptor with the
domain that interacts with the target cell cytoplasmic membrane following an outer
membrane translocation step (Wiener et al. 1997). Because of the parallel need for
presentation of a membrane active moiety at a distance, it would seem logical that
the translocator coiled-coil could be used in a similar manner. Intriguingly, this
same coiled-coil structure has been heavily implicated in the control of Shigella
type III secretion (Murillo et al. 2016). In an extensive mutagenesis study, seven
mutations were identified within the IpaB N-terminal portion that affected
Shigella’s ability to respond to Congo red induction of secretion and all but one of
these resided within the coiled-coil (Murillo et al. 2016). These secretion pheno-
types fell into two groups, those having mild and those having strong defects in
sensing Congo red. As with other aspects of IpaB function, however, there is still
much to learn about these phenotypes since defects in sensing Congo red did not
strictly correlate with defects in contact-mediated hemolysis or invasion of HeLa
cells (Murillo et al. 2016).

While a combination of Congo red phenotypes found for IpaD and IpaB mutants
can be used to develop a model for secretion control in Shigella, it should be kept in
mind that the way Congo red works is still not entirely clear. Congo red has been
known to induce protein unfolding in some cases, possibly after penetrating regions
possessing a somewhat intrinsically unfolded state (Zhang et al. 2009; Kim et al.
2003). It is this propensity for binding to unfolded regions of proteins which has
made it useful in staining of amyloid fibrils for diagnostic purposes (Serpell et al.
1997). Furthermore, in preferentially associating with partially unfolded regions of
proteins, Congo red can shift a protein’s folding toward an unfolded state. If this is
occurring within the Shigella injectisome needle TC, then it is difficult to confi-
dently assign a physiological role to Congo red-induced secretion. Any disruptions
within the TC, especially where there are interfacial interactions, such as between
IpaD and IpaB might well be expected to give rise to changes in secretion status.
This is only said as a cautionary statement in considering TC functions using
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artificial inducers and to point out that there continues to be much to learn about the
dynamics of IpaD and IpaB within the TC. A similar statement might be said with
regard to studying translocon pore formation using contact-mediated hemolysis,
however, such artificial systems have thus far been invaluable in reaching our
current level of understanding of type III secretion in Shigella.

In addition to being a TC component, IpaB is also a translocator protein. While
this review does not consider the translocon pore as a part of the injectisome needle
TC, it probably is important to consider the potential state of IpaB as it encounters
the host cell membrane. Shigella mutants harboring an ipaC null mutation do not
suffer defects in type III secretion control, however, they are completely nonin-
vasive. The inability to invade cells is due to the inability to form a functional
translocon for effector delivery and to the absence of IpaC’s early effector functions
(Terry et al. 2008). Nevertheless, ipaC null mutants are still able to induce a low
level of contact-mediated hemolysis (*10% relative to wild-type), indicating that
something has been inserted into the target cell membrane that is able to com-
promise membrane integrity (Blocker et al. 1999). Because a functional translocon
does not form for these mutants, IpaB can be considered to continue to be a part of
the needle TC following host cell contact, but it should be noted that it is still
potentially membrane active. It may be here that the ability to work with purified
IpaB has proven most useful. IpaB was first purified efficiently as a complex with
its chaperone IpgC (Birket et al. 2007), but it is readily separated from its chaperone
using mild detergents (Barta et al. 2017a). It is important, however, that these
detergents be continually present in the preparation to maintain IpaB solubility.
While this has made detailed structural analysis of IpaB difficult, it was recently
found that the detergent used to prepare IpaB can have a profound effect on its
biochemical properties.

IpaB clearly has an intrinsic ability to interact with membranes and this property
is shared with its homolog from Salmonella (De Geyter et al. 2000; Hume et al.
2003). When prepared in the detergent lauryl-dimethylamine-N-oxide (LDAO),
IpaB exists as a monomer in solution, however, when prepared in the alternative
detergent N-octyl-poly-oxyethylene (OPOE) it forms a tetramer (Dickenson et al.
2013b). Both of these detergents are so mild that they do not disrupt phospholipid
vesicles at or slightly above their critical micelle concentrations, which allows them
to be present when looking at IpaB-membrane interactions. In either detergent,
IpaB can associate with phospholipid vesicles, however, only the oligomeric form
of IpaB is able to cause the release of small molecules from these liposomes and
this release shows the hallmarks of being the result of pore formation (Adam et al.
2014; Dickenson et al. 2013b). Thus, even before orchestrating the formation of an
active translocon pore through interactions with IpaC, IpaB itself is proposed to
insert into target cell membranes. This provides the trigger for IpaC recruitment,
translocon formation and secretion induction (Epler et al. 2009; van der Goot et al.
2004). However, based on background hemolysis levels and biochemical analysis
of the IpaB-membrane interaction, it is possible that this insertion event results in
the formation of what might be termed a pre-translocon pore composed of an
oligomeric complex of IpaB (Dickenson et al. 2013b). While such a pore would not
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be a fully functional translocon, it could provide a platform into which IpaC can be
incorporated, leading to formation of the active translocon pore. It is at this point in
wild-type Shigella that IpaB becomes an integral part of the translocon while
maintaining a bridge to IpaD at the tip of the injectisome needle.

5 Concluding Remarks

Much of what is known about type III secretion control from the TC has been
determined based upon the tractability of the Shigella system. It is clear that, despite
a high degree of conservation within the injectisomes from a wide array of patho-
gens, there are still differences in the cargo they inject into host cells, subtle varia-
tions in their assembly and function of their component pieces, and in how they
respond to external stimuli. Perhaps their greatest unifying feature is the formation of
a translocon pore upon host cell contact, enabling translocation of host altering
effector proteins that are maintained within the bacterial cytoplasm in association
with cognate chaperones. The chaperone then is instrumental in targeting the
effectors to the sorting platform for ultimate delivery through the translocon and into
the cytoplasm of the host cell. The resulting host-pathogen intercommunication can
lead to a variety of outcomes: colonization of a host cell surface through effacing
lesions; invasion of macrophages, epithelial cells or lymphocytes; or killing of
macrophages. Yet, despite their many differences, it makes sense that there are
significant mechanistic similarities that are guided by the general architecture of
these amazing nanomachines. The four major macromolecular assemblies within the
injectisome (sorting platform with ATPase, envelope-spanning basal body, extra-
cellular needle and needle TC) may display subtle differences but they largely appear
to be consistent from one system to the next.

It is generally accepted that all injectisome needle TC are essential for creating a
continuous conduit from the bacterium through the host cell membrane, suggesting
they share important mechanistic characteristics. This would seem to be borne out of
the conservation of key structural features for all the extracellular portions of the
injectisome that are involved in controlling secretion (Deng et al. 2017). The
structure of the needle protein monomer has consistently been shown to be a rela-
tively small helix-turn-helix protein (Deane et al. 2006b; Zhang et al. 2007; Wang
et al. 2007). The initial needle TC protein can vary in overall structure, but is
consistently built upon a stable anti-parallel helical coiled-coil scaffold (Derewenda
et al. 2004; Espina et al. 2007; Johnson et al. 2007). And finally, it is the first
hydrophobic translocator protein that, at least for Shigella and Salmonella, possesses
an elongated helical coiled-coil that may provide a contact interface with the nascent
TC protein (Barta et al. 2012a). Altogether, it appears that these protein–protein
interfaces, likely involving extensive contributions from coiled-coil motifs, are
critical to the assembly, communication and overall function of the injectisome.

Thus, while a significant portion of this review has focused on the Shigella
injectisome needle tip complex and its role in regulating type III secretion, it is
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likely that there are lessons to be learned here that will hold true in many, or
perhaps most, other systems. Nevertheless, it is certainly a mistake to view the
injectisome needle TC as a static object that progresses from one rigid form to the
next. For Shigella, the TC is a fluid structure that has yielded transitions that can be
teased apart to reveal what can be described as discrete steps in type III secretion
induction. Part of what has made this so, may be the one confounding feature of the
Shigella T3SS—the fact that it is in a low, but continual, steady-state secretion
state. The same progression of steps may very well occur for other T3SS, but due to
stringent control prior to host cell contact, these steps may be difficult, if not
impossible, to dissect. Over time, other systems will be discovered or methods
devised to determine how universal the process of step-wise type III secretion
induction actually is.
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