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Preface

Many bacteria that engage in pathogenic or symbiotic relationship with eukaryotes
utilize protein secretion machines to deliver bacterially encoded effector proteins
into their target cells. A prominent example among these protein injection machines
is the so-called type III secretion system (T3SS). These are evolutionary related to
bacterial flagella and, consequently, they share several structural and functional
features.

Early discoveries on flagellar and T3SSs were largely made utilizing genetic
approaches. Much of the knowledge gained in these early years, however, continues
to provide a treasure of information for current investigations. Subsequently, bio-
chemistry and structural biology started to reveal molecular details of individual
components of these systems and provided a coarse picture of the entire macro-
molecular complex. In more recent years, technological progress, in particular, in
the areas of super-resolution fluorescence microscopy, single particle cryo-electron
microscopy, as well as cryo-electron tomography, coupled to an increased ability to
biochemically handle large membrane-embedded protein complexes has substan-
tially pushed the boundaries of our knowledge of T3SS. This volume compre-
hensively reviews our current understanding of T3SS regulation, assembly,
structure, and function, and it provides an overview of the evolution of type III
secreted effector proteins.

This book starts with a chapter on the unification of the nomenclature of type
T3SSs. The independent discovery of these systems in various bacterial pathogens
and symbionts has resulted in a confusing diversity of names for highly conserved
proteins, which has made it difficult to seamlessly translate discoveries in related
systems. The unification of the T3SS nomenclature as originally proposed by
Hueck in 1998 was intensively discussed at the international T3SS meeting held in
Tiibingen in 2016 and a consensus was achieved for a broad framework to unify the
nomenclature. The first chapter of this book provides an overview of the initial
discoveries, introduces the extented unified nomenclature for T3SS, and suggests
rules for its future use. The second chapter reviews the transcriptional and
post-transcriptional regulatory mechanisms that control the expression of
virulence-associated type III secretion systems in various pathogens. Chapters three
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through seven present and discuss our current understanding of the assembly and
structure of the flagellar and T3SS injection machines, and relate their structures to
secretion functions. The actual export mechanisms and the energy transduction in
type III secretion machines are reviewed in chapter eight. Chapter nine focuses on
the mechanism of hook and needle length control as well as on the mechanism of
substrate switching to reprogram the secretion machines from the export of early to
later substrates. Chapter ten reviews the information on the needle tip complex
of the injectisomes and the process of host cell sensing and translocon formation at
the host target cell membrane. Finally, in the last chapter, the diversity and evo-
lution of type III secreted effector proteins is presented by reviewing three different
families of effector proteins.

It should become obvious to the reader that although T3SSs are arguably the
most studied bacterial secretion machines, much remains to be discovered and
many aspects are still poorly understood. It is our hope that the comprehensive
overview provided by this book sparks new ideas to uncover the remaining mys-
teries hidden by these fascinating protein secretion machines.

Last but not least, we want to thank our colleagues, who have contributed the
different chapters and made this book possible.

Tiibingen, Germany Samuel Wagner
New Haven, USA Jorge E. Galan
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Abstract The independent naming of components of injectisome-type type III
secretion systems in different bacterial species has resulted in considerable confu-
sion, impeding accessibility of the literature and hindering communication between
scientists of the same field. A unified nomenclature had been proposed by Hueck
more than 20 years ago. It found little attention for many years, but usage was
sparked again by recent reviews and an international type III secretion meeting in
2016. Here, we propose that the field consistently switches to an extended version
of this nomenclature to be no longer lost in translation.
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The discovery of injectisome-type type III secretion systems (T3SS) was a gradual
process. The original observation of a growth defect of Yersinia under low Ca®*
conditions was linked to virulence and secretion of effector proteins into the
supernatant and host cells over a period of more than thirty years (Kupferberg and
Higuchi 1958; Higuchi et al. 1959; Gemski et al. 1980; Zink et al. 1980;
Ben-Gurion and Shafferman 1981; Straley and Brubaker 1981; Heesemann et al.
1984; Goguen et al. 1984; Cornelis et al. 1989). In the following years, T3SS [first
named as such in 1993 (Salmond and Reeves 1993)] were found and characterized
in many, mainly pathogenic species.' The proteins associated with the system were
named as they were discovered or sequenced, according to species-specific con-
ventions. In Yersinia, genes previously identified for their role in the low-calcium
response were named “Lcr”, whereas genes sequenced afterward were named
“Ysc” A-U (for Yersinia secretion) according to their synteny. Yet more multi-
fariously, Salmonella pathogenicity island 1 (SPI-1) components were named “Inv”
(for invasion) or Spa (for surface presentation of antigens), or kept their previous
names “Prg” (PhoP repressed gene) or “Org” (for oxygen repressed gene). In
Shigella, some T3SS components were named for their molecular weight (“Spa”,
e.g., Spa33, for surface presentation of Ipa®), and some based on synteny (“Mxi” for
membrane expression of Ipa), with letter identifiers that largely differ from the
Yersinia and/or SPI-1 homologs. In plant pathogens, the proteins of the two main
subfamilies were called “Hrp” (hypersensitive plant response) or “Hrc” (for Hrp
conserved), with partially, but not fully matching letter identifiers between the two
families. T3SS that were identified later, such as the ones in pathogenic Escherichia
coli, received unique protein names (e.g., “Esc” for E. coli secretion components),
but were given the identifier of homologous proteins, often the Yersinia homologs.

In contrast to other fields where similar problems with different protein names
were overcome relatively early, such as for the flagellum (Iino et al. 1988), the
incompatible nomenclature persisted for the T3SS and perceptibly hampered (and
still hampers) mutual understanding and exchange between researchers working on
often highly conserved T3SS components in different bacteria. As an example, few
of even the most widely read researchers would know ofthand that YscL, MxiN,
OrgB, SsaK, and HrpE denote the same protein (the ATPase regulator in Yersinia,
Shigella, Salmonella SPI-1, SPI-2, and Pseudomonas syringae, respectively).

Unifying the nomenclature of T3SS components is therefore an investment that
both current and future researchers in the field, as well as related research areas (for
whom the current nomenclature is even less understandable), would greatly benefit
from. During the Type III Secretion Meeting in Tiibingen in April 2016, over-
whelming support for such a unification of nomenclature across species was
expressed by the participating researchers (Fig. 1).

"It also became clear that core components of the newly discovered secretion systems are
homologous to the bacterial flagellum (Galan et al. 1992), which harbors a T3SS for the export of
its distal components. In this note, “T3SS” will refer to the non-flagellar injectisome type III
secretion systems (see (Desvaux et al, 2006) for a more thorough discussion).

“Which itself stands for invasion plasmid antigens.
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In fact, a first attempt for the unification of the T3SS nomenclature had already
been brought up much earlier, in a review by Christoph Hueck from 1998, who
named the T3SS proteins Sct (for secretion and cellular translocation), with iden-
tifiers that largely followed the Yersinia convention (Hueck 1998). This proposal
was almost ignored for more than a decade; however in the last years, the Sct
nomenclature was increasingly used, first in reviews studying the evolution and
phylogeny of the T3SS (Gophna et al. 2003; Pallen and Gophna 2007; Abby and
Rocha 2012; Gazi et al. 2012; Hu et al. 2017), then also in general reviews on the
T3SS (Diepold and Wagner 2014; Abrusci et al. 2014; Galan et al. 2014;
Tampakaki 2014; Diepold and Armitage 2015; Portaliou et al. 2016; Notti et al.
2016; Gold and Kudryashev 2016; Deng et al. 2017; Nazir et al. 2017; Erhardt
2017; Cascales 2017; Wagner et al. 2018; Dey et al. 2019; Diepold 2019;
Lara-Tejero 2019; Lyons and Strynadka 2019; Renault et al. 2019; Miletic et al.
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2019; Senthilkumar et al. 2019; Singh and Wagner 2019; Lara-Tejero and Galén
2019; Habenstein et al. 2019; Gitsels et al. 2020; dos Santos et al. 2020), and in
original research papers, which include (Diepold et al. 2015; Zilkenat et al. 2016;
McDowell et al. 2016; Soto et al. 2017; Diepold et al. 2017; Morgan et al. 2017,
Kuhlen et al. 2018; Yu et al. 2018; Morgan et al. 2018; Butan et al. 2019; Bernal
et al. 2019; Hu et al. 2019; Hausner et al. 2019; Tseytin et al. 2019; Drehkopf et al.
2020) or exclusively apply the common nomenclature (Rocha et al. 2018;
Torres-Vargas et al. 2019; Milne-Davies et al. 2019; Wimmi et al. 2019; Johnson
et al. 2019; Westerhausen et al. 2020; Kuhlen et al. 2020; Lindner et al. 2020).

As an alternative, it was discussed whether the flagellar names or identifiers
could not be adapted for the eleven conserved components (e.g., FliP or SctP for the
FliP homolog SctR) to stress the close relation of both secretion systems. However,
this would require a parallel, completely new set of identifiers for the
injectisome-specific proteins and is thus not likely to be broadly accepted by the
injectisome field.

For this reason, and given the increasing utilization of the Sct nomenclature in
the recent literature, we propose to fully adopt the Sct nomenclature from now on.
Table 1 lists the Sct protein names, as well as the species-specific names for major
T3SS families, and the flagellar homologs. In this table, we have included four
protein names that were not part of the original Sct nomenclature (Hueck 1998):
SctA, SctB, and SctE for the translocators, as proposed by Portaliou and colleagues
(Portaliou et al. 2016), and SctG for the pilotin proteins.

For the identification of T3SS components in a specific species, we propose to
denote the species in full at the first mentioning (e.g., Shigella flexneri SctD) and to
add species initials in front of the Sct protein name (e.g., SfSctD) when charac-
teristics of a specific T3SS of one species are discussed. In case of more than one
T3SS per species, subscript numbers should be used to distinguish the system:
StSctD; for Salmonella typhimurium SPI-1 and StSctD, for SPI-2. For all proteins
that are not widely conserved across different T3SS (such as YscX/Y in Yersinia,
OrgC in SPI-1, EspA in EPEC), as well as the T3SS chaperones and effectors, we
suggest to continue using the original name.

To facilitate the use of the unified Sct nomenclature, as well as providing a
resource for identifying proteins in already published reports, we are in the process
of adding the common protein names to databases such as UniProt, NCBI Protein,
KEGG, BioCyc. We also set up a T3SS wiki to gather and organize all available
information on T3SS in one common source (t3sswiki.science).

We invite the community to use the unified Sct nomenclature in their future
research communication and hope that this will lead to a better understanding
across species, the emergence and rigorous scrutiny of general ideas and concepts,
and easier access for researchers from other fields, in order to advance research on
the type III secretion system.
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Abstract Type III secretion systems (T3SSs) are utilized by numerous
Gram-negative bacteria to efficiently interact with host cells and manipulate their
function. Appropriate expression of type III secretion genes is achieved through the
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integration of multiple control elements and regulatory pathways that ultimately
coordinate the activity of a central transcriptional activator usually belonging to the
AraC/XylS family. Although several regulatory elements are conserved between
different species and families, each pathogen uses a unique set of control factors and
mechanisms to adjust and optimize T3SS gene expression to the need and lifestyle
of the pathogen. This is reflected by the complex set of sensory systems and diverse
transcriptional, post-transcriptional and post-translational control strategies modu-
lating T3SS expression in response to environmental and intrinsic cues. Whereas
some pathways regulate solely the T3SS, others coordinately control expression of
one or multiple T3SSs together with other virulence factors and fitness traits on a
global scale. Over the past years, several common regulatory themes emerged, e.g.,
environmental control by two-component systems and carbon metabolism regula-
tors or coupling of T3SS induction with host cell contact/translocon-effector
secretion. One of the remaining challenges is to resolve the understudied
post-transcriptional regulation of T3SS and the dynamics of the control process.

1 Introduction

Type III secretion systems (T3SS) are complex nanomachines of Gram-negative
bacterial pathogens of plants, animals and humans that export proteins (called
effectors) from the bacterial cytoplasm across the cell envelope and inject them into
host cells during infection (Biittner 2012; Portaliou et al. 2016; Galan et al. 2014;
Deng et al. 2017; Hueck 1998). Depending on the individual pathogen, the injected
effectors act as toxins, adhesins or enzymes and can promote attachment and
invasion into host cells, intracellular survival and replication or prevent host
defenses. The T3SS is composed of 30—40 proteins that are assembled into a
needle-like injectisome structure where they are incorporated as single molecules or
in few or multiple copies (Galan et al. 2014; Deng et al. 2017; Diepold and Wagner
2014). Consequently, the synthesis of the T3SS proteins that form or utilize the
machinery follows a strict hierarchy (Galan et al. 2014; Diepold and Wagner 2014).
Moreover, synthesis, recruitment and unfolding as well as secretion and delivery of
the effector proteins into host cells are highly energy consuming processes. This is
particular evident by the fact that several pathogens stop growth and replication
when the T3SS is induced (Biittner 2012; Portaliou et al. 2016; Deng et al. 2017).
Thus, it is not surprising that the production of the T3SS in pathogens is tightly
controlled by a plethora of regulatory factors in response to numerous environ-
mental cues and the secretory activity of the injectisome. They act on the tran-
scriptional, post-transcriptional and post-translational level and form a complex
feedback-controlled network. In the following overview, we focus on the wealth of
T3SS control factors of important human pathogens and discuss current challenges
to examine their functions.
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2 T3SS Regulation on the Transcriptional Level

2.1 Control by Central Transcriptional Activators

The first central factors identified to regulate the expression of the T3SS compo-
nents were dimeric, transcriptional activators of the AraC/XylS family. This
family of activators includes LerF/VirF in human pathogenic yersiniae, HilD, HilC
and RtsA in Salmonella enterica, MxiE in Shigella flexneri and ExsA in
Pseudomonas aeruginosa (Francis et al. 2002). A common regulatory principle of
these key activators involves the coordinate control of all or of a large subset of
components and substrates of the T3SS in the respective pathogen. In several cases,
multiple binding sites have been identified upstream the target genes and operons
(Schwiesow et al. 2015).

