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Abstract

Background Type Three Secretion Systems (T3SS) are nanomachine complexes, which display the ability to inject effector
proteins directly into host cells. This skill allows for gram-negative bacteria to modulate several host cell responses, such
as cytoskeleton rearrangement, signal transduction, and cytokine production, which in turn increase the pathogenicity of
these bacteria. The Salmonella enterica subsp. enterica serovar Typhimurium (ST) T3SS has been the most characterized
so far. Among gram-negative bacterium, ST is one of enterica groups predicted to have two T3SSs activated during differ-
ent phases of infection.

Objective To comprise current information about ST T3SS structure and function as well as an overview of its assembly
and hierarchical regulation.

Methods With a brief and straightforward reading, this review summarized aspects of both ST T3SS, such as its structure
and function. That was possible due to the development of novel techniques, such as X-ray crystallography, cryoelectron
microscopy, and nano-gold labelling, which also elucidated the mechanisms behind T3SS assembly and regulation, which
was addressed in this review.

Conclusion This paper provided fundamental overview of ST T3SS assembly and regulation, besides summarized the
structure and function of this complex. Due to T3SS relevance in ST pathogenicity, this complex could become a potential
target in therapeutic studies as this nanomachine modulates the infection process.
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Introduction

Over time and evolution, gram-negative bacteria have devel-
oped many resources to increase their entrance and coloni-
zation into host cells (Kimbrough and Miller 2002). Many
of these resources are modulated by protein secretion, such
as DNA replication, motility, transport, antibiotic resist-
ance, and pathogenicity (Portaliou et al. 2016). Thus, the
understanding of the molecular mechanisms behind this
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secretion and the manipulation of host responses through
these resources is crucial (Haraga et al. 2008). One of these
mechanisms comprises secretion systems, which can trans-
port proteins throughout cell membranes. This is consid-
ered a biochemistry accomplishment due to its regulation
and complexity (Deng et al. 2017). Gram-negative bacteria
currently contain nine of these systems, categorized from I
to IX (Desvaux et al. 2009; Vincent et al. 2017). Type III
Secretion Systems (T3SS), however, are the most sophisti-
cated and well-studied (Lee 1997; Cornelis 2006; Galkin
et al. 2010; Biittner 2012; Fujii et al. 2012; Abby and Rocha
2012). T3SS is present in several gram-negative bacteria,
including Shigella, Yersinia, Pseudomonas, Enteropatho-
genic Escherichia coli (EPEC), and Salmonella spp. (Costa
et al. 2015). It is predicted to be an essential and specialized
organelle that translocates effector proteins directly into the
host cell cytoplasm (Kimbrough and Miller 2002). Once
within the cell, these proteins can alter cellular functions,
such as cytoskeleton structure, signal transduction, and
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cytokine production, among others (Haraga et al. 2008). To
accomplish this, T3SS covers three cell membranes, namely
the inner and outer bacterial membranes and the host eukar-
yotic cell membrane (Costa et al. 2015). It comprises over
20 proteins related evolutionarily with the flagellar export
system (Haraga et al. 2008). T3SS’s assembly, like flagella,
is complex and is carefully coordinated by regulatory pro-
teins (Portaliou et al. 2016). Thus, the synthesis of proteins
that becomes coupled to this machinery follows a strict pro-
duction and assembly hierarchy, which makes T3SS highly
regulated and one of the most complicated known bacteria
secretion systems (Portaliou et al. 2016).

Among all T3SS’s, Salmonella enterica T3SS’ is the best
characterized so far (Kimbrough and Miller 2000). This
species is the only one presenting two T3SS (T3SS-1 and
2) activated during different phases of infection (Hansen-
Wester and Hensel 2001). Most studies have been performed
in Salmonella enterica subspecies enterica serovar Typh-
imurium (ST) (Collazo and Galan 1997; Cirillo et al. 1998;
Crago and Vassilis 2002; Galkin et al. 2010; Bergeron et al.
2013). In this review, we compile a set of relevant infor-
mation about T3SS’s ST. With a brief and straightforward
reading for quick understanding and knowledge, we report
aspects of the T3SS present in this serovar, like structure,
assembly, and regulation. As this is a featured article,
renowned reviews like Portaliou et al. (2016), Deng et al.
(2017), among others, are recommended for more accurate
readings. The prefix Secretion and cellular translocation
(Sct) was recently adopted to unify the nomenclature of all
proteins belonging to T3SS since its structure is present in
a diversity of gram-negative bacteria (Hueck 1998). Thus,
this review adopts the Sct nomenclature, since it addresses
the aspects of the two T3SS present in ST. Table 1 presents
the relation between the Sct prefixes and their respective
proteins.

ST T3SS functions

T3SS plays a crucial role in gram-negative bacterial infec-
tion, since it is required in almost all phases of infection
and consequently for bacteria virulence maintenance (van
der Heijden and Finlay 2012). In ST, the Salmonella Patho-
genicity Island 1 (SPI-1) encodes the first T3SS (T3SS-1)
(Haraga et al. 2008), whereas SPI-2 encodes the second,
T3SS-2 (Hansen-Wester and Hensel 2001). SPI are chro-
mosomal regions that carry virulence genes, which act as
a compact and distinct genetic unit during a specific time
of the infection (Marcus et al. 2000). In ST, five main SPIs
have been described, with SPI-1 and SPI-2 the best studied,
due to their correlation with the invasion phase and per-
sistence inside the cell, respectively (Deiwick et al. 1998;
Cirillo et al. 1998; Hensel 2000, 2004; Coburn et al. 2005;
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Table 1 Core components and function of T3SS-1 and 2, through the
unified nomenclature

Unified nomenclature Function T3SS*1 T3SS-2

Basal body
SctPC Secretin, outer membrane InvG SsaC
ring
- Secretin pilotin InvH -
SctD Inner membrane ring PrgH SsaD
SctJ Inner membrane ring PrgK Ssal
SctF Needle Prgl SsaG
Sctl Inner rod Prgl Ssal
Export apparatus
SctU Autoprotease SpaS SsaU
SctV Export gate InvA SsaV
SctR Inner membrane compo-  SpaP SsaR
nent
SctS Inner membrane compo-  SpaQ SsaS
nent
SctT Inner membrane compo-  SpaR SsaT
nent
Cytoplasmic ring
SctQ Cytoplasmic ring SpaO SsaQ
ATPase complex
SctN ATPase InvC SsaN
SctL Stator OrgB SsaK
Regulators
SctP Needle-length regulator Inv] SsaP
SctW Switch regulator InvE SsaL
- Switch regulator - SpiC
Translocators
SctB Translocation pore SipC SseD
SctE Translocation pore SipB SseC
SctA Needle tip SipD SseB

4T3SS type three secretion system

bSct secretion and celular translocation

Ellermeier and Slauch 2007; Brawn et al. 2007; dos Santos
et al. 2018).

T3SS-1 acts during the first moments of invasion, initi-
ating contact between the bacteria and the non-phagocytic
host cell membrane (Hueck 1998; Hansen-Wester and
Hensel 2001). After contact, a pore in the eukaryotic cell
membrane is formed (Cornelis 2006; Galan and Wolf-Watz
2006; Mattef et al. 2011), which allows the passage of the
first effector proteins injected by T3SS-1. These effectors
are responsible for the conformation change in the cytoskel-
eton of non-phagocytic cells and consequent formation of
so-called ruffles, which allows ST engulfment into the host
cell in addition to Sal/monella-containing vacuole (SCV) sta-
bilization, formed after bacterium internalization (Francis
et al. 1993; Ginocchio et al. 1994). Additionally, these effec-
tors also activate host immune responses through intestinal
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mucosa inflammation induction (Herrero-Fresno and Olsen
2017). This induction provides a favorable microenviron-
ment for ST since it is less affected by substances released in
the inflammation, which gives ST an advantage over resident
microbiome (Stecher et al. 2007; Herrero-Fresno and Olsen
2017). Also, some effectors in this phase prevent host cell
apoptosis, which increases invasion maintenance (Collazo
and Galan 1997).

On the other hand, T3SS-2 is activated inside SCV
(Hansen-Wester and Hensel 2001), after ST enter non-
phagocytic cells. T3SS-2 initiates contact to deliver effec-
tor proteins from intracellular bacteria throughout the SCV
membrane into the host cell cytoplasm (Jennings et al.
2017). Even though T3SS-1 and T3SS-2 are activated in
different invasion phases, they are not independent of each
other since mutations in T3SS-2 were shown to decrease the
expression of some T3SS-1 genes significantly and, con-
sequently, the ability of ST to invade cells (Deiwick et al.
1998). Inside the SCV, the effector proteins injected by the
T3SS-2 prevent phagolysosome formation and manipulate
SCV traffic and maturation, while also promoting ST intra-
cellular survival and replication (Bakowski et al. 2008).
SPI-2 encodes most of these effectors (Hensel et al. 1998),
despite some being encoded in other chromosome regions
and injected by T3SS-2 (Waterman and Holden 2003).

T3SS structure

The T3SS-1 structure was first visualized by Kubori et al.
(1998) through electronic microscopy. Since then, several
advances have occurred, leading to a better understanding
of the components that Kubori et al. (1998) first called the
Needle-like structure. The development of techniques like
X-ray crystallography, nuclear magnetic resonance (NMR)
and cryoelectron microscopy (EM) were essential for the
visualization and classification of T3SS components (Mar-
lovits et al. 2004; Wang et al. 2010; Lunelli et al. 2011; Fujii
et al. 2012; Loquet et al. 2012; Rathinavelan et al. 2014;
Worrall et al. 2016; Kuhlen et al. 2018). T3SS is divided
into three segments: extracellular components, the basal
body, which crosses the two gram-negative cell envelope
membranes, and the peripheral inner membrane cytoplasmic
components (Biittner 2012) (Fig. 1).

The extracellular segment, also known as Needle-like fila-
ment, forms a secretion conduit from the top of the inner rod
to the interior of the host cell (Kuhlen et al. 2018), which is
used for protein passage throughout the type three secretion
pathway (Marlovits et al. 2006). This component comprises
two structures: a needle and a translocation pore, the latter
connected to the eukaryotic host membrane (Portaliou et al.
2016). The extracellular needle is constituted by the SctF
protein and is 30-70 nm in length and 10-13 nm in full
(Marlovits et al. 2006), connected to the basal body by a

different substructure, the inner rod, formed by the Sctl pro-
tein (Marlovits et al. 2004). On top of the needle, the SctA
protein forms a tip complex (Mueller et al. 2005; Espina
et al. 2006; Galan et al. 2014). After the translocation pore
is formed, translocators SctE and SctB are secreted and
anchored to the SctA protein, where they exert their func-
tions (Portaliou et al. 2016; Deng et al. 2017).

The basal body is a series of structures embedded in the
inner and outer bacterial membranes (Schraidt et al. 2010;
Schraidt and Marlovits 2011; Portaliou et al. 2016). It is
formed by two concentric inner rings, connected to two outer
rings by a structure known as the neck (Costa et al. 2015).
The inner membrane rings are composed by the Sct] and
SctD proteins, while the outer membrane rings are formed
by the SctC protein, a member of the secretin family (Kubori
et al. 1998; Kimbrough and Miller 2002; Costa et al. 2015;
Deng et al. 2017). Housed within the base of the basal body
is the export apparatus, which is required for the secretion of
effector proteins throughout the T3SS (Sukhan et al. 2001).
It is assembled from five membrane proteins: SctR, SctS,
SctT, SctU, and SctV (Abrusci et al. 2013).

The peripheral inner cytoplasmic component membrane
harbors the ATPase complex and the cytoplasmic ring
(C-ring) (Portaliou et al. 2016). The C-ring, which is located
above the export apparatus, is formed by the SctQ protein
(Groisman and Ochman 1993; Morita-Ishihara et al. 2006).
The ATPase complex is, in turn, formed by the SctN pro-
tein, which shares homology with FOF1 flagellar ATPase
family of proteins (Eichelberg et al. 1994). Besides that, the
ATPase complex is predicted to be formed as well by the
SctO protein, which is required to gain access to epithelial
cell (Collazo et al. 1995); the SctL and SctK proteins, which
are required to the efficient assembly and stability of StcQ
(Lara-Tejero et al. 2011). Both components form a sorting
platform for substrate recruitment and secretion (Lara-Tejero
etal. 2011; Makino et al. 2016). Besides, other proteins are
also related to T3SS regulation. SctP, for example, controls
the length of the needle (Marlovits et al. 2006), while SctU
and SctW regulate the secretion hierarchy. Moreover, some
of the secreted proteins require cognate chaperones to stabi-
lize their assembly (Kimbrough and Miller 2002).

Overview of the assembly of T3SS core components

T3SS assembly occurs following a discrete sequence: first,
the basal body and the export apparatus are assembled, fol-
lowed by the inner rod and the needle, and finally, the tip
complex and the translocon (Wagner et al. 2010; Diepold
et al. 2011; Diepold and Wagner 2014) (Fig. 2). The assem-
bly of the basal body involves a dependent secretory path-
way, the Sec pathway, an essential protein export machinery
that transports proteins across the plasma membrane and
recognizes their substrates (Economou 1999; Thanassi and
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Fig.1 The main structure of T3SS. The illustration is represent-
ing the main structure of T3SS using the Sct nomenclature (Hueck
1998) to nominate its proteins. T3SS structure comprises a translo-
con, formed by the translocators SctB and SctE and the tip complex;
the needle, formed by SctF protein and the inner rod, formed by Sctl

Hultgren 2000). This type of secretory pathway, dependent
sec-machinery, is used by 95% of the protein exportation
that occurs through cell membranes (Portaliou et al. 2016).
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protein; the basal body, formed by the outer and the inner mem-
brane rings; the export apparatus, a Cytoplasmic ring (C-ring) and an
ATPase complex. This figure was based on the one illustrated in the
article by Portaliou et al. (2016)

First, the export apparatus components SctR and SctT ini-
tiate the assembly on the inner membrane, recruiting the
other apparatus components, namely SctS, SctU, and SctV
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Fig.2 Schematic illustration of the inside-out model of T3SS assem-
bly. The T3SS assembly occurs in two different phases. In the Sec-
dependent phase, the export apparatus is previously located in the
inner membrane (1). The components of the inner membrane rings
then assemble around the export apparatus (2). Peptidoglycan-
cleaving enzyme locally removes the peptidoglycan layer to enable
the assembly of T3SS components present between the inner and
the outer membrane (3). The outer membrane rings are localized by

(Burkinshaw and Strynadka 2014). Then, the inner mem-
brane rings components SctD and SctJ are assembled at the
export apparatus site (Diepold and Wagner 2014; Burkin-
shaw and Strynadka 2014). This mechanism, known as the
inside-out mechanism, is similar to the flagellum assembly
mechanism, which requires the assembly of inner membrane
rings and the export apparatus first, enabling the SctC ring to
be correctly located in the outer membrane ring (Minamino
and Macnab 1999; Sukhan et al. 2001). The inner rod and
the needle, in turn, are assembled by a Sec-independent
pathway that depends on ATPase activity (Sukhan et al.
2001). This dependence indicates why it comes before the
assembly of the basal body and the export apparatus. In
other mechanisms, used by Shigella spp. moreover, Yersinia
spp., for example, known as the outside in mechanism, the
outer membrane rings are formed first, without the need for
inner membrane ring assembly.

The basal body

The basal body is composed of the inner and outer mem-
brane rings, which are connected by a structure known as the
neck (Kubori et al. 2000; Costa et al. 2015). The inner mem-
brane rings themselves are formed by SctD and SctJ protein
oligomers (Kubori et al. 1998, 2000), which are essential
to the formation of the others T3SS components, since as
described previously they serve as a basis for the linkage of
these components (Minamino and Macnab 1999). The com-
plex formed by these two proteins is hollow in the center,
corroborating the idea of a central pore that serves as a con-
duit for the passage of effectors proteins (Galdn and Wolf-
Watz 2006). Cryo-EM and nano-gold-labeling analyses have

T3SS-dependent

secretin (4) and then makes contact with the inner membrane rings
(5). In the Sec-independent phase, the ATPase complex and the cyto-
plasmic ring (C-ring) interact with the export apparatus (6). In this
phase, the remain components are assembled by T3SS itself; first, the
needle and the inner rod proteins a secreted, followed by the translo-
cators (7); lastly, the effectors (green marbles) are secreted (8) (color
figure online). This figure was based on the one illustrated in the arti-
cle by Portaliou et al. (2016) and Deng et al. (2017)

demonstrated that SctD, Sctl, and SctC, have a conserved
wedge-shaped fold structure with the latter forming the outer
membrane ring. This fold is a motif for the inner and outer
membrane ring formation and may facilitate ring assem-
bly (Spreter et al. 2009). SctD has the charge distributed
in such a way that its amino-terminal domain is located in
the cytoplasm, whereas its carboxy-terminal domain in the
periplasm. This charge distribution is surrounding a cen-
trally located hydrophobic domain that servers to direct its
insertion and retention in the inner membrane (Kimbrough
and Miller 2002). This conformation may be necessary for
the interaction between basal body components, since the
SctC outer membrane ring amino-terminal domain reaches
deep into the periplasm and directly contacts the SctD inner
membrane ring, creating a bridge that connects the inner
and outer membrane rings (Schraidt and Marlovits 2011;
Bergeron et al. 2013). Sct] spans the periplasmic space
with its sizeable amino-terminal domain and is anchored
to the inner membrane through its carboxy-terminal trans-
membrane domain (Schraidt et al. 2010). This last structure
is predicted to function as a stop-transfer signal to anchor
Sctl in the inner membrane (Kimbrough and Miller 2002).
Recently, near-atomic-resolution and cryo-EM analysis have
demonstrated that SctD and SctJ display different 24-fold
symmetries and form two nested concentric inner rings, with
SctD encompassing Sct]. These rings surround the socket
and the cup substructures where the export apparatus will
be located (Worrall et al. 2016). The outer membranes ring
themselves forms a so-called ring-like oligomeric structure,
with approximately 15 nm in diameter and a pore inside the
ring with 7 nm in diameter, which allows for the passage of
export substrates through the outer membrane (Crago and
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Vassilis 2002). This structure is composed of SctC protein
(Crago and Vassilis 2002), which is an outer membrane
secretin family member, present also in Type two secre-
tion and Type four fimbrial morphogenesis in other bacteria
(Guilvout et al. 1999). Studies have demonstrated that SctC
assembly is InvH-dependent, an SPI-1 encoded protein pre-
sent only in T3SS-1, known as secretin pilotin (Crago and
Vassilis 2002). Even so, the outer membrane ring can be
assembled without the presence of this protein, as demon-
strated by Sukhan et al. (2001), although its efficiency was
significantly reduced.

The export apparatus

The presence of an export apparatus is crucial for the
complete assembly of T3SS. The setting up of structures
like the inner rod and the needle depending on their pro-
tein export through the export apparatus (Sukhan et al.
2001), for example. Five membrane proteins, which are
completely conserved among all T3SS, form the export
apparatus: SctR, SctS, SctT, SctU and SctV (Cornelis
2006; Galan and Wolf-Watz 2006; Minamino et al. 2008),
as well as the soluble ATPase complex (Burkinshaw and
Strynadka 2014). Besides, it is estimated that a total of 104
transmembranes domains are involved in the formation of
this structure, pointing out its complexity (Zilkenat et al.
2016). Most of the knowledge about the T3SS export appa-
ratus, its associations, and functions, comes from flagella
export apparatus system studies (Minamino and Macnab
1999), due to its similarity. It was believed that the export
apparatus was housed within the central cavity in the basal
body, formed by SctD and SctJ inner membrane ring pro-
teins (Kimbrough and Miller 2002), since FliP and FliR,
which are SctR and SctT homologs in the flagellar export
apparatus, are also located in a central cavity in MS ring
(Fan et al. 1997). Corroborating with this hypothesis, a
cryo-EM analysis of Salmonella Typhimurium T3SS with
the deletion of export apparatus membrane proteins dem-
onstrated a loss of density in the inner membrane rings of
the basal body, in the socket and cup substructures region
(Wagner et al. 2010). The same study demonstrated that
some of the export apparatus membrane proteins could
not be incorporated in a preassembled T3SS, although
this may occur in an incompletely assembled T3SS.
These results prove that, after complete assembly, the
membrane proteins are maintained in a remote site (Wag-
ner et al. 2010), reinforcing the idea of a hierarchy in the
recruitment of export apparatus components to the T3SS
structure. SctU is an autoprotesase that potentially con-
trols the chronology and specificity of substrate secretion
(Edqvist et al. 2003; Zarivach et al. 2008). SctV, in turn,
is a so-called export gate, since it oligomerizes to form a
cytoplasmic export ring pore, located directly below the
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secretion pore and above the ATPase complex (Abrusci
et al. 2013). The ATPase complex is composed of three
domains: an amino-terminal domain; a central ATPase
domain, predicted to bind ATP via a conserved Rossmann
fold; and a carboxy-domain (Burkinshaw and Strynadka
2014). Another complex, the ATPase sorting platform, is
located in the cytoplasm side and has been proposed to
include SctQ and SctL proteins, as well as other export
apparatus components. This complex may transport sub-
strates in an organized and hierarchical manner, although
little is known about this mechanism (Burkinshaw and
Strynadka 2014). Thus, this complex, as well as SctR, S,
and T, may be the focus of future research.

The inner rod

The inner rod is a compact structure located within the basal
body rings, anchored to a socket-like structure on the basal
side of the base and extending itself till the needle (Marlovits
et al. 2004, 2006). Cryo-EM analysis has demonstrated that
this base is hollow, forming an internal chamber filled by
the socket-like structure, which may serve as an adaptor that
couples the N-fold symmetric base to the inner rod (Marlo-
vits et al. 2004, 2006). Despite this, the inner rod is assem-
bled by the polymerization of Sctl protein, characterizing a
helical assembly (Kimbrough and Miller 2000). Although
little is known about its structure and dimensions, analysis
carried out with Sctl mutant Salmonella Typhimurium indi-
cates that the Sctl protein is essential to the virulence of this
pathogen since it slows its invasiveness significantly when
compared to a wild-type strain (Klein et al. 2000). In addi-
tion, studies have demonstrated an intimate relation between
the seven Sctl C-terminal residues and the activation of host
immune responses (Miao et al. 2010), as it interacts with the
NOD-like receptor NLRC4 to activate interleukin-13 matu-
ration (IL-1), triggering the host inflammatory response
against microbial infection (Miao et al. 2010; Miao and
Rajan 2011). However, the location of the inner rod struc-
ture, inside the basal body rings, requires an environment
to fold into its functional form, hindering structural studies
concerning both the pure rod and its isolated form (Burkin-
shaw and Strynadka 2014). Despite this, Zhong et al. (2012)
used nuclear magnetic resonance (NMR) spectroscopy and
circular dichroism to determine the structural properties of
the Salmonella Sctl inner rod protein. The results indicate
that Sctl is a monomeric protein, partially folded and lacking
a tertiary structure, with the C-terminal a-helical region pre-
senting a clear structure, which may be responsible for the
activation of host immune responses. However, it is unclear
if Sctl conformation after its assembly into the inner rods
would be capable of activating the same responses as those
activated by the purified protein (Zhong et al. 2012).
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The needle

In contrast to the inner rod, the needle is a polymeric assem-
bly of more than 120 copies of the SctF protein (Kubori
et al. 2000; Kimbrough and Miller 2000). Combined with
the inner rod, this structure acts as a conduit for T3SS trans-
locator and effector secretion (Galan and Wolf-Watz 2006).
Attempting to develop the first model of the Salmonella
Typhimurium needle, Loquet et al. (2012) combined solid-
state NMR spectroscopy, EM, and Rosetta modeling, using
recombinantly produced needles obtained by in vitro polym-
erization. The results demonstrate that the SctF protein (Prgl
in Salmonella Typhimurium T3SS-1), as determined from
conformation-dependent chemical shifts, displays a rigid
conformation comprising four distinct structural elements:
an N-terminal extended domain, an a-helix, a loop and a
C-terminal a-helix (Loquet et al. 2012). Each protein is
oriented, and thus, consequently, the N-terminal domain is
set on the needle surface and the C-terminal lines the cen-
tral channel of the needle (Loquet et al. 2012). This same
arrangement was demonstrated in Shigella needle protein
(MxiH), using ssNMR analysis (Fujii et al. 2012), suggest-
ing a conserved architecture. So far, however, it is unclear
how the inner rod and the needle are connected.

The tip complex

A structure called the tip complex lies on the top of the nee-
dle (Mueller et al. 2005), assembled by tip proteins, mostly
SctA (SipD in SPI-1 encoded protein, and SseB in SPI-2
encoded protein) (Chatterjee et al. 2010). Structural charac-
terization by X-ray crystallography indicates that SctA is a
highly a-helical protein that can be divided into three struc-
turally different domains: an N-terminal a-helical hairpin,
also common in the SctF protein (Wang et al. 2007); a long
central coiled-coil domain and, a distal domain located at
the end of the coiled-coil domain (Chatterjee et al. 2010;
Lunelli et al. 2011). The long central coiled-coil is predicted
to give to the tip complex proteins an overall oblong shape
(Rathinavelan et al. 2011). Based on the similarity between
the a-helical hairpin of SctA in the tip complex and the
SctF in the needle, Rathinavelan et al. (2011) hypothesized
that the SctA coiled-coil is the primary binding site for the
needle protein. The results obtained by NMR paramagnetic
relaxation enhancement (PRE) analysis confirmed that SctF
binds at the bottom of SctA, and also interacts with two
major SctA sites (Rathinavelan et al. 2011). Moreover, sev-
eral studies have described the interaction between SctA and
bile salts of the host duodenum (Chatterjee et al. 2010; Wang
et al. 2010; Lunelli et al. 2011), since bile salts can affect
Salmonella T3SS activity and, consequently, its invasiveness
(Gunn 2000). Thus, bile salts repress T3SS and decrease
invasiveness in Salmonella (Prouty and Gunn 2000), while

SctA is present on the bacterial surface before host con-
tact could function as a sensor for environmental molecules
(Chatterjee et al. 2010).

The translocon

Once the bacteria come into contact with the host cell, trans-
locon components are secreted and predicted to form a trans-
location pore in the host cell membrane (Collazo and Galan
1997; Nikolaus et al. 2001), through which effector proteins
are injected into the host cell cytoplasm (Dickenson et al.
2013). The translocation pore is a hetero-oligomeric com-
plex formed by the translocators SctB and SctE (Portaliou
et al. 2016), which are mainly hydrophilic and, therefore,
oligomerize with the SctA tip protein on the host cell mem-
brane, where they form the pore (Portaliou et al. 2016). In
the absence of some of these components, the effectors are
unable to pass to the host cell cytoplasm and, instead, are
secreted into the supernatant (Kimbrough and Miller 2002).
Nevertheless, translocation pore components possess little
high-resolution structural information, and thus, their struc-
tures are poorly studied owing to technical challenges, which
may be resolved in the future. However, recent studies con-
cerning genome-wide selection indicate that the intermedi-
ate filament Vimentin, a cytoskeleton structure that provides
structural and mechanical support (Snider et al. 2018), is
required for an efficient translocation in Salmonella Typh-
imurium’s T3SS, since it stabilizes docking, but not for pore
formation, indicating that these are two distinct processes
(Russo et al. 2016). Moreover, Maserati et al. (2017), based
on Salmonella’s survival under extreme desiccation condi-
tions, performed a global transcriptomic analysis comparing
Salmonella Typhimurium cells equilibrated to low and high
water activity, focusing on the sopB and sctB (sseD) genes,
which encode SopB and SctB (SseD) effectors. The results
indicate that sopB and sctB mutants exhibited significant
viability decreases compared to the wild-types, suggesting
that these genes are required for Salmonella survival under
desiccation conditions (Maserati et al. 2017).

Overview of T3SS regulation

For correct T3SS assembly and function, the proteins that
participate in this event must be secreted in a defined order
following a strict hierarchy secretion. To this end, some
chaperones play an active role in maintaining this hierar-
chy (Biittner 2012). In this meaning, they are responsible
for keeping substrates in a secreted-competent state, allow-
ing them to travel in an unfolded or partially folded manner
(Stebbins and Galan 2001). Chaperones are proteins that
interact with one or several partners to prevent premature or
incorrect interactions (Parsot et al. 2003). There are though
three classes of these molecules that interact with T3SS
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proteins: the class I chaperones which bind to effectors; the
class II chaperones which bind to translocators; and the class
IIT chaperones, which binds to needle proteins (Izoré et al.
2011). Some studies in Yersinia spp. demonstrates that in the
absence of their chaperones, some effectors has its amount
reduced but not abolished (Wattiau et al. 1994; Cheng et al.
1997). In the same way, the chaperones stabilize an unstable
protein and prevent the association of two translocators in
the cytoplasm (Tucker and Gal4dn 2000). Thereby, chaper-
ones seem to play an essential role in the stability, transloca-
tion, and hierarchy secretion of T3SS proteins.

The secreted proteins are divided into early (needle and
inner rod proteins), middle (translocator proteins); and, late
(effector proteins) substrates, based on their secretion order
(Deng et al. 2017). When the needle reaches a certain length,
it signals the accomplishment of a T3SS function and secre-
tion of middle substrates (translocators). Once the transloca-
tion pores are formed, T3SS switches to the secretion of late
substrates (effectors), which may pass directly into the host
cell membrane (Marlovits et al. 2006) (Fig. 3).

In Salmonella, the needle length and the substrate secre-
tion switching depends on the accessory protein SctP
(Collazo and Galan 1997; Kubori et al. 2000) and SctU

SctP:SctU
>

1

SctW:SctU
2

0%

Early
substrates

Fig.3 Schematic illustration figure for T3SS hierarchy regulation.
T3SS secreted proteins follow a strict hierarchy secretion order.
They are divided into early (needle and inner rod), middle (translo-
cators), and late (effectors proteins) substrates. First, SctP accessory
protein and SctU autoprotease protein regulate the secretion of early
substrates (1), which determines the needle lentgh; After th needle
assembly, SctW gatekeeper and SctU proteins regulate the switch
from early to middle substrates (2), allowing the construction of the
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autoprotease protein (Erhardt et al. 2011). The deletion of
SctP gene determines the formation of needle-like struc-
tures with an indefinite length (Journet 2003), indicating that
SctP acts as a molecular ruler to determine needle length
(Wee and Hughes 2015). To reinforce that, a study made
with Salmonella Typhimurium strains lacking SctP showed
the assemble of T3SS with needles much longer than the
wide-type strain, disabling them to secrete effector proteins
(Marlovits et al. 2006). This inability to secrete effectors
proteins could be explained by the fact that in absent of
SctP, the main component of the inner rod Sctl is also absent
although it could be detected in culture supernatants free
from the shed needles (Kubori et al. 2000; Sukhan et al.
2003; Lefebre and Galan 2014). This suggests that the inner
rod plays a role in needle length (Marlovits et al. 2006) as
well as in substrate switching (Lefebre and Galan 2014).
Together with SctP, the self-cleaving SctU protein is also
involved in the needle length control and with the switch-
ing from early substrates to middle and late substrates. The
autocleavage of SctU has been proposed to be the trigger for
the substrates switching (Ferris and Minamino 2006). The
interaction between the C-terminus of SctP and SctU results
in a conformation change in SctU, culminating the initiation
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translocation pore in the host cell membrane. Last, SctW together
with SctN ATPase regulates the switch from the middle to late sub-
strates (3), which enables the translocation of effectors proteins into
the host cell. All this process is mediated by chaperones, which play
an essential role in maintaining the secretion hierarchy. This fig-
ure was based on the one illustrated in the article by Portaliou et al.
(2016) and Deng et al. (2017)
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of late substrate secretion (Zarivach et al. 2008). However, in
Salmonella Typhimurium, the cleavage of the switch protein
demonstrated not to be the regulatory signal for the substrate
switching (Feria et al. 2015). This because a not-cleavable
SctU mutant has a needle length similar to the wild-type
strain (Feria et al. 2015), although studies with a homolog
protein in Yersinia spp. demonstrates that not-cleavable SctU
mutants secrete only early substrates and presents needles
much longer than the wild-type (Sorg et al. 2007). Therefore,
further studies are required to fully understand the role of
SctU in switching substrates in Salmonella Typhimurium.

The switch from the middle to late substrates is regu-
lated by the SctW family of gatekeeper proteins (Biittner
2012). Botteaux et al. (2009) demonstrated that the absence
of SctW deregulates the secretion of early and late effectors,
affirming the role of SctW in substrates regulation. SctW
interacts with inner-rod component Sctl, which facilitates
switching secretion from translocators to effectors (Cher-
radi et al. 2013). This interaction is predicted to form a plug
on the T3SS entry gate (Cherradi et al. 2013), which may
explain the effector hyper-secretion that occurs in SctW
mutations (Biittner 2012). In Salmonella Typhimurium,
SctW mutations significantly reduce the secretion of trans-
locators SctE; B and A (Kubori and Galan 2002). Besides,
SctW interacts with the specific-chaperones of these trans-
locators (Kubori and Galan 2002), which may confirm the
ability of SctW to modulate these translocators’ secretions.
Although much is predicted about T3SS regulation, the exact
molecular mechanism of these switches and the primary per-
formance of the secretion hierarchy in Salmonella Typhimu-
rium require further research.

Conclusions

Salmonella enterica subsp. enterica serovar Typhimurium
is an intracellular pathogen, and its ability to invade and
survive in host cells is strictly related to protein secretion.
The delivery of effector proteins into the host cell, in turn, is
dependent on the type three secretion system, which makes
this complex crucial for ST pathogenicity. Several advances
have been observed concerning the study of the structure and
function of core T3SS components, as well as its assembly.
The development of novel techniques, such as X-ray crys-
tallography, NMR, and cryo-electron microscopy, has been
essential to these discoveries. Even so, several challenges
still exist concerning the understanding of T3SS. The main
structure and assembly of SctR, SctS and SctT membrane
proteins of the export apparatus, as well as the transloca-
tions, pores in the host cell membrane, for example, are still
poorly understood.

In the same way, the so-called ATPase sorting platform
also requires further studies. Also, little is known about the

real structures and dimensions of the inner rod, since a spe-
cific environment is required for folding into its functional
form, and recent studies are based on purified proteins.
Finally, studies point out that the interaction between the
inner rod, needle length, and substrate switching, but the
main mechanisms behind this interaction are still unknown.
Likewise, the precise molecular mechanisms that coordi-
nate switches of hierarchical protein secretion from early to
middle and from the middle to late substrates also remains
elusive. Thus, despite many advances, complete knowledge
concerning T3SS needs is still lacking. Further studies on
T3SS structure and function may allow for therapeutic meas-
ures against invasive ST to be developed since knowledge
regarding the mechanisms behind this structure can put us
one step ahead in the fight against this pathogen.
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