In general, all transcriptional activators of this class are composed of an
N-terminal sensing domain for environmental signals and a C-terminal
helix-turn-helix (HTH) DNA-binding domain per subunit. DNA binding occurs
through the recognition helix in the HTH that binds to specific DNA residues within
the major groove (Bustos and Schleif 1993; Schleif 2010). Interestingly, some of
these master activators, such as LcrF/VirF of Yersinia and ExsA of P. aeruginosa,
are highly homologous and can complement each other. They were shown to
interact with common nucleotide sequence motifs that are often highly variable
regarding the distance to the transcriptional start sites, directionality and sequence
conservation (Schwiesow et al. 2015; King et al. 2013). Notably, despite the
resemblance of the DNA motifs, the oligomeric state of the LerF/VirF (dimer) and
ExsA (monomer) proteins is different when they are recruited to the binding sites.
This ultimately results in distinct binding affinities, promoter bending and different
kinetics of transcriptional activation (Schwiesow et al. 2015; King et al. 2013).
Some of the N-terminal domains were further shown to bind co-factors that induce
conformational changes and influence the ability of the protein to regulate tran-
scription. One recent study for example showed that the crucial regulator HilD of S.
enterica binds long-chain fatty acids such as oleate, which prevents binding of the
activator to its target sites (Golubeva et al. 2016) (for more details, see Sect. 4.2).

Additionally, many important bacterial pathogens, including S. enterica, possess
multiple T3SSs in which the key regulators of the systems are also implicated in the
control of the master regulator of the other T3SSs. For instance, HilD coordinates
the expression of two other type III secretion machineries of Salmonella, the
flagellar T3SS and the Salmonella pathogenicity island 2 (SPI-2) encoded injecti-
some required for host defenses (Ellermeier and Slauch 2007) (Fig. 1).
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Fig. 1 Regulation of the T3SSs of Salmonella enteric serovar Typhimurium. The regulatory
network of the flagellar and the two virulence-associated T3SSs (T3SS-1 and T3SS-2) encoded on
SPI-1 and SPI-2 is shown. The overview illustrates sensory and regulatory factors, which control
the T3SSs on the transcriptional and post-transcriptional level

2.2 Transcriptional Control of the Key T3SS Regulators

Appropriate expression of T3SS components is generally achieved through the
integration of several regulatory factors and pathways in the form of a highly
structured network that ultimately control the activity of the central AraC/XylS-type
transcription activator. This enables the bacteria to tightly control and adjust the
production of the T3SS in response to unique environmental cues encountered in
the respective host niches. In S. enterica, control of the T3SS-1 (encoded on the
Salmonella pathogenicity island 1 (SPI-1)) is mediated by the AraC/XylS proteins
HilC, HilD and RtsA (Erhardt and Dersch 2015) (Fig. 1). They regulate each other
and the transcription of their own gene and independently activate the promoter of
the OmpR/ToxR family activator HilA. HilA primarily induces transcription of the
structural components of the SPI-1 gene cluster, including prg/org and inv/spa
(Ellermeier et al. 2005). Most environmental signals that regulate SPI-1 gene
expression are sensed by two-component systems and integrated on the level of
HilD. The response to (i) osmolarity, desiccation and low temperature occurs
through the two-component systems OmpR/EnvZ and the RcsCD/RcsB, and
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(i) presence of certain metabolites is sensed through the BarA/SirA two-component
system (Erhardt and Dersch 2015). Hence, HilD constitutes the key activator of
Salmonella T3SS genes, whereas HilC and RtsA rather act as amplifiers of the
activating signal. Control of the key regulator LcrF/VirF of the Yersinia T3SS,
which is encoded on the Yersinia virulence plasmid (pYV), is similarly complex
(Fig. 2). Its expression is tightly controlled by nutrients, Mg** and pH, through the
BarA/SirA, PhoP/PhoQ-CsrABC cascade and the cyclic AMP receptor protein
(Crp). In addition, diverse cell stresses can be sensed through the two-component
systems RcsCD/RcsB and CpxA/CpxR (Schwiesow et al. 2015).

Expression of the T3SS master activators is often further influenced by the action
of specific transcriptional regulators that promote activator transcription only
under certain environmental conditions. Examples of important environmental
parameters in this context are the availability of oxygen and ferric/ferrous ions. In
this context, Ellermeier and Slauch and Teixido et al. (Ellermeier and Slauch 2008;
Teixido et al. 2011) found that the ferric uptake regulator Fur controls HilD
expression and more recent studies identified the iron—sulfur cluster coordinating
transcriptional regulator IscR as an important transcriptional repressor of the LcrF/
VirF and HilD master regulators of Yersinia and Salmonella (Miller et al. 2014;
Vergnes et al. 2017) (Figs. 1 and 2). It is assumed that iron limitation, oxidative
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Fig. 2 Regulation of the Ysc/Yop T3SS of Yersinia. The regulatory network controlling the
virulence plasmid-encoded Ysc/Yop T3SS in Y. pseudotuberculosis is illustrated. The most
important global and Yersinia-specific RNA and protein regulators influencing T3SS gene expression
at 25 °C (environment), 37 °C (host entry) and 37 °C upon host cell contact are indicated
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stress, as well as oxygen limitation as a result of Fe-S cluster damage, affect the
activity of IscR. Another common global regulatory protein is the LysR homologue
LrhA. While this regulator represses flagella T3SS expression in Escherichia coli
and Salmonella, it, on the contrary, induces the espA gene of the pathogenicity
island locus of enterocyte effacement (LEE) of enterohemorrhagic E. coli (EHEC)
and the r#sB regulator gene of SPI-1 genes in Salmonella (Erhardt and Dersch 2015;
Shimizu et al. 2015).

Another common feature is that expression of the master T3SS regulators is also
governed by global regulators. They are needed for metabolic adaptation and can
additionally coordinate expression of the T3SSs with available carbon sources.
Among these regulators is Crp. Crp primarily helps the pathogens to manage and
optimize their metabolism by checking and ranking uptake and utilization of
available and readily digestible carbon sources (Gorke and Stiilke 2008; Poncet
et al. 2009). In this context, Crp is also important to link the nutrient status and
carbon metabolism with the regulation of the T3SS either directly or via the control
of the post-transcriptional carbon storage regulator system (Csr), which affects the
expression of multiple master regulators in many pathogens (for details see
Sect. 3.1.2) (Kusmierek and Dersch 2017; Vakulskas et al. 2015).

2.3 Silencing and Activation of T3SS Master Regulator
Expression by Modulator Proteins

Under non-inducing conditions, e.g., outside the host, T3SS genes are often sub-
jected to silencing by ancestral nucleoid-structuring proteins of the H-NS and the
Hha/YmoA family. These global modulators of gene expression are implicated in
the xenogeneic repression of many virulence genes with a low GC-content that
were acquired by horizontal gene transfer (Navarre et al. 2006; Dorman 2007).
H-NS and HhA/YmoA preferentially bind to AT-rich bent promoter regions, and
their binding sites often overlap with binding sites of positive transcriptional acti-
vators that are able to alleviate transcriptional repression. This silencing and
anti-silencing mechanism was found for H-NS and Hha for all three AraC/
XylS-type transcriptional activators RtsA, HilC and HilD which control T3SS
genes in S. enterica (Olekhnovich and Kadner 2007) (Fig. 1). Similarly, Ler
(LEE-encoded regulator), a master regulator of the LEE operons of enteropatho-
genic E. coli (EPEC) and EHEC, is able to relieve H-NS mediated silencing of the
LEES promoter (Laaberki et al. 2006) (Fig. 3). The LEE-encoded T3SS promotes
the establishment of intimate attachment structures (intimin-mediated pedestals) of
EPEC/EHEC via translocated effectors leading to attaching and effacing (A/E)
lesions and severe damage of the intestinal villi (Katsowich et al. 2017; Bhatt et al.
2009). This is enabled by the significantly higher binding affinity (about 40-fold) of
the T3SS master activator Ler to the LEE target DNA sequences, in comparison to
H-NS (Choi et al. 2016).
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Fig. 3 Regulation of the LEE-encoded T3SS genes of EHEC. The locus of enterocyte
effacement (LEE) pathogenicity island of EHEC, including the operons LEEI-5, the bicistronic
operon grlRA and other monocistronic genes, is illustrated. The most important global and
EHEC-specific RNA and protein regulators influencing LEE gene expression are indicated

Interestingly, members of the H-NS and Hha/YmoA family are also able to form
heterodimers. How this interaction modulates expression of their target genes is not
clear yet, as the influence of both family members on gene expression varies signif-
icantly between the different pathogens. However, some evidence exists that het-
erodimer formation influences the binding affinity to their target sites and links control
of the affected genes to other environmental control systems (Madrid et al. 2002,
2007). One striking example is the formation of H-NS and YmoA complexes in
human pathogenic yersiniae. YmoA is important to block transcription of the T3SS
master regulator gene IcrF/virF in Yersinia to silence sequences downstream of the
lerF/virF promoter (Bohme et al. 2012) (Fig. 2). In contrasttoits E. coli homologue, it
is preferentially degraded by the Lon and Clp proteases at body temperature, leading
to derepression of lcrF/virF transcription upon infection (Jackson et al. 2004).

3 T3SS Regulation on the Post-transcriptional Level

3.1 Control of Translation

3.1.1 Sensory RNAs—RNA Thermometers

One of the first post-transcriptional control mechanisms of T3SS gene expression
was discovered in Yersinia. A comparison of the amount of the T3SS master
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regulator at different growth temperatures revealed that the efficiency of lcrF/virF
mRNA translation was strongly increased at mammalian body temperature (i.e.,
37 °C) (Hoe and Goguen 1993). Initial mRNA secondary structure predictions
suggested that the IcrF ribosome binding site (RBS) is incorporated into a
stem-loop. In a later study, the 5'-untranslated region (5’-UTR) of the lcrF/virF
mRNA was mapped, and structure probing identified a unique cis-acting RNA
element which forms a two stem-loop structure at moderate temperatures. The first
stem-loop stabilizes the second stem-loop which sequesters the IcrF/virF RBS by a
stretch of four uracils. Opening of this structure is favored at 37 °C and permits
ribosome binding at host body temperature (Béhme et al. 2012; Rhigetti et al. 2016)
(Fig. 2). The biological relevance of this RNA thermometer was verified in animal
models with two different Yersinia pseudotuberculosis strains expressing a stabi-
lized and a labile variant of the RNA thermometer. The stabilized variant was
strongly reduced in its ability to disseminate into the Peyer’s patches, liver and
spleen and had fully lost its lethality due to the lack of IcrF expression, whereas the
destabilized version of the thermosensor was attenuated or exhibited a similar, but
not a higher mortality (Bohme et al. 2012). This illustrated that the evolved RNA
thermometer provides just the appropriate amount of the T3SS master regulator at
the appropriate condition and time for an optimal infection efficiency of Yersinia.

3.1.2 Translational Control by CsrA/RsmA RNA-Binding Proteins

CsrA/RsmA-type RNA-binding proteins belong to a multicomponent,
post-transcriptional regulatory control system that adjusts expression of T3SS genes
in several Gram-negative pathogens. A key function of CsrA/RsmA protein family
members is the coordinate adaptation of virulence traits, metabolic functions and
physiological properties to optimize virulence and fitness of the pathogen during the
different stages of the infection (Kusmierek and Dersch 2017; Vakulskas et al.
2015). CsrA/RsmA proteins most commonly prevent the translation of their
numerous target mRNAs, including multiple T3SS gene transcripts. They usually
bind to GGA-containing sequences that are exposed in single-stranded loop regions
of two or more stem-loop structures residing in the 5°’-UTRs of the impacted
mRNAs, of which one includes the RBS. Simultaneous interaction of the dimeric
CsrA/RsmA proteins predominantly hinders ribosome access and translation, which
often also reduces the stability of the target RNA (Mercante et al. 2009; Lapouge
et al. 2013; Dubey et al. 2005). However, in several cases, CsrA/RsmA protein
binding prevents the formation of translation-blocking RNA structures or hinders
access of RNases leading to an increase of the total translational efficiency and
transcript stability (Ren et al. 2014; Yakhnin et al. 2013). CsrA/RsmA protein
activity can be immediately inhibited through sequestration of CsrA by certain
non-coding RNAs (e.g., CsrB and CsrC in Enterobacteriaceae), which harbor
multiple GGA-containing hairpins. Alternatively, CsrA can be inactivated by
binding to specific highly abundant GGA-rich mRNAs as well as by interacting
proteins (Kusmierek and Dersch 2017).
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CsrA/RsmA deficiency impairs synthesis and function of several T3SSs impli-
cated in motility, host colonization and host defense and strongly attenuates viru-
lence. For instance, CsrA induces the expression of the master regulator FIhDC of
the flagellar T3SS in E. coli (Yakhnin et al. 2013). CsrA activates flhDC expression
by protecting the flhDC mRNA from decay. mRNA degradation studies in E. coli
support a model in which CsrA binding activates flhDC expression by inhibiting the
5’ end-dependent RNase E cleavage pathway (Yakhnin et al. 2013). In addition, the
synthesis of the LEE-encoded T3SS for the formation of the intimate attachment
structures by EPEC/EHEC is regulated by CsrA on multiple levels (Fig. 3)
(Katsowich et al. 2017; Bhatt et al. 2009). First, CsrA directly activates expression
of the escD and the LEE4 genes and represses expression of several LEE operons
through the regulator Ler and GrlA (Bhatt et al. 2009). Moreover, CsrA was found
to interact with the T3SS effector chaperone CesT when it is released from its
effector under effector-secreting conditions. Sequestration of CsrA by CesT relieves
CsrA-mediated repression of nleA/espl effector mRNA translation, which enables
the bacteria to adjust T3SS gene expression in response to host cell contact
(Katsowich et al. 2017).

The CsrA equivalent RsmA protein of P. aeruginosa is also implicated in the
bacterial response to host cell contact, but the underlying molecular mechanism is
quite different. In this pathogen, RsmA controls the expression of the major T3SS
transcriptional activator ExsA. The activity of ExsA is controlled by a complex
‘partner-switching’ cascade involving ExsE, ExsC and ExsD, which is triggered
upon host cell contact and secretion of the ExsE effector (Fig. 4, for details see
Sect. 4.1) (Intile et al. 2014; Dasgupta et al. 2004; Urbanowski et al. 2005). RsmA
activity itself is regulated through the magnesium transporter MgtE and the GacAS
two-component system via activation of the Csr/Rsm-type RNAs RsmY and RsmZ
(Chakravarty et al. 2017).

CsrA has also a very strong impact on the expression of different
virulence-relevant T3SSs in Yersinia. Similar to E. coli, CsrA activates the FIhDC
master regulator of the flagellar T3SS and is thus required for Yersinia motility
(Heroven et al. 2008). Recent work further demonstrates that CsrA has a major
influence on the virulence plasmid-encoded T3SS (Ysc/Yop). Expression of the
CsrB and CsrC RNAs in Y. pseudotuberculosis is downregulated in the Peyer’s
patches during acute infection (Nuss et al. 2017), suggesting that more active CsrA
protein is required for virulence. In fact, a csrA-deficient mutant of Yersinia ente-
rocolitica was characterized by reduced secretion of the T3SS effectors YopE and
YopH, and a Y. pseudotuberculosis csrA mutant was unable to secrete all known
Yop effectors, which are usually injected into neutrophils and macrophages to
prevent their phagocytic attack (Nuss et al. 2017; Ozturk et al. 2017). In addition to
the virulence plasmid-encoded T3SS, Y. enterocolitica harbors a second chromo-
somally encoded T3SS (Ysa). This T3SS is only expressed under very special
environmental conditions in vitro and seems to promote intracellular virulence
(Bent et al. 2015). This Ysa T3SS system is also influenced by CsrA, but in contrast
to the Ysc/Yop T3SS effectors, Ysp effector proteins are over-secreted in the csrA
mutant (Ozturk et al. 2017).
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Fig. 4 Control network and partner switching regulating T3SS in P. aeruginosa. The
regulatory network controlling the T3SS of Pseudomonas and the partner switching upon host cell
contact is presented. The most important transcriptional and post-transcriptional regulators are
illustrated, and the partner-switching mechanisms is presented when the bacteria change from free
to the host cell bound stage

Similar to Yersinia, CsrA also controls the virulence-associated T3SS of
Salmonella typhimurium: the cell invasion-promoting T3SS-1, encoded on SPI-1,
and the T3SS-2 mediating Salmonella replication within macrophages (Fig. 1).
CsrA regulates the expression of the common regulator HilD by binding near the
ribosome binding site on the AilD transcript leading to a decrease of HilD translation
and a reduced stability of the hilD mRNA (Altier et al. 2000; Martinez et al. 2011).

3.2 Control of T3SS mRNA Structures and Stability—
Influence of Helicases and RNases

The overall efficiency of mRNA translation depends on the stability and the
structure of the transcript. Bacteria generally have several RNA helicases that
unfold intrinsic hairpin and other secondary RNA structures. Of special interest
here is a certain class of RNA-binding helicases, the DEAD-box helicases. They
are named after their conserved DEAD amino acid sequence in their catalytic
domain and can hydrolyze ATP to dissolve inhibitory duplex RNA structures. One
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of a set of seven DEAD-box helicases, the DeaD helicase, stimulates translation of
the T3SS master regulator ExsA in P. aeruginosa to promote expression of the
injectisome (Intile et al. 2015). DeaD seems to directly stimulate exsA mRNA
translation, as DeaD-dependent activation is specific to the exsA coding region and
the native RBS. The purified protein is able to promote ExsA synthesis using
in vitro translation assays (Intile et al. 2015). RNA secondary structure predictions
of the 5'-UTR of exsA and the proximal coding sequence revealed extensive base
pairing with the RBS, indicating that DeaD enhances ribosomal access. DeaD does
not alter T3SS expression through RsmA (Intile et al. 2015), but whether DeaD and
RsmA function independently or are dependent upon each other is currently
unknown.

Both T3SS regulators and structural components are also targeted by different
RNases. One important RNase implicated in T3SS regulation is the polynucleotide
phosphorylase (PNPase). PNPase belongs to the group of 3’-exoribonucleases. It
can act alone or it functions as part of the multicomponent degradosome complex
together with RNase E, the glycolytic enzyme enolase and helicase RhIB (Mohanty
and Kushner 2016). In Yersinia, optimal functioning of the virulence
plasmid-encoded T3SS was shown to require PNPase. While a pnp deletion mutant
of Y. pseudotuberculosis possessed enhanced levels of the T3SS-encoding tran-
scripts and proteins in contrast to wildtype, secretion of the Yop effectors was
strongly reduced (Rosenzweig et al. 2007). However, this is in contrast with initial
results of our laboratory in which both T3SS gene transcription and Yop secretion
was strongly increased in the absence of PNPase in Y. pseudotuberculosis
(Kusmierek et al., unpublished). The reason for this discrepancy is unclear, and we
are currently testing whether a different genetic background or differences in the
growth conditions may be responsible for this discrepancy. It was further found by
Rosenzweig et al. that normal T3SS activity was restored when a 70 amino acid
peptide (S1 domain) containing one of the RNA-binding domains of PNPase was
expressed in the pnp mutant. Notably, T3SS expression, but not T3SS activity, was
identical in Apnp strains expressing active or inactive S1 variants, indicating that
PNPase influence on T3SS may involve an RNA intermediate (Rosenzweig et al.
2005, 2007; Rosenzweig and Chopra 2013). Likewise, T3SS functioning is
impaired in Y. pseudotuberculosis with a reduced RNase E activity, and these
bacteria further resemble the pnp mutant, indicating that they act via a common
pathway, e.g., via the degradosome (Yang et al. 2008). In Yersinia, the
single-strand-specific RNase Y (YbeY) processing 3’-ends of the 16S RNA was
also found to control T3SS expression (Leskinen et al. 2015). The precise mech-
anism is unknown, but the CsrB and CstC RNAs are among its target, indicating
that the influence of YbeY on T3SS occurs through regulation of the Csr system.

S. typhimurium strains harboring a deletion of the 310 nt 3'-untranslated region
(3'-UTR) of hilD or lacking the RNase E gene rne or the PNPase gene pnp exhibit
increased hilD mRNA levels. This resulted in SPI-1 gene overexpression, impaired
Salmonella growth and uncontrolled invasion of epithelial cells, suggesting that the
hilD 3'-UTR is a target for degradation by the bacterial degradosome (Fig. 1)
(Lopez-Garrido et al. 2014). In contrast, the RNA chaperone Hfq interacts with the
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3'-UTR of the hilD mRNA and has a positive influence on its stability. Therefore, it
has been assumed that this effect occurs through competitive inhibition of the
degradosome (Lopez-Garrido et al. 2014; Sittka et al. 2007; Chao et al. 2012).

The degradosome is also implicated in the regulation of T3SS gene expression in
pathogenic E. coli. In EHEC, the espADB translocon genes are controlled by an
RNase E-dependent mechanism, in which a small six-codon mini-open reading
frame at the 5’-end of the common transcript is recognized and preferentially
degraded by RNase E (Fig. 3). However, translation of the mini-open reading frame
by ribosomes protects the mRNA and allows a more efficient production of the
translocon proteins (Lodato et al. 2012, 2017).

3.3 Regulatory RNAs

Over the past years, a plethora of regulatory RNAs have been identified in many
bacterial pathogens that are implicated in virulence regulation. Besides the Csr/
Rsm-type RNAs (see also Sect. 3.1.2), several others of them have also been found
to control T3SSs. For instance, the small non-coding RNA Spot42 regulates the
expression of the chaperone protein VP1682 of components of the T3SS-1 of
Vibrio parahaemolyticus by basepairing with the RBS and the initial codons of the
vpl1682 transcript (Tanabe et al. 2015). Another example constitutes the Yersinia-
specific non-coding RNA Ysrl41. In the absence of Ysr141, a selection of the T3SS
components and the effectors YpkA, YscF, YopE, YopK and YopJ and the regu-
lator LerF were 30-70% decreased (Schiano et al. 2014). Although the molecular
mechanism how Ysrl41 exerts this effect is largely unknown, initial experiments
demonstrated that Ysr141 interferes with yopJ mRNA translation. Schiano et al.
(Schiano et al. 2014) proposed that all observed changes could be based on the
dysregulation of YopJ production as Yersinia T3SS was shown to be sensitive to
changes in Yop protein levels. However, the observed regulatory influence on YopJ
translation was rather small suggesting that other mechanisms contribute to the
overall influence of Ysr141 on T3SS regulation. A recent study revealed that the
copy number of the Yersinia virulence plasmid pYV encoding the Ysc/Yop T3SS
increases during infection (Wang et al. 2016). This upregulation is caused by an
increased expression of the pYV replicase RepA. It was shown that levels of an
antisense RNA, CopA, overlapping with the upstream region of the repA gene are
strongly decreased under secretion conditions and during infection, leading to a
marked decrease of the CopA/repA mRNA ratio and an increase of the copy
number (Nuss et al. 2017; Wang et al. 2016). The precise regulatory mechanism
still needs to be elucidated, but first evidence exists that the secreted translocon
protein YopD is involved in this process (Wang et al. 2016). Finally, the unique
bacterial translational control system, including the small protein B (SmpB) and the
regulatory RNA SsrA/tmRNA, is required for efficient expression of Yop effectors
and the flagellar T3SS of Yersinia (Okan et al. 2006).
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A study by Gruber and Sperandio (2015) identified multiple non-coding
EHEC-specific RNAs of which sSRNA56, sSRNA103 and sSRNA350 activate T3SS
genes of the LEE pathogenicity island (Fig. 3). SRNA350, encoded in the 3'-UTR of
the cesF transcript, activates all LEE operons via its influence on the master regulator
gene ler, whereas sSRNA56 and sRNA103 target only the LEE4-encoded espA
mRNA. Besides these EHEC-specific non-coding RNAs, the well-characterized,
paralogous non-coding RNAs GImZ and GImY also influence expression of EHEC
T3SS genes (Fig. 3). Both RNAs destabilize the LEE4- and LEES-encoded mRNAs
and increase translation of the espF transcript (Gruber and Sperandio 2014). GImZ
interacts with the LEE4 mRNA and selectively destabilizes the downstream part of
the transcript encoding the translocon espADB genes, but not the upstream part
encoding sepL, which acts as regulatory switch by binding effectors until the T3SS is
formed (Gruber and Sperandio 2014). In addition, GImY also represses LEE4 on the
post-transcriptional level. However, this occurs by binding to and sequestering the
protein RapZ from GlmZ, which, when released from GlmZ, can destabilize the
LEE4 transcript (Gruber and Sperandio 2015). The antagonistic control of LEE4/
LEES and espF by both RNAs is not easy to interpret, as all targeted genes are
required for pedestal and A/E lesion formation. However, as suggested by the
authors, it is possible that GImY/GImZ limits overexpression of the LEE4/LEES
T3SS components and synchronizes their production with the non-LEE espF gene to
enable a precise ratio of the structure components and secreted effectors (Gruber and
Sperandio 2014). Moreover, a cis-encoded antisense RNA (Arl) located downstream
of the ler gene, covering the last codons and the 3'-UTR, controls T3SS gene
expression from the LEE pathogenicity island (Tobe et al. 2014). Interaction of Arl
with the ler transcript destabilizes the LEE1 mRNA and also hinders final elongation
of the Ler protein synthesis.

3.4 Feedback Control Mechanisms Through Secreted
Effectors or Anti-sigma Factors

T3SS gene expression in several pathogens is strongly induced upon host cell
contact and effector secretion. This includes the T3SS systems of Yersinia,
Salmonella, Shigella and Pseudomonas (Pettersson et al. 1996; Brutinel and Yahr
2008; Zierler and Galan 1995). In Yersinia, T3SS gene expression is coupled to
secretion via the translocon protein YopD, the YopD chaperone LcrH and the
effector LcrQ (YsecM1/YscM2 in Y. enterocolitica) (Anderson et al. 2002; Anderson
and Schneewind 1999). LcrQ and YopD are secreted upon host cell contact
reducing their concentration in the bacterial cytoplasm. The role of LcrQ is still
unclear, but it is assumed that it assists the YopD-LcrH complex (Cambronne and
Schneewind 2002; Li et al. 2014). In addition, to its translocon function, YopD is
able to interact with RNA (alone or in complex with the chaperone LcrH) by for
example binding to the 5-UTR of multiple yop transcripts and the lcrFF mRNA
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(Fig. 2) (Cambronne and Schneewind 2002; Chen and Anderson 2011). Absence of
the YopD protein under secretion conditions strongly decreases their degradation
and/or prevents their translation (Chen and Anderson 2011). The RNA-binding
mode of the protein is not known, but AU-rich regions in the proximity of the RBS
seem important for YopD-mediated repression of the targeted T3SS mRNAs.
Another important information shedding more light on the molecular mechanism of
cell contact-mediated induction of T3SS genes was obtained by an analysis of
Kopaskie et al. (2013). They report that the YopD protein is able to interact with the
30S particles of the bacterial ribosome in an LcrH-dependent manner and could
show that YopD in association with YscM1 and LcrH is able to repress YopQ
translation. However, how YopD-LcrH interaction with the 30S ribosomal particle
is mediated and how this influences the translation of other transcripts of the Ysc/
Yop T3SS is still unclear. Yet, it is likely that transient interaction perturbs the
formation of the 30S complex before the 50S ribosomal particle associate with the
transcript, as no binding of YopD to the assembled 70S ribosome could be detected
(Kopaskie et al. 2013).

Another sophisticated feedback control mechanism is promoted by secreted
anti-sigma factors and was found for the flagellar T3SS and virulence-associated
T3SSs, e.g., from Bordetella spp. (Chevance and Hughes 2017; Ahuja et al. 2016).
The flagellar master regulator FIhDC activates fliA, encoding the alternative sigma
factor ¢°®. This sigma factor promotes expression of the motor force generator and
the filament, and its function is inhibited when bound by an anti-o>8 factor (FlgM).
Upon formation of the hook basal body, the anti-sigma factor is secreted and ¢°° is
released to activate ¢”* target genes (Chevance and Hughes 2017). Similarly, the
secreted antagonist BtrA of the sigma factor BtrS establishes a feedback loop that
couples the activity of the T3SS with expression of the T3SS genes. BtrA differ-
entially controls nearly 300 genes, including many T3SS genes, which define six
distinct regulatory virulence modules in Bordetella (Ahuja et al. 2016).

4 T3SS Regulation on the Protein Level

4.1 Changing Binding Partners

Another mechanism promoting cell contact- and secretion-induced T3SS gene
expression is ‘partner-switching.” One important control step of this process is the
interaction of a T3SS chaperone with its T3SS substrate or a cytoplasmic regulatory
factor. Without host cell contact, the secreted T3SS effector remains bound to its
chaperone that keeps the substrate in a transport-competent stage and inhibits the
activating function of the chaperone (Schulmeyer and Yahr 2017). Upon host cell
contact, the chaperone is released from the secreted binding partner (effector or
translocon proteins) and interacts with transcriptional activators or suppressors of
the transcriptional activators (anti-repressor) to induce T3SS gene transcription.
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This changing of partner(s) can implicate multiple co-, anti- or anti-anti-activators
that form a complex feedback control cascade linking T3SS gene expression with
the secretory activity of the system (Dasgupta et al. 2004; Urbanowski et al. 2005).
This partner-switching mechanism was characterized in detail in P. aeruginosa by
the Yahr group and was shown to include four different proteins (Urbanowski et al.
2005; Schulmeyer and Yahr 2017; Vakulskas et al. 2009). In the absence of host
cell contact, the effector protein ExsE interacts with chaperone ExsC. The master
T3SS transcriptional activator ExsA is bound to ExsD. Upon cell contact, the
released ExsC chaperone, which has a higher affinity to ExsD than ExsA, sequesters
the ExsD protein, whereby the ExsA activator is liberated and can activate T3SS
gene transcription (Brutinel et al. 2010; Zheng et al. 2007; McCaw et al. 2002;
Rietsch et al. 2005; Dasgupta et al. 2006). Interestingly, Vibrio parahaemolyticus
and Vibrio cholerae appear to have functional orthologues of their Pseudomonas
counterparts to control the T3SS-1 (Zhou et al. 2010). A similar mechanism with a
very different set of partners has been identified in S. flexneri. In this pathogen, the
translocon proteins IpaB and IpaC are bound by the chaperone IpgC. The activator
MXxiE is inactivated through interaction with the anti-activator OspD1 and Spal5
protein, which acts as OspD1 chaperone under non-secretion conditions. IpaB, IpaC
and OspD1 translocation into host cell allows released MxiE and IpgC to interact
and activate T3SS gene expression (Parsot et al. 2005).

4.2 Modulation or Modification of T3SS Regulatory
Components

Besides interaction with other regulatory proteins, activity of T3SS master regu-
lators can be manipulated either by small compounds or through modification, such
as phosphorylation. An exciting recent work demonstrated that long-chain fatty
acids (e.g., oleate) prevent expression of the T3SS-1 genes in S. enterica. This
inhibition is independent of the long-chain fatty acid degradation pathway and
occurs solely through direct binding and inhibition of the DNA-binding activity of
the T3SS activator HilD (Golubeva et al. 2016). Long-chain fatty acids are present
in the intestinal tract and inhibit HilD-mediated T3SS gene expression until the
bacteria reach the distal ileum of the small intestine. There, the metabolites are
absorbed and the concentration falls below a critical threshold, which relieves the
blockage in order to activate T3SS gene expression.

Another mechanism used to change the activity of T3SS regulators is through
protein modification, i.e., tyrosine phosphorylation. However, only a few examples
are known, and how the modification influences the activity of the modified pro-
teins is often unclear. One example is Shigella, in which the second master regu-
lator VirB (besides MxiE) is unable to stimulate T3SS gene expression when
phosphorylated at residue 247 (Standish et al. 2016).
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5 Conclusions and Future Perspectives

The long list of transcriptional, post-transcriptional and post-translational control
mechanisms implicated in T3SS control in the different pathogens illustrates that
T3SS regulation is highly complex. A large intervening network has been evolved
that integrates various environmental signals, nutrient/ion availability and physio-
logical conditions to control regulators, structural components and secreted effec-
tors of the T3SS in a fine-tuned and concerted manner. This occurs through a
plethora of sensory and regulatory factors, which can be RNA or proteins that
modulate specifically or globally, and the players in the network can be modulated
on different regulatory levels.

It is evident, that common players, e.g., conserved AraC/XylS regulators and
transcriptional modulators, sensory and regulatory RNA elements, RNases, and
common two-component systems are part of the control circuit. However, their
interactions, targets and arrangements within the regulatory cascades and feedback
cycles can vary significantly between the different pathogens. Moreover, even very
small changes in the genetic information were found to provoke fundamental
changes of T3SS control. This set of possible variations defines the different T3SS
control variants, which adapt and optimize the expression of the secretion system to
the distinct needs and lifestyles of the different pathogens.

Ongoing discovery of new regulatory factors and different T3SS control variants
further illustrates that our understanding of T3SS regulation is still far from being
complete. There is a dire need to explore the molecular mechanisms and the role of
regulatory RNAs, controlled RNA degradation and translation changes under
non-inducing and secretion conditions during the infection. However, this is
challenging due to the complexity of the controlling signals and components. One
major difficulty in the analysis of T3SS expression is the identification of appro-
priate in vitro growth conditions mimicking the different steps of T3SS production
under infection conditions.

Another unsolved question is, how the detected molecular mechanisms of one
representative strain extend to other strains or members of the family or species. In
particular, post-transcriptional control elements such as sensory and regulatory
RNAs appear more malleable to intrinsic changes and regulatory rewiring than
transcriptional regulators. This promotes individual, strain-specific variations—a
trait that is particularly advantageous for the bacteria to adapt to frequently changing
host niches. Thus, it would be ill-advised to automatically extrapolate their role to
others. For instance, it is known that GlmY/GImZ promoted control of espF
expression, which is essential for EHEC to form pedestals, is not encoded in the
genome of closely related EPEC, and the DsrA RNA that activates transcription of ler
in EHEC does not affect LEE in EPEC (Bhatt et al. 2016). Moreover, Hfq has a very
strong influence on the Ysc/Yop T3SS in Yersinia pestis, but not in Y. enterocolitica,
suggesting that T3SS regulation relies on different post-transcriptional mechanisms
(Kakoschke et al. 2014, 2016; Schiano et al. 2010). Consequently, the function of
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these control elements must be experimentally investigated in additional members of
the species and family.

An additional future challenge is to unravel the dynamics of the multicomponent
and multilayered network of T3SS regulation during different phases of the process.
This includes the transition from the repressed stage (e.g., 25 °C, outside host), to
the preparing phase (host entry, 37 °C), and the different secretion phases upon host
cell contact that allows the bacteria to carefully balance nutrient and energy use to
maintain their biological fitness and competiveness.
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Abstract The type III secretion system (T3SS) is one of the largest transmembrane
complexes in bacteria, comprising several intricately linked and embedded sub-
structures. The assembly of this nanomachine is a hierarchical process which is
regulated and controlled by internal and external cues at several critical points.
Recently, it has become obvious that the assembly of the T3SS is not a unidirec-
tional and deterministic process, but that parts of the T3SS constantly exchange or
rearrange. This article aims to give an overview on the assembly and post-assembly
dynamics of the T3SS, with a focus on emerging general concepts and adaptations
of the general assembly pathway.
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1 Introduction

Bacteria have evolved an astounding variety of ways to manipulate the behavior of
eukaryotic host cells to their benefit. One of the most complex and intriguing
examples is the type III secretion system (T3SS), a molecular machine that injects
effector proteins into host cells (Cornelis 2006; Galan and Wolf-Watz 2006; Biittner
2012; Burkinshaw and Strynadka 2014; Deng et al. 2017; Wagner et al. 2018). The
effect of these translocated proteins on the host can range from mutually beneficial
in symbiosis to deleterious in pathogenesis (Galan 2009)—see review by David
Guttman in this edition for more details. In fact, many important Gram-negative
bacterial plant and animal pathogens such as Salmonella, Shigella, Yersinia,
Pseudomonas, Xanthomonas, and pathogenic Escherichia coli employ a T3SS for
infection, which is often essential for pathogenicity. While the translocated effector
proteins greatly vary between different bacteria and reflect their different infection
strategies, the secretion machinery, also called injectisome, is strongly conserved.
A better understanding of the assembly, structure, and function of the system is
therefore an important step to find new ways to interfere with this conserved
virulence factor.

The T3SS injectisome consists of over 300 single copies of more than 15 dif-
ferent proteins that assemble to form a multi-membrane-spanning complex of >7
MDa (Table 1). The injectisome can be separated into distinct substructures: (i) the
extracellular needle capped by a tip complex on its distal side, (ii) the
membrane-spanning rings traversing both bacterial membranes and the periplasm,
(iii) the export apparatus in and above the inner membrane (IM), and (iv) a cytosolic
complex on the proximal interface of the injectisome (Fig. 1).

The injectisome is evolutionarily related to the bacterial flagellum (Abby and
Rocha 2012; Pallen and Gophna 2007), which harbors an integral T3SS for the
export of the subunits of its extracellular filament. Homologous parts of the
machineries include the IM ring, export apparatus, and the cytosolic complex
(Erhardt et al. 2010; Diepold and Armitage 2015).

In this review, I will summarize the general assembly pathway of the T3SS (see
also Diepold and Wagner 2014; Deng et al. 2017; Wagner et al. 2018) and focus on
recent studies that have shed light on open questions in the assembly and
post-assembly dynamics of the T3SS: is there a universal assembly pathway, or do
certain bacterial species deviate from the norm—and if yes, how and why? Is the
resulting structure stable or adaptive? How can it respond to external signals and
changes in the environment? And how are assembly and dynamics linked to the
function of the T3SS? While this review focuses on the well-studied T3SS of
animal pathogens, most of the described principles will apply to plant pathogens or
symbionts (reviewed in Biittner and He (2009), Tampakaki (2014)) as well.
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Fig. 1 Overall structure of

the T3SS injectisome. SctA
Schematic structural overview

of the T3SS injectisome,

based on the Salmonella

SPI-1 injectisome in situ

structure (Hu et al. 2017) and

the cryo-EM structure of the SctF
export apparatus (Kuhlen

et al. 2018). Dashed lines

indicate conflicting results

about the presence of SctQc

at the injectisome Sctl
o SctC
S5
€ £ | sctd
g | Sct
7]
o 2 SctR,S, T
g
g S | Setu
& | Setv
Sctk
O x SctQ
22 scQ
g8
58
SctO

2 Structure and Function of the Injectisome

In several organisms, large parts of the intact injectisome can be purified (Kubori
et al. 1998; Tamano et al. 2000; Daniell et al. 2001; Blocker et al. 2001; Sekiya
et al. 2001). These so-called needle complexes comprising the needle, membrane
rings and, at least in some cases, the export apparatus, but not the cytosolic com-
ponents, have been structurally characterized to a molecular level (Schraidt and
Marlovits 2011; Bergeron et al. 2013; Worrall et al. 2016; Hu et al. 2018). The
recent developments in cryo-electron tomography have allowed to also visualize the
injectisome in situ (Kudryashev et al. 2013; Kawamoto et al. 2013; Nans et al.
2015; Hu et al. 2015; Makino et al. 2016; Hu et al. 2017; Park et al. 2018),
revealing for the first time the structure and arrangement at the cytosolic interface of
the injectisome (Hu et al. 2015; Nans et al. 2015; Makino et al. 2016; Hu et al.
2017; Park et al. 2018) (Fig. 1). See review by Thomas Marlovits in this edition for
more details on the structure of the T3SS.
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The injectisome is anchored in the peptidoglycan (PG) layer and spans both
bacterial membranes, extending into both the extracellular and the cytosolic space.
The extracellular needle is formed through helical polymerization of a small pro-
tein, SctF' (Fujii et al. 2012)—see review by Ariel Blocker in this edition. At its
distal side, it is capped by a pentameric tip structure formed by the hydrophilic
translocator SctA (Mueller et al. 2005), which in some cases includes a copy of one
of the hydrophobic translocators (Johnson et al. 2006; Veenendaal et al. 2007,
Blocker et al. 2008; Cheung et al. 2014). In enteropathogenic and enterohemor-
rhagic E. coli (EPEC/EHEC), the tip protein extends into a long flexible filament,
thought to span the intestinal mucus layer, whereas the needles of plant pathogens,
also called Hrp pili, lack a tip structure and instead are greatly elongated (up to
several pm, Weber et al. 2005) to penetrate the plant cell wall. At the proximal end
of the needle, another small protein, Sctl, forms an inner rod (Marlovits et al.
2004). Recent structural and cross-linking results indicate that the rod structure is a
rather small adapter between the needle and the export apparatus (Zilkenat et al.
2016; Dietsche et al. 2016; Kuhlen et al. 2018).

The outer membrane (OM) is spanned by a 12—-15-mer of a secretin protein,
SctC (Schraidt et al. 2010; Kowal et al. 2013), which also penetrates the PG. In the
periplasm, SctC interacts with SctD, a bitopic protein forming a 24-mer ring
structure in the IM (Schraidt et al. 2010; Bergeron et al. 2013), which interacts with
a smaller 24-mer SctJ ring (Yip et al. 2005; Schraidt et al. 2010), anchored in the
IM by an N-terminal lipid anchor (Allaoui et al. 1992). While most Sct] homo-
logues additionally span the IM with a C-terminal TMH, this region is absent in the
T3SS of pathogenic E. coli and has been shown not to be required for secretion in
Salmonella SPI-1 (Bergeron et al. 2015).

Within the ring formed by SctDJ, five membrane proteins, SctR, S, T, U, and V,
form the so-called export apparatus (Wagner et al. 2010). The composition and
assembly of the export apparatus has only been uncovered in recent years.
Structural and mass spectrometry-based studies defined the stoichiometry of the
participating proteins as SctRsS,T;U; Vg (Abrusci et al. 2013; Zilkenat et al. 2016;
Kuhlen et al. 2018) with the SctR pentamer forming an IM pore with a diameter of
1.5 nm (Dietsche et al. 2016). The core export apparatus proteins, SctR5S4T, form a
unique helical structure that is located above the IM plane in the final structure, and
define the helical structure of the adjacent rod and needle (Kuhlen et al. 2018). Two
of the export apparatus proteins have large cytosolic domains, the “substrate
switch” protein SctU, which undergoes autocleavage at a conserved NPTH motif
(Minamino and Macnab 2000a; Lavander et al. 2002; Sorg et al. 2007), and SctV,

lThroughout this review, the general Sct nomenclature for T3SS components (Hueck 1998;
Portaliou et al. 2016) is used. Where no Sct name has been assigned, the Yersinia/Salmonella/
Shigella-specific names are listed. See Table S1 for species-specific names and flagellar
homologues.
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whose C-terminal domains form a suspended toroid structure at the cytosolic side of
the export apparatus (Abrusci et al. 2013).% See review by Tohru Minamino in this
edition for more details.

On the cytosolic side, five soluble proteins are required for T3SS export: SctN is
an oligomerization-activated ATPase that was shown to detach chaperones and
unfold effectors prior to export through the T3SS (Akeda and Galan 2005). In
addition to homohexamerization, SctN can form 1:2 complexes with SctL, which
negatively regulates ATPase activity (Pallen et al. 2006; Blaylock et al. 2006). SctQ
is a homologue of the flagellar C-ring proteins FliM and FliN. SctQ has an internal
translation initiation site (Yu et al. 2011; Bzymek et al. 2012) leading to the
additional expression of its C-terminal fragment, SctQc, which is highly homolo-
gous to FliN. Additional SctQc is required for function of most, but not all, tested
T3SS (Bzymek et al. 2012; Diepold et al. 2015; Notti et al. 2015; McDowell et al.
2016; Song et al. 2017; Lara-Tejero et al. 2019). Full-length SctQ (SctQg;) and
SctQc form a 1:2 complex (Bzymek et al. 2012), which structurally resembles the
flagellar FliM:FliN complex (McDowell et al. 2016). While the flagellar C-ring is
part of the switch complex used to reverse or stop the rotation of the flagellum in
chemotaxis, the exact role of SctQ in the injectisome is unknown. SctK is an
injectisome-specific protein associated with the IM (Soto et al. 2016). The four
proteins interact in a linear SctK-Q-L-N chain (Jackson and Plano 2000). In
Salmonella, a complex of SctK, SctQ, and Sctl. was shown to bind to cytosolic
chaperone-effector complexes in a sequential manner and termed “sorting platform”
(Lara-Tejero et al. 2011)—see review by Maria Lara-Tejero in this edition. In
Shigella and Yersinia, similar cytosolic complexes include (and depend on) the
ATPase SctN (Johnson and Blocker 2008; Diepold et al. 2017). A last cytosolic
protein, SctO, binds to the ATPase complex as a monomer (Majewski et al. 2019).
SctO or its flagellar homologue have been shown to promote ATPase oligomer-
ization (Ibuki et al. 2011), bind chaperones of effector proteins (Evans and Hughes
2009), and modulate PMF conversion together with a cytosolic regulator (PcrG in
Pseudomonas aeruginosa, Lee et al. 2014). If and how these functions are coor-
dinated remains unclear at this point. Notably, SctN, O, L, and parts of the large
export apparatus component SctV display homology to the o/, the vy, the /9, and
the E subunits of F/V-type ATPases, respectively (Ibuki et al. 2011; Pallen et al.
2006; Imada et al. 2007; Worrall et al. 2010). This similarity has been largely
confirmed by recent structural data (Hu et al. 2015, 2017; Majewski et al. 2019).
While the cytosolic components display clear homology to flagellar counterparts,
the resulting structure is strikingly different: instead of the continuous ring structure
of the flagellar switch complex, cryo-ET revealed a sixfold symmetry with six large
“pod” structures (Hu et al. 2015; Makino et al. 2016; Hu et al. 2017). Each pod is
estimated to contain one SctK (connecting the pod to four SctD proteins each at the

’In Yersinia and Pseudomonas, additional species-specific essential T3SS components YscX/Y
and Pcr3/4 (Iriarte and Cornelis 1999; Day and Plano 2000; Broms et al. 2005; Yang et al. 2007)
have been shown to tightly bind to SctV (Diepold et al. 2011). Whether their—currently unknown
—function is taken over by different proteins in other T3SS is unknown at the moment.
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IM), four SctQ and possibly eight additional SctQc, and two SctlL, which in turn
connect to the multimeric ATPase below the export apparatus (Hu et al. 2017,
Diepold et al. 2017; Zhang et al. 2017; McDowell et al. 2016).

Two hydrophobic translocators, SctB and SctE, which interact with the
hydrophilic translocator at the needle tip, form pores in the host cell membrane.
Recent in situ structures of injectisomes in contact to the host cell (Park et al. 2018;
Nauth et al. 2018) are strongly suggestive of a direct injection of effector proteins
from the bacterial cytosol to the host cytosol in a one-step mechanism. Indeed, the
structures of needle complexes with trapped translocator or effector substrates
(Radics et al. 2014; Dohlich et al. 2014) highlight that substrates do travel through
the needle. However, there is evidence that at least under certain circumstances, a
binary AB-toxin-like two-step translocation mechanism can also lead to translo-
cation. This pathway relies on a functional T3SS and the presence of pores in the
host cell membrane, but features an intermediate extracellular presence of the
effectors, which are then internalized through interactions with the hydrophobic
translocators (Akopyan et al. 2011; Edgren et al. 2012; Tejeda-Dominguez et al.
2017). Whether this pathway significantly contributes to T3SS protein translocation
in vivo remains to be determined.

3 What Drives Protein Assemblies?

Pairwise protein interactions are governed by binding affinities and the local con-
centrations of the respective binding partners. However, in the formation of protein
complexes, additional factors come into place: Binding of one protein might change
the confirmation of its partner, thus altering its affinity for a third binding partner, or
directly sterically influence binding of additional proteins. Additionally, two or
more (identical or different) proteins might offer a joint binding surface. To prevent
non-functional or dead-end interactions, chaperones may be required (Daley 2008).
Membrane protein complexes have yet different binding constraints: Integration
into the membrane restricts movement and orientation and increases the chance of
rendering an interacting protein inaccessible for additional binding partners. In
Gram-negative bacteria, the OM and IM are largely separated by the PG layer, and
in many cases, specific or housekeeping PG-modifying enzymes must be utilized to
connect proteins on either side.

In recent years, it has become obvious that protein complexes, including some
membrane-bound complexes, can form co-translationally (Duncan and Mata 2011;
Wells et al. 2015; Natan et al. 2017; Shiber et al. 2018). The prokaryotic organi-
zation of genes in operons can conceivably strongly enhance the efficiency of such
co-translational complex formation. Indeed, complex assembly was found to be
co-translational for the E. coli luciferase complex (Shieh et al. 2015), and
structure-based assembly predictions for most protein complexes matched the gene
order within operons (Wells et al. 2016).
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Bacterial secretion systems and related systems display a remarkable variety of
assembly processes (see Box 1). Focusing on the T3SS, one of the most complex
protein assemblies in prokaryotes, steric limitations of interactions are obvious.
Also, the integration of some parts, especially the export apparatus, into closed
membrane structures suggests an ordered rather than random assembly.
Interestingly, the gene order of the members of the export apparatus is among the
most strongly conserved among T3SS (Abby and Rocha 2012). Along those lines,
complementation of T3SS components in trans often requires a higher expression
level of the respective protein for full functionality, or even leads to toxic effects
(Wagner et al. (2010) and own unpublished results). A recent study by Song et al.
showed that a recoded and reordered set of T3SS genes (that were still arranged on
two operons) can lead to the formation of functional T3SS, albeit at a lower effi-
ciency (Song et al. 2017). This indicates that while the above-mentioned mecha-
nisms are not completely essential in vitro, they lead to a more efficient, and
possibly faster assembly of the T3SS during infection.

4 Assembly of the IM Export Apparatus

A quick look at the schematic structure of the membrane-spanning part of the T3SS
(Fig. 1) reveals a clear candidate for a nucleation point of T3SS assembly: the
export apparatus, embedded in the SctJ ring in the IM, which itself is associated
with the SctD ring. At least in a static structure, it is hard to envision how this
arrangement of multi-transmembrane helix proteins could be integrated into the
membrane rings at a later time point. And indeed, it was shown that the export
apparatus can form independently of the remaining T3SS (Wagner et al. 2010;
Diepold et al. 2011).

Recent advances in determining the structure and composition of the export
apparatus have led to a better understanding of the assembly of this early sub-
structure. Based on the stability of different subcomplexes and the cryo-electron
microscopy structure of the core Salmonella SPI-1 export apparatus, the start of the
assembly of the export apparatus is the formation of a SctR pentamer, which is
stabilized by the addition of one SctT molecule (see Fig. 2 for a schematic repre-
sentation of the assembly process). After this, four SctS molecules and subse-
quently one SctU bind to this complex with weaker affinity (Wagner et al. 2010;
Dietsche et al. 2016; Kuhlen et al. 2018). The formation of this complex allows nine
SctV molecules (Abrusci et al. 2013) to associate with the other export apparatus
proteins (Wagner et al. 2010; Dietsche et al. 2016; Kuhlen et al. 2018). The
structural arrangement of these proteins already implies an assembly order, as the
SctRsS4T subcomplex, formed by unambiguously predicted transmembrane pro-
teins, forms a pseudohexameric helical arrangement that is ultimately displaced
from the IM toward the periplasm, probably at the addition of the SctV nonamer
(Kuhlen et al. 2018). Notably, while SctV was not required for the formation of the
SctRSTU complex in Salmonella (Wagner et al. 2010; Dietsche et al. 2016), SctU
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Fig. 2 Schematic overview of the assembly of the T3SS injectisome. The composition of the
complexes is indicated below the depicted assembly step (letter according to Sct nomenclature,
m.s.p. = membrane-spanning part SctCj, 15D24J24R5S,TUVy). Newly added proteins are high-
lighted in bold font. Assembly steps that were shown to occur, but are not thought to be part of the
canonical assembly process, are indicated by dashed arrows. Complexes that are instable or absent
from some organisms are indicated by dashed lines, opaque fills, and italic letters. Assembly can
start independently in the OM and the IM. In the OM (top branch), the secretin SctC forms a stable
ring structure with the sole help of a pilotin protein in many organisms. SctD can add on to this
structure (1). In the IM (bottom branch, slightly enlarged), a SctRs complex is stabilized by SctT
(2). Next, SctS, and SctU are added (3), and the nonameric SctV ring assembles around this patch
of membrane proteins (4). At this point, the membrane ring structures merge, possibly through the
integration and multimerization of Sct] (central branch, 5). Asterisks denote the various possible
combinations of subcomplexes at this step. In Salmonella, addition of SctK, SctQ, SctQ¢, and SctL
(6) leads to a stable structure, whereas in Shigella and Yersinia, SctN also needs to be present for
the next step (7). The time point of SctO integration is unclear; however, it is required for the
formation of the inner rod and needle (8). Once the correct length of the needle is sensed, which
probably involves the ruler protein SctP, the hydrophilic translocator protein SctA forms the tip of
the needle (9). The SctCD substructure allows the integration of SctJ (1a) and, to a certain degree,
the cytosolic complex (not shown), although this might represent a dead-end assembly which is of
minor importance in vivo. SctD and Sct] can form a complex in some organisms (1b). Like the
SctCD complex, the export apparatus can bind to Sct] (4a), but it is unclear if this is part of the
assembly process in vivo

(but not SctRST) was dispensable for SctV oligomerization and its interaction with
the IM ring in Yersinia (Diepold et al. 2011), possibly indicating different protein
affinities which might be reflected in the respective assembly orders.

In the absence of any of the three membrane ring components SctC, D, J, the
export apparatus moves within the IM (Diepold et al. 2011), suggesting that the
export apparatus needs to be incorporated into (or synthesized within) the IM ring,
and that its final location is determined by the distribution of the secretin SctC in the
PG and OM.
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5 Assembly of the Membrane Rings

Given the independent assembly of the export apparatus, the most straightforward
assembly path would be a linear inside-out extension through subsequent addition
of Sct] and SctD in the IM, and finally SctC in the OM. However, a variety of
studies has shown that in different organisms, the complete SctCDJ complex can
form in the absence of the export apparatus and other T3SS components (Kubori
et al. 2000; Kimbrough and Miller 2000; Sukhan et al. 2001; Ogino et al. 2006).
Where assessed, assembly kinetics and efficiency were reduced in these studies.
This indicates while it is possible that these SctCDJ complexes are intermediates in
parallel assembly pathways, they might also represent dead ends of assembly,
possibly favored by the used expression or purification methods (see below).

The assembly order of the membrane rings themselves might differ between
species. The OM ring formed by the secretin SctC is stable and assembles inde-
pendently with the sole help of a pilotin lipoprotein, YscW/InvH/MxiM (Koster
et al. 1997; Crago and Koronakis 1998; Daefler and Russel 1998; Burghout et al.
2004; Okon et al. 2008; Perdu et al. 2015). Interestingly, in EPEC, where no pilotin
is known (Gaytan et al. 2016), a recent study showed the IM ring component SctD
was required for oligomerization of SctC in the OM, suggesting that SctD can
partially take over pilotin function in this case (Tseytin et al. 2017). In contrast, in
Yersinia, the secretin SctC is required for assembly of SctD and its subsequent
interaction with SctJ (Diepold et al. 2010). This outside-in assembly may ensure
penetration of the PG at the site of the injectisome assembly, which is especially
important for the Yersinia T3SS, as it has no dedicated PG hydrolase associated with
the T3SS (see Box 2). The assembly order of the membrane rings in other species is
unknown. SctD and Sct] can independently form a ring structure in some species
(Kimbrough and Miller 2000; Schraidt et al. 2010), which is stabilized in presence of
SctC, indicating an inside-out assembly of the membrane rings in these cases.

Given the possible formation of SctDJ and SctCDJ membrane rings in the
absence of export apparatus components, it is particularly interesting how the
formation of “empty” ring structures (which, if stable, most likely represent dead
ends) is prevented. A structural study by Burkinshaw et al. (2015) showed a sur-
prisingly small interaction interface between SctD and Sct] and indicated the
presence of two Sct] confirmations, a monomeric, assembly-incompetent confir-
mation and an assembly-competent form, which is stabilized by contact to SctD. It
is tempting to speculate that despite the closer interaction between SctD and Sct]
shown by Worrall et al. (2016) this mechanism might also ensure integration of the
export apparatus prior to Sct] oligomerization; however, this concept currently
lacks experimental validation.
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6 Assembly of the Cytosolic Complex

At the cytosolic interface of the injectisome, five proteins are required for the
function of the T3SS: SctK, Q, L, N, O (see Fig. 1). Little is known about the role
in T3SS formation of the “stalk” protein SctO, which is not required for the
assembly of the other cytosolic components (Diepold et al. 2010, 2012; Zhang et al.
2017; Hu et al. 2017). In contrast, the interactions and assembly of the other four
cytosolic T3SS components have been studied in detail. Live fluorescence micro-
scopy experiments showed that the assembly of each of the four proteins SctK, Q,
L, N, including the additionally expressed SctQc, requires the presence all four
proteins, as well as the SctCDJ membrane rings (Diepold et al. 2010; Zhang et al.
2017).% The presence of the export apparatus at least stabilizes the assembly of the
cytosolic proteins (Diepold et al. 2010; Zhang et al. 2017). These results were
corroborated by cryo-ET studies and biochemical analyses for Salmonella and
Shigella (Hu et al. 2015, 2017; Lara-Tejero et al. 2019), with the notable exception
that in Salmonella SPI-1, assembly of the remaining cytosolic complex still
occurred to some extent in strains lacking SctN or SctQc (Hu et al. 2017,
Lara-Tejero et al. 2019). Absence of single cytosolic proteins can even decrease the
stability of the other interacting proteins (Makino et al. 2016; Lara-Tejero et al.
2019). Together, these results suggest the formation of one large interdependent
cytosolic complex at the proximal interface of the injectisome. How exactly this
complex (which matches the membrane rings in size, see Table 1) attaches to the
cytosolic interface is unknown. Possibilities range from the addition (and mutual
stabilization) of single proteins to addition of single pods or attachment of the
whole cytosolic complex. The finding that the binding of SctK to the cytosolic
domain of four SctD molecules (Hu et al. 2017) does not occur in the absence of
SctQ or SctN (Diepold et al. 2017) supports the idea of a pod-wise assembly or
strongly cooperative binding of the cytosolic components at the injectisome.

7 Assembly of the Needle

After assembly of the cytosolic components to the export apparatus/membrane rings
complex, the T3SS is ready for secretion of the early substrates, including the
needle subunit SctF, the ruler protein SctP, and the inner rod subunit Sctl.
Interestingly, these three proteins themselves are required for different steps in
export: While Sctl was already essential for export of an early substrate across the
IM, SctF was only required for complete secretion across both membranes and SctP
was dispensable for secretion of early export substrates (Diepold et al. 2012).

Notably, large, partially membrane-associated complexes of the cytosolic components can still
form in the absence of the membrane rings (Johnson and Blocker 2008; Lara-Tejero et al. 2011;
Diepold et al. 2017)—see “Stability and dynamics of the injectisome” for more details.
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Formation of the needle opens the previously closed periplasmic gate of the SctC
secretin ring, which leads to significant structural rearrangements in the membrane
ring structures (Marlovits et al. 2004; Hu et al. 2018).

The location within the injectisome of the inner rod formed by Sctl suggests that is
formed prior to the needle. However, export of Sctl occurs at the same time as needle
formation. Mutants in the ruler protein, SctP, lead to parallel changes in the export
levels of both of these proteins (Wood et al. 2008) and the expression ratio of SctF and
Sctlinfluenced needle length in Salmonella (Marlovits et al. 2006), although the exact
mechanism remains unclear, especially in the light of the low stoichiometry of Sctl
proposed in recent studies (Zilkenat et al. 2016; Kuhlen et al. 2018).

In at least some T3SS, SctF secretion requires the presence of cytosolic needle
chaperones (Quinaud et al. 2005; Sun et al. 2008; Sal-Man et al. 2013) thought to
prevent premature oligomerization, which occurs spontaneously in vitro (Poyraz
et al. 2010). Needle elongation occurs by addition of single secreted SctF proteins at
the distal end of the needle (Poyraz et al. 2010), similar to the elongation of the
flagellum. Attachment of the needle subunits has long been thought to occur
without the assistance of cap proteins required for elongation of the flagellum
(Blocker et al. 2008). However, it was recently shown that in Salmonella SPI-1, a
protein previously characterized as effector assists needle elongation in a very
similar way (Kato et al. 2018).

8 The First Substrate Switch and Assembly
of the Needle Tip

Needles have a defined length that varies between different bacterial species and
subspecies. Length control probably ensures that the distance between the bac-
terium and the host cell membrane is bridged, as has been elegantly shown by
manipulating the length of the adhesin, YadA, which determines this distance in
Yersinia enterocolitica (Mota et al. 2005). Three proteins have been proposed to be
involved in regulating needle length and the subsequent switch of substrate
specificity to stop elongation of the needle and allow formation of the needle tip: the
largely unstructured “ruler” protein SctP, the substrate switch protein SctU in the
export apparatus, and the inner rod protein, Sctl.

Different models for how these proteins measure needle length and switch the
substrate specificity of the T3SS have been proposed. Based on the lack of an inner
rod structure in ruler mutants in Salmonella SPI-1 and effects of the expression ratio
of needle and inner rod subunit on needle length, an inner rod needle length control
model was proposed, according to which complete assembly of the inner rod ter-
minates needle growth and switches substrate specificity (Marlovits et al. 2006;
Lefebre and Galan 2013). Another model, the ruler model, is based on the obser-
vation that the length of the ruler protein is directly correlated to needle length in
Yersinia (Journet et al. 2003; Mota et al. 2005; Wagner et al. 2009), as was shown
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for the flagellar hook (Shibata et al. 2007; Erhardt et al. 2011) and recently for
SPI-1 (Wee and Hughes 2015). In line with this hypothesis, the recent structural
characterization of the P. aeruginosa ruler defined the interaction between the
C-terminus of SctP (Bergeron et al. 2016) and SctU. How the mechanism(s) that
sense completion of the needle lead to switching of the substrate specificity is still
under debate. Release of the C-terminal domain of the switch protein might lead to
a functional rearrangement of the export apparatus or linked components (Frost
et al. 2012), allowing the export of the hydrophilic translocator, whose assembly at
the needle tip prevents further elongation of the needle (Poyraz et al. 2010). A point
mutant in Y. enterocolitica SctU which is unable to undergo autocleavage specif-
ically prevents the export of the translocators (Sorg et al. 2007; Zarivach et al.
2008). This phenotype is linked to the specific recognition of export signals, as
export can be restored by adding an effector export signal to LcrV (Sorg et al.
2007). Notably, needle length control in this strain is unaffected if the export of the
ruler protein is ensured (Sorg et al. 2007; Monjaras Feria et al. 2015), suggesting
that length measurement and switching can be uncoupled. See review by Shin-Ichi
Aizawa in this edition for more details.

9 The Second Substrate Switch and Assembly
of the Translocon

Once the formation of the needle has been finished by the assembly of the tip, the T3SS
enters a steady state in which secretion of the late substrates (hydrophobic translo-
cators and virulence effectors) can be induced by external signals, most prominently
by contact to a host cell. The two hydrophobic translocators SctB and SctE can
destabilize or disrupt the host cell membrane and form the host membrane-spanning
translocon, thought to ensure a direct conduit for effector translocation. The
hydrophobic translocators form both homo- and hetero-multimeric structures in
varying sizes in membranes (Ide et al. 2001; Schoehn et al. 2003; Faudry et al. 2006;
Montagner et al. 2011; Myeni et al. 2013), which makes them difficult study objects.
Romano et al. showed the formation of a defined heterohexadecameric SctBg-SctEg
pore that depended on the interaction of both hydrophobic translocators during
translocon assembly (Romano et al. 2016). Recent in situ visualizations of translocons
at the interface between needle and host membrane showed that translocon formation
was strongly induced by host cell cues (Nauth et al. 2018) and was accompanied by
significant distortions in the host membrane, which may contribute to efficient
insertion of the pore or delivery of effector proteins (Park et al. 2018).

But how is the second substrate switch initiated? Host cell contact leads to
conformational changes in the translocon proteins (Veenendaal et al. 2007;
Roehrich et al. 2013; Armentrout and Rietsch 2016), which are transmitted to the
base by conformational rearrangements of the needle (Kenjale et al. 2005; Davis
and Mecsas 20006; Torruellas et al. 2005) and lead to release of the cytosolic
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gatekeeper protein SctW (Martinez-Argudo and Blocker 2010). The exact mecha-
nism of gatekeeper release is currently unclear; interactions with the hydrophilic
translocator (Roehrich et al. 2013), as well as a calcium-dependent interaction with
the ruler (Shaulov et al. 2017), have been implied to participate. A key player in the
second substrate switch is the large export apparatus protein SctV. Its cytosolic
domain, SctV¢, binds gatekeeper proteins (Portaliou et al. 2017), as well as
substrate-chaperone complexes, and appears to regulate the switch from
translocator-chaperone to effector-chaperone complexes in response to external
signals activating effector secretion (Biittner et al. 2006; Bange et al. 2010;
Hartmann and Biittner 2013; Gaytan et al. 2018; Portaliou et al. 2017; Xing et al.
2018). See review by William Picking in this edition. Chemical activation of the
T3SS by chelation of Ca**, which has been proposed to mimic the intracellular
environment within host cells (Fowler and Brubaker 1994), may activate effector
secretion differently (Gaytan et al. 2018), and has been shown to alter protein
interactions among the cytosolic T3SS components even in the absence of needles
(Diepold et al. 2017). If and when these two pathways converge is unclear at the
moment. Notably, co-IP experiments with the export apparatus switch protein SctU
showed a different subset of interacting cytosolic components between the
wild-type and non-cleavable versions of SctU (Riordan and Schneewind 2008;
Botteaux et al. 2010), suggesting a link between the substrate switch and the
arrangement of the export apparatus and the cytosolic complex.

Despite—or maybe because of—the dazzling number of reported interactions
between substrate-chaperone complexes, different proteins of the cytosolic sorting
platform, the export apparatus, the plug complex and the ruler protein, the path and
regulation of protein export, and the establishment of a secretion hierarchy by the
T3SS remains one of the most important open research questions in the field.

10 Stability and Dynamics of the Injectisome

The needle complex (NC) of the Salmonella SPI-1 T3SS was first isolated and
visualized by Kubori et al. (1998) (Kubori et al. 1998), and since then NCs from
various bacteria have been isolated and described. Purification steps frequently
include basic pH, addition of detergents, and ultracentrifugation, indicating a high
post-assembly stability of the NCs. On the other hand, Yersinia needles can be
easily detached by mechanical shearing (Hoiczyk and Blobel 2001; Mueller et al.
2005), possibly a reason for the lack of purified NC structures from this organism.
In contrast to their flagellar equivalents, hook basal bodies, purified NCs do not
contain cytosolic components and only recently, these became accessible to
structural analysis by cryo-ET (Hu et al. 2015; Nans et al. 2015; Hu et al. 2017,
Makino et al. 2016), showing surprising differences in the arrangement of the
homologous proteins between flagella and injectisomes. This may indicate that the
cytosolic components are less tightly bound to the NC in the injectisome, and
indeed, it has been shown that the main cytosolic T3SS components SctK, SctL,
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SctN, and SctQ exist both in a membrane-bound and a cytosolic state (Johnson and
Blocker 2008; Lara-Tejero et al. 2011; Diepold et al. 2017; Zhang et al. 2017).
A combination of superresolution and fluorescence recovery microscopy revealed
that at least for SctQ, the injectisome-bound and the cytosolic pool exchange
subunits between each other (Diepold et al. 2015), similar to what was shown for
the flagellar homologue (Leake et al. 2006). Notably, the exchange rate was
reduced under non-secreting conditions, suggesting a link between protein
dynamics and effector export (Diepold et al. 2015). In line with these data, recent
cryo-ET studies showed changes in the electron density of the cytosolic complex
between secreting and non-secreting conditions (Nans et al. 2015), and in certain
tomogram subclasses (Makino et al. 2016), although no effect of host cell binding
was observed for Salmonella SPI-1 (Park et al. 2018), and at any given time, most
Yersinia basal bodies harbor cytosolic complexes including all four components,
SctK, L, N, and Q (Diepold et al. 2017). Taken together, these studies strongly
suggest that the T3SS displays subunit exchange and rearrangements of the
cytosolic complex in response to external cues, a phenomenon that may be more
common than thought in biological assemblies (Tusk et al. 2018).

The interactions between the cytosolic components also play an important role in
the formation and behavior of soluble complexes. Johnson and Blocker (2008) and
Lara-Tejero et al. (2011) demonstrated the presence of large complexes in the cytosol,
containing SctK, Q, L, and—in Shigella, but not in Salmonella SPI-1—SctN.
Measurements in live Y. enterocolitica also confirmed the presence of soluble
SctKQLN complexes and showed a wide range of diffusion coefficients for these
complexes, indicating rearrangement or turnover of the participating proteins. Both
protein interaction and diffusion of complexes change upon chemical induction of
T3SS secretion, again suggesting that these cytosolic complexes are directly involved
in (or react to) effector secretion (Diepold et al. 2017). Similar concepts have been
brought up for the T3SS ATPase in the flagellar motor (Bai et al. 2014), and the
injectisome (Case and Dickenson 2018), where oligomerization, ATPase activity and
potentially binding to the injectisome of SctN were influenced by its regulator SctL.
A recent study indicated that in Salmonella SPI-1, the SctQp; binding sites for SctQc
and SctL overlap (Lara-Tejero et al. 2019), and the authors proposed that SctQc may
stabilize cytosolic sorting platform components or subcomplexes, rather than take a
structural role in the injectisome. As the localization of SctQc in injectisomes, shown
for Yersinia (Diepold et al. 2015), was not tested in this study, it is difficult to estimate
whether this “handover” model may represent a species-specific adaptation.

What could be the reason for this remarkable conformational and binding
flexibility of the cytosolic components, especially SctQ? Recently, it was found that
the presence of two SPOA* domains in SctQ—one on each side of the translation
initiation site leading to expression of additional SctQc—promotes both

“The surface presentation of antigens (SPOA) domain (Pfam 01052) (Suvarnapunya et al. 2003)
has been mainly found in the cytosolic components of T3SS including flagella; the archetype is
based on the flagellar C-ring component FliN.
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«Fig. 3 Possible pathways for the assembly and adaptation of the C-terminal complex. Top:
SctQ harbors an internal translation initiation site, leading to the additional expression of SctQc
(blue, dashed borders) (Yu et al. 2011; Bzymek et al. 2012). SctQ contains two SPOA domains,
the SPOA1 domain (light red, only present in the full-length protein SctQg ), and the SPOA2
domain (dark red, present in both SctQg, and SctQc). Below: Several possible interactions of SctQ
and its SPOA domains have been shown: A, the two SPOA domains interact intramolecularly
(Notti et al. 2015; McDowell et al. 2016). B, two SctQg, proteins can interact intermolecularly;
however, this interaction is not required for protein secretion (Notti et al. 2015). C, two SctQc
proteins can form a stable dimer (Bzymek et al. 2012; McDowell et al. 2016). D, this dimer can
interact with a SctQgp. protein, forming the SctQ:SctQc, “building block” (Bzymek et al. 2012;
McDowell et al. 2016). This interaction is predominant over the SctQg homodimer in Shigella
(McDowell et al. 2016). E, SctL can bind both SctQg;, and, with lower affinity, SctQc dimers
(Notti et al. 2015). F, the SctQ:SctQc, “building block™ can oligomerize into elongated arrays
(McDowell et al. 2016). Putative interactions with the other cytosolic components (based on
Jackson and Plano 2000; Notti et al. 2015; Hu et al. 2017) are indicated by dotted lines (left side,
SctL interaction with SPOA1 + 2, right side, interaction with SPOA2 dimer). i, possible assembly
of single pod including SctQc (Diepold et al. 2015); ii, possible assembly of single pod excluding
SctQc (Lara-Tejero et al. 2019). Notably, the variety of different interactions provides a possible
explanation for the observed protein exchange and dynamics and possible structural flexibility of
the cytosolic components (see main text for details)

multimerization of SctQ (Notti et al. 2015; McDowell et al. 2016) and its binding,
via SctL, to the ATPase SctN (Notti et al. 2015). The proposed flexible interactions
of these SPOA domains have a profound effect on the possible structural
arrangements of the cytosolic complex: although at least parts of the complex can
adapt a stable confirmation (Hu et al. 2015, 2017; Makino et al. 2016), other parts
may undergo conformational changes or bind and unbind from the machinery
(Fig. 3). Depending on the external conditions or interactions upon substrate
switches, specific interactions within the cytosolic components might become
possible or dominant. This adaptability may explain both the multitude of detected
interactions of SctQ (Morita-ishihara et al. 2005; Spaeth et al. 2009), and the
observed dynamics and wide range of interaction networks within the cytosolic
complex and its responses to external signals (Diepold et al. 2017; Rocha et al.
2018).

Taken together, it appears that structural flexibility and dynamics of the cytosolic
complex and soluble T3SS components play an important role in the assembly and
function of the T3SS. However, the molecular details and the exact functional role
of this feature remain unknown at this moment.

11 Concluding Remarks

Our knowledge on the assembly of the T3SS has considerably advanced over the
last years and is a showcase for how structural, biochemical, and microscopy-based
studies can lead to a holistic picture of such a complex process. We now can both
describe the common assembly pathway and identify species-specific deviations,
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often linked to unique properties of the respective T3SS. An interesting question for
future studies is whether and how the assembly pathways—both the canonical and
the specific ones—are linked to the function of the machinery.

It now seems clear that beyond the assembly, ongoing dynamics and adaptation
of the T3SS, especially its cytosolic parts, influence the function of the T3SS
in vivo. While this is an exciting field of research, the link of the phenomenological
observations to the functional role of these findings still remains to be defined in
many cases. Together, these studies will provide a much clearer picture of not only
the assembly, but also the function of the T3SS during the infection process.

An important and active field of research is the search for inhibitors of the T3SS.
Therapeutics that inhibit the assembly or dynamics of the T3SS, a crucial virulence
factor for many important pathogens, have the potential to prevent or attenuate a
huge number of cases of illnesses, and various reports highlight the potency of such
assembly inhibitors (Veenendaal et al. 2009; Duncan et al. 2012; Marshall and
Finlay 2014; Morgan et al. 2017). The identification of common assembly steps and
bottlenecks during the assembly process will undoubtedly yield valuable targets for
structure-based drug design.

Box 1: There’s more than one way to skin a cat—communalities and differ-
ences in the assembly of secretion systems and the flagellum

Protein complexes spanning both bacterial membranes in Gram-negative bacteria
face similar conceptual challenges during the assembly process: They need to
penetrate the peptidoglycan layer, ensure proper association of the outer and inner
membrane-spanning rings, prevent leakage, and regulate the formation and function
of the system in response to—often external—signals. Is the assembly of bacterial
secretion systems thus governed by certain common pathways or concepts?

Various bacterial secretion systems (discussed in more detail by Costa et al.
(2015), Green and Mecsas (2016), Galan and Waksman (2018)) and related
machines such as the flagellum span both bacterial membranes. The type 1 secre-
tion system (T1SS), which secretes diverse, often nutrient-scavenging proteins into
the extracellular space; the T2SS, which exports folded proteins from the periplasm,
and the related type IV pili; the T3SS injectisome and the related flagellum; the
T4SS, which can translocate DNA and proteins into a host cell in a one-step
mechanism; the T6SS, which shares evolutionary and structural similarities with an
inverted contractile phage tail and can translocate proteins into eukaryotic or
prokaryotic hosts, and the T9SS, another protein secretion pathway additionally
involved in motility, which is restricted to the Bacteroidetes phylum.

The T1SS consists of three main parts, an ABC transporter in the IM, a
periplasmic membrane fusion protein anchored in the IM, and an OM porin (Masi
and Wandersman 2010; Thomas et al. 2014). The two IM components can inde-
pendently assemble stable complexes. However, only upon engagement of the
substrate, a transient bridge formed by the membrane fusion protein links to the
porin present in the OM (Létoffé et al. 1996; Thanabalu et al. 1998).

In the more complex T2SS and related type IV pili (T4P), distinct networks of
interaction have been observed for the IM components, the pseudopilins, and the
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OM secretin and pilotin (Howard 2014). However, the localization of IM proteins
depends on the presence of the secretin in the OM (Lybarger et al. 2009). Starting
from the secretin, an outside-in assembly is initiated via a tripartite IM complex,
which subsequently binds to a cytoplasmic component (Friedrich et al. 2014). The
symmetry mismatch between the OM ring and the IM platform may lead to for-
mation of a metastable complex that specifically allows entry of bona fide T2SS
substrates into the export channel (Hay et al. 2017). The cytosolic ATPase com-
plexes responsible for extension and retraction of the T4P are recruited—mutually
exclusively—on demand (Chang et al. 2016). In several of the assembly steps,
disordered regions of proteins and their structural transitions have been shown to
play crucial roles (Gu et al. 2017).

Despite a long research history, the assembly of the T3SS part of the flagellum
is not fully elucidated yet. Based on stable assembly intermediates, a largely
inside-out assembly starting at the MS ring in the IM, with subsequent additions of
the C-ring, ATPase and export apparatus, and the periplasmic and OM rings was
established (Kubori et al. 1992, 1997; Lux et al. 2000; Macnab 2003). Likewise, the
periplasmic rods assemble in an inside-out order (Burrage et al. 2018), with the
length of the outermost distal rod determined by the distance to the OM (Cohen
et al. 2017). There is conflicting evidence on whether the export apparatus can serve
as a nucleation point for assembly of the flagellar motor (Li and Sourjik 2011;
Morimoto et al. 2014).

Based on structure and interaction networks, Fronzes et al. (2009a) concluded
that the first step in T4SS assembly is the formation of a stable core of three
proteins (VirB7, 9, 10) already connecting the OM and the IM (Fronzes et al.
2009b; Chandran et al. 2009). In the next steps, IM components including the
ATPase (Yuan et al. 2005; Walldén et al. 2012) and subsequently the periplasmic
proteins forming the pilus can attach (Yuan et al. 2005; Fronzes et al. 2009a; Low
et al. 2014). Interestingly, in Legionella pneumophila, the polar localization of the
T4SS is conferred by two T6SS baseplate protein homologs, followed by stable
insertion of a lipoprotein in the OM, and further additions in a largely outside-in
direction, with the cytosolic ATPase DotB only recruited to the system at a late
stage (Jeong et al. 2018; Chetrit et al. 2018; Ghosal et al. 2018).

The T6SS is a dynamic assembly, controlled by different signals in various
organisms (Zoued et al. 2014; Basler 2015). During its multi-step formation,
complexes of two to three IM components assemble at the IM, which form potential
assembly sites for the baseplate and the sheath (Durand et al. 2015; Gerc et al.
2015; Brunet et al. 2015; Cherrak et al. 2018). The sheath then assembles at its
distal end in the cytosol until contact to the opposing membrane has been estab-
lished, and a regulatory protein stops and maintains the assembly (Vettiger et al.
2017; Santin et al. 2018). The T6SS uses a “domesticated” lytic transglycosylase
whose activity is stimulated by an IM T6SS component to pass the PG layer (Santin
and Cascales 2017).

Major aspects of the assembly of the T9SS, the latest addition to the secretion
pathway collection, are still unknown. One of the earliest steps is most likely the
formation of a core complex spanning both membranes (Vincent et al. 2017), which



Assembly and Post-assembly Turnover and Dynamics ... 55

might be initiated at the IM, based on a comparison of pairwise protein affinities
(Leone et al. 2018). Interestingly, the T9SS structure seems to be dynamic or at
least can switch between two states, as its large OM translocon was found in two
mutually exclusive conformations with a lateral or periplasmic opening, respec-
tively (Lauber et al. 2018).

Looking at the impressive variety of methods used by these secretion systems to
span both membranes and secrete proteins, it is obvious that assembly of
multi-membrane-spanning complexes can occur in different fashions, both with
respect to the assembly order and the dynamics of the secretion system. It will be
interesting to see which tricks newly discovered secretion systems (such as the
T9SS, and the T7SS in Gram-positive bacteria) have in store.

Secretion system | Assembly of membrane-spanning Stability of core system
rings

T1SS Inside-out On-demand assembly

T2SS Outside-in Stable

T3SS Species-specific? Stable (parts dynamic)

(injectisome)

T3SS Inside-out Stable (parts dynamic)

(flagellum)

T4SS Simultaneous/outside in Stable (parts and localization

dynamic)
T6SS Inside-out? On-demand/dynamic assembly
T9SS Unknown Dynamic/various states

Box 2: Traversing the peptidoglycan and distribution of the T3SS

Any multi-membrane-spanning protein complex needs to penetrate the peptido-
glycan (PG) layer, a mesh with an average pore size of only around 2 nm (Demchick
and Koch 1996; Vollmer et al. 2008), much smaller than the diameter of the T3SS at
this place (the minimal diameter of the membrane-spanning rings is at least 12 nm
(Schraidt and Marlovits 2011; Bergeron et al. 2013; Hu et al. 2015, 2017)).

To this aim, the PG-spanning part of the T3SS, most likely the secretin ring (see
Fig. 1), has to be inserted into the PG either by exploiting the action of a cellular
PG-modifying enzyme (e.g. during cell growth or division), or by applying a
dedicated PG-modifying enzyme. Such enzymes associated with the T3SS are
widespread (Miras et al. 1995; Koraimann 2003), but are missing in some organ-
isms, like Yersinia. In these cases, colocalization of the secretin and/or its pilotin
protein with PG-modifying enzymes (as has been observed for the E. coli T6SS
(Santin and Cascales 2017)) is likely to determine the localization of the final T3SS
complex, which might explain the strict outside-in assembly observed for the
Yersinia membrane rings (Diepold et al. 2010). In contrast, the availability of
dedicated T3SS PG-modifying enzymes could facilitate the integration of the
secretin in the OM at the locus of the IM rings after their completion. Indeed,
Burkinshaw et al. (2015) showed the interaction and activation of a PG lytic
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enzyme, EtgA, by the T3SS inner rod component Sctl in EPEC. Recently, Hausner
et al. observed a similar association in Xanthomonas campestris (Hausner et al.
2017). If Sctl is already recruited to the growing injectisome in the absence of a
secretin ring, such a mechanism could account for penetration of the PG layer and
connection of the IM ring (which at this point would already need to harbor a
functional secretion machinery) and the secretin, putting the secretin at a much later
point of the EPEC T3SS assembly. Further experimental validation of this inter-
esting hypothesis in various bacteria could greatly increase our knowledge about
the integration, and overall assembly, of the T3SS.

Notably, despite the possibly dissimilar ways to position their T3SS, the dis-
tribution of at least the C-ring component SctQ in Yersinia (where injectisomes
have been shown to form clusters in the membrane (Kudryashev et al. 2015)) and
Salmonella SPI-1 is strikingly similar (Diepold et al. 2010; Notti et al. 2015; Zhang
et al. 2017). Whether the integration of systems such as the Salmonella SPI-2
system which only requires few injectisomes to establish contact with the vacuolar
membrane (Chakravortty et al. 2005) or the Shigella injectisome present in 50—100
copies per cell (Blocker et al. 1999) is reflected in different PG integration and
positioning pathways remains to be tested.
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Abstract The type III secretion system (T3SS) is an essential virulence factor of
many pathogenic bacterial species including Salmonella, Yersinia, Shigella and
enteropathogenic Escherichia coli (EPEC). It is an intricate molecular machine that
spans the bacterial membranes and injects effector proteins into target host cells,
enabling bacterial infection. The T3SS needle complex comprises of proteinaceous
rings supporting a needle filament which extends out into the extracellular envi-
ronment. It serves as the central conduit for translocating effector proteins. Multiple
laboratories have dedicated a remarkable effort to decipher the structure and function
of the needle complex. A combination of structural biology techniques such as
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cryo-electron microscopy (cryoEM), X-ray crystallography, nuclear magnetic
resonance (NMR) spectroscopy and computer modelling have been utilized to study
different structural components at progressively higher resolutions. This chapter will
provide an overview of the structural details of the T3SS needle complex, shedding
light on this essential component of this fascinating bacterial system.

1 Visualizing the Needle Complex

Research on the type III secretion system (T3SS) spans over two decades with
increasingly complex experiments having been utilized to study the architecture of
this molecular machine. In 1990, a novel secretion system in Yersinia was identified
(Michiels et al. 1990) and was soon noted for its similarity to genes in the plant
pathogen Ralstonia solanacearum, thus suggesting the discovery of a conserved
secretion system utilized by different bacterial pathogens (Gough et al. 1992).
Salmond and Reeves put these discoveries into context by coining the name, type III
secretion system (1993). Since then, homologues of the T3SS have been identified in
a variety of bacterial pathogens from Yersinia spp., Shigella flexneri, Salmonella
enterica, enteropathogenic Escherichia coli (EPEC), Pseudomonas aeruginosa,
Chlamydia spp. (Hueck 1998), Burkholderia pseudomallei (Vander Broek and
Stevens 2017) and Vibrio parahaemolyticus (Makino et al. 2003), to the plant
pathogens Ralstonia solanacearum, Erwinia spp., Xanthomonas campestris,
Pseudomonas syringae and the plant symbionts from Rhizobium spp. (Hueck 1998).

Having been identified genetically, efforts by several laboratories focused on the
protein structure of the T3SS. It was visualized in a partially purified state from
Salmonella by negative-stain transmission electron microscopy (TEM; Kubori et al.
1998). It became apparent that the T3SS resembles the flagellar basal body—it is a
large, supramolecular complex that spans both bacterial membranes, with two upper
rings embedded in the outer membrane connected to two larger rings embedded in
the inner membrane (Fig. la). From the smaller outer membrane rings extends a
filament resembling a needle and hence the name, the needle complex (Kubori et al.
1998). Three-dimensional reconstructions from TEM negative-stain images of the
needle complex in Shigella flexneri determined that the complex has a central
channel (Blocker et al. 2001). The use of cryo-electron microscopy (cryoEM) led to
a three-dimensional, 17 A structure of the needle complex in Salmonella (Marlovits
et al. 2004). Since then, persistent efforts aided by new technological developments
have pushed the resolution of the needle complex structure further using cryoEM
(Schraidt and Marlovits 2011) to recently, a near-atomic resolution of the needle
complex (Worrall et al. 2016; Hu et al. 2018). The fundamental work accomplished
using TEM, combined with an extraordinary effort using other structural techniques
such as X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy,
has provided an increasingly clear picture of this intricate molecular machine. As the
complete atomic structure of the T3SS becomes closer to reality, new research
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Fig. 1 a A cryoEM tomographic reconstruction of the Salmonella type III secretion system
embedded in the inner (IM) and outer (OM) cell membranes. In blue is the needle complex and in
dark grey is the cytoplasmic sorting platform complex (EMDB accession code EMD-8544; Hu
et al. 2017). b A slice through the map shown in (a) showing the interior of the complex with
labelled components. In red, is the approximate location of the export apparatus core complex.
¢ Ribbon diagrams from high-resolution, single-particle cryoEM reconstructions of the inner
membrane SctD (blue) and SctJ (yellow) rings, the outer membrane SctC (orange) secretin and the
helical needle filament (light grey). The diagrams are shown in a 90° rotated view on the right
(PDB, accession numbers 6DUZ, 6DV3 and 6DWB; Hu et al. 2018). d The export apparatus core
complex. On the left, a ribbon diagram of the flagellar export apparatus is positioned in the
corresponding cryoEM density map. On the top right is the corresponding space-filling
representation which is also shown rotated 90° on the bottom. Depicted in light/dark blue is
SctR, in yellow is SctT and in red in SctS flagellar homologues (PDB accession number 6F2D,
EMDB accession code EMDB-4173; Kuhlen et al. 2018)

directions will undoubtedly arise, yielding a better understanding of bacterial
pathogenesis.
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2 A Structural Blueprint of the Needle Complex

This chapter will primarily focus on proteins from the Salmonella pathogenicity
island-1 T3SS, as this is the most well-studied system to date and the proposed
universal nomenclature (Hueck 1998) will be used to aid the reader. The T3SS
needle complex can be broadly likened to a common medical syringe with a
hypodermic needle, both in terms of its overall appearance and its ability to inject
proteins into a variety of organisms. It comprises of a cylindrical basal body
analogous to the plastic barrel of the syringe, from which a hollow needle-like
filament extends into the extracellular environment. However, the needle complex
is much more intricate both structurally and functionally, and not to mention much
smaller, than a relatively simple plastic pump. In Salmonella, this molecular syringe
is a supramolecular structure of approximately 300 A (30 nm) tall and 240 A
(24 nm) wide (Marlovits et al. 2004). It resides in both of the two bacterial
membranes, extending from the inner membrane, through the periplasmic space and
peptidoglycan layer, to the outer membrane, and from there the helical needle
extends out on average 800 A (80 nm) into the extracellular environment (Fig. la;
Kubori et al. 1998).

A multitude of proteins assemble intricately to form the needle complex. The
basal body, which is the membrane-spanning base of the needle complex, is
composed of multiple copies of three proteins arranged into two pairs of ring
structures connected via a neck and an internal export apparatus complex (Fig. 1b;
Kubori et al. 1998; Galan et al. 2014). The larger, bottom ring pair is integrated
with the inner membrane and is comprised of multiple copies of two proteins SctD
and SctJ with an inverted orientation (Schraidt et al. 2010). The smaller, upper ring
pair is associated with the outer membrane and is comprised of multiple copies of a
single protein, SctC (Kubori et al. 2000). This protein spans further down into the
periplasmic space contacting the lower rings and forming a neck between the ring
pairs (Fig. 1b—c). Associated in the centre of the inner membrane rings, are den-
sities likely corresponding to the export apparatus complex comprised of five dif-
ferent proteins (Fig. 1d). They are SctV, SctR, SctS, SctT and SctU (Galan et al.
1992; Groisman and Ochman 1993; Fields et al. 1994; Allaoui et al. 1994; Wagner
et al. 2010). Although their precise function remains to be elucidated, these five
proteins are essential for needle filament assembly and host cell invasion (Sukhan
et al. 2001).

Several additional proteins integrate with the basal body to form a functioning
needle complex. Sctl assembles inside (Marlovits et al. 2004), forming a structure
referred to historically as the inner rod (Marlovits et al. 2006), or more recently the
needle adaptor (Hu et al. 2018; Torres-Vargas et al. 2019) which anchors the needle
filament. Extending from the adaptor out into the extracellular environment is the
needle filament composed of a helical polymer of the protein SctF (Kubori et al.
2000). At the distal end of the filament is a tip complex of proteins which varies
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depending on the species (Mueller et al. 2005; Epler et al. 2012; Kaur et al. 2016). It
likely controls secretion and serves as an environmental sensor (Espina et al. 2006;
Blocker et al. 2008). There are additional proteins on the cytoplasmic side of the
needle complex, SctQ, SctK, SctL and the ATPase SctN, which form the sorting
platform complex (Lara-Tejero et al. 2011) that is homologous to the flagellar C
ring complex (Francis et al. 1994). This is a separate complex of the T3SS and is
believed to queue proteins for export (Lara-Tejero et al. 2011) and to energize
transport (Eichelberg et al. 1994). From this overall picture of the needle complex,
one can begin to appreciate the structural complexity of this system. The following
sections will focus on the structural arrangement of individual proteins of the needle
complex which, for the purposes of this chapter, is defined as the fully assembled
basal body with filament and export apparatus proteins.

3 The Individual Building Blocks of the Needle Complex

3.1 The Inner Membrane Protein SctD

SctD (~45 kDa for animal pathogens) is one of the three main structural proteins
of the needle complex basal body. Early on, it was determined that SctD forms part
of the needle complex (Kubori et al. 1998) where it forms the majority of the inner
membrane rings (Kimbrough and Miller 2000; Kubori et al. 2000; Blocker et al.
2001). SctD is 392 residues long in Salmonella and has four globular domains with
a transmembrane domain connecting the first two (Fig. 2a). The crystal structures of
fragments of SctD, residues 11-120, 170-362 and 170-392, have provided insight
on the structure and multimeric assembly of this protein (Spreter et al. 2009;
Bergeron et al. 2013). The first domain folds into a globular structure containing
nine, mostly anti-parallel B sheets resembling a forkhead-associated domain (FHA;
Bergeron et al. 2013). Domains 2—4 have a modular architecture, each containing
two o helices and one 3-stranded P sheet and are connected by short linkers, giving
an overall appearance similar to that of a boot (Spreter et al. 2009). This domain
structure is seen in other ring-forming proteins from EPEC such as the secretin
protein SctC and the inner ring protein Sct]. A wedge-shaped fold between two o
helices and the B sheet in domains 2 and 3 is conserved between these proteins.
This fold may be a ring-building motif (RBM) structurally conserved across dif-
ferent T3SS-containing bacterial species (Spreter et al. 2009). However, this fold is
also observed in other proteins that do not assemble into ring-like structures
(Mishima et al. 2005; Valverde et al. 2008; Korotkov et al. 2009).

SctD intricately assembles into two, stacked, 24-mer ring structures positioned in
the inner bacterial membrane. It is oriented with the first domain in the cytoplasm,
while domains 2—4 remain in the periplasm of the bacterial envelope (Fig. 2a;
Schraidt et al. 2010). The periplasmic inner membrane ring (IR1) is about 250 A in
diameter at its widest and composed of SctD domains 2—4. Domain 1 forms the



72

Domain 4
D296 — K362

S. Miletic et al.

SctJ

Domain 2
596 — K203

.

Domain 3
E225 - D295

Domain 1
i C18-Q76
Domain 2
P166 - N224
Periplasm
»

l
! L

SRR ALY .-"".
SctD TM Domain

G141 - 5165

N\

SctJ TM D

Cytoplasm

I Domain 1 N
M1 = N140

c

Fig. 2 a Topology diagrams of SctD and SctJ with labelled domains and positioned in the inner
cell membrane (IM). TM = Transmembrane domain. b Molecular contacts in SctD and
Sct]. Ribbon representations of SctD (blue) and SctJ (yellow) with shown surfaces and notable
residues highlighted with red spheres. Close-ups of these residues are shown in the surrounding
panels (PDB, accession numbers 6DUZ and 3J1W; Hu et al. 2018; Bergeron et al. 2013)

cytoplasmic inner membrane ring (IR2; Schraidt et al. 2010; Schraidt and Marlovits
2011). This domain is very flexible and undergoes a rearrangement from a con-
tinuous ring into hexamers of tetramers upon binding of the cytoplasmic sorting
platform complex (Hu et al. 2017).

Intermolecular contacts between monomers are present in the SctD ring.
A cryoEM structure of the inner ring predicted that a tyrosine at position 239 in one
monomer of SctD closely associates with glutamic acid at position 252 from an
adjacent monomer (Fig. 2b(I); Schraidt and Marlovits 2011). However, single
mutations to either of these residues were insufficient to perturb T3SS function and
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therefore needle complex assembly. Double mutants did, though, providing evi-
dence that this is a contact point between monomers and it is at least partially
responsible for SctD ring assembly (Schraidt and Marlovits 2011). In other work,
secretion was abrogated and needle complex assembly was disrupted when a gly-
cine at position 322 of a periplasmic loop was mutated (Fig. 2b(Il); Bergeron et al.
2013), suggesting that there are likely multiple contact points between monomers of
the SctD ring.

The SctD monomers likely contact the inner SctJ ring and the above SctC rings.
Rosetta modelling of SctD and Sct] in the previous cryoEM map predicted that
aspartic acid at position 333 in the second o helix of domain 4 may be an important
residue of SctD for contacting SctJ (Bergeron et al. 2015). Its side chain is buried in
a positively charged pocket formed by Sct] monomers (Fig. 2b(Ill)). This associ-
ation was confirmed by mutating the residue to arginine which inhibited T3SS
secretion (Bergeron et al. 2015). The C-terminus of SctD is in close contact with the
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secretin SctC positioned above in the periplasm. This occurs via a lysine at position
367, as demonstrated by chemical crosslinking (Schraidt et al. 2010). Deletion of
the last four amino acids of the SctD C-terminus destabilized needle complexes,
providing more evidence that this region is important for assembly of the basal
body (Schraidt et al. 2010).

3.2 The Second Inner Membrane Protein Sct]

The second component of the inner membrane rings is the inner membrane
lipoprotein Sct] (~27 kDa; Allaoui et al. 1992; Pegues et al. 1995; Kubori et al.
1998; Tamano et al. 2000; Blocker et al. 2001). It has a Sec-dependent transport
signal sequence located at its N-terminus and is anchored to the inner membrane by
a C-terminal transmembrane domain or a lipid anchor (Yip et al. 2005; Schraidt
et al. 2010). Sct] is similar to the central domain of the flagellar FliF protein which
forms a ring in the inner membrane (Yip et al. 2005; Bergeron 2016).

Sct] is 252 residues long in Salmonella and consists of two globular domains
followed by a transmembrane domain and a C-terminal tail (Fig. 2a; Schraidt et al.
2010; Bergeron et al. 2015). The crystal structure from EPEC which lacks the
C-terminal transmembrane domain found in Salmonella, revealed that SctJ is a flat
triangular molecule comprising of two mixed o/f domains (Yip et al. 2005). The
first domain contains two o helices and a three-stranded, anti-parallel 3 sheet. It is
connected by a linker to a second domain of two o helices and a three-stranded 3
sheet. This linker has been postulated to fine-tune the angular orientation of the two
domains with respect to each other (Yip et al. 2005). In Salmonella, the solution
and crystal structures of the first domain and the crystal structure of the second
domain were solved, revealing a structural similarity to EPEC (Fig. 2; Bergeron
et al. 2015). Both of these domains contain the same structural RBM as seen in
SctD, highlighting its importance throughout the assembly of the system.

Sct] forms a ring comprised of 24 monomers with a diameter of 180 A and a
height of 52 A and has an inverted orientation compared to SctD as its N-terminus
is located in the periplasm (Fig. 2a; Yip et al. 2005; Schraidt et al. 2010).
Monomers may intrinsically oligomerize during ring formation. When crystallized,
EPEC SctJ was found in a tetrameric conformation which packs into superhelical
stacks of rings with each helix comprising of 24 monomers (Yip et al. 2005). Based
on this data, the EPEC Sct] crystal structure was first modelled into a 24-ring
structure (Yip et al. 2005), which was subsequently used in later studies to model
Salmonella Sct] (Schraidt et al. 2010) until it was also shown to have 24-fold
symmetry by cryoEM (Schraidt and Marlovits 2011).

Extensive interactions form between each monomer in the Sct] ring. In EPEC,
monomers interact with both neighbouring molecules causing about a third of the
total solvent-accessible surface to be buried. Each interface contains multiple
hydrogen bonds between charged residues in both domains 1 and 2. As well, there
are multiple van der Waals interactions and hydrophobic contacts dispersed across
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the intermolecular interface (Yip et al. 2005). Interestingly, it is hypothesized that
the conformation of a linker between domains 1 and 2 influences oligomerization.
When the linker is more strongly bound to the first domain, Sct] exists in an
assembly incompetent state, whereas releasing the linker promotes oligomerization
(Bergeron et al. 2015). When assembled in a ring, the linker region packs between
neighbouring domain 2 helices via a phenylalanine residue at position 89, which
packs between monomers like a zipper, an observation supported by mutational
analysis (Fig. 2b(V); Bergeron et al. 2015; Worrall et al. 2016).

Sct] contacts the surrounding SctD ring and likely other protein components of
the needle complex. Major interactions occur between the C-terminal region of
SctD and the second domain of Sct] (Bergeron et al. 2015). As previously men-
tioned, the fourth o helix of two adjacent Sct] monomers forms a positively charged
pocket which buries a conserved asparagine residue from SctD (Fig. 2b(Il);
Bergeron et al. 2015). The loop connecting the second domain with the trans-
membrane domain additionally forms extensive interactions with neighbouring Sct]
monomers (Fig. 2b(VI); Worrall et al. 2016) and is supported by crosslinking data
(Sanowar et al. 2010).

Sct] could make additional contacts in less resolved regions of the needle
complex. A flexible loop between the fifth B strand and the fifth o helix of Sct]
might be located in a cavity observed between the SctD and SctJ rings, providing an
additional contact between the two ring structures (Bergeron et al. 2015). Although
it cannot be resolved in cryoEM maps, the N-terminus of SctD also interacts with
the C-terminus of Sct] as demonstrated by chemical crosslinking (Schraidt et al.
2010). Furthermore, the second domain contacts the export apparatus proteins,
revealed by the crosslinking glutamic acid at position 138 (Fig. 2b(IV); Kuhlen
et al. 2018).

3.3 The Outer Membrane Protein SctC

The next major ring-forming protein of the needle complex is SctC (~62 kDa)
which forms both outer membrane rings. This protein assembles into a large pore or
secretin in the outer bacterial membrane and is similar to other secretins found in
the type II secretion system (T2SS), the type IV pili system (T4PS) and the PulD
family of proteins (Kaniga et al. 1994; Collins et al. 2003; Korotkov et al. 2011).
Early work reported that in Salmonella, SctC forms ring-shaped structures as
visualized by negative-stain TEM (Crago and Koronakis 1998). The similarities
seen between SctC and other secretins led to the early proposal that it forms the
bacterial outer membrane rings. Due to its homology with PulD and pIV secretins,
SctC was oriented with the N-terminus in the periplasm (Kubori et al. 2000). This
was confirmed using cryoEM revealing that it extends from the outer membrane all
the way to the inner ring complex (Schraidt et al. 2010).

SctC is 564 residues long in Salmonella and is much more structurally complex
compared to the other ring-forming proteins discussed so far. It is comprised of
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three globular domains (NO, N1 and N3) situated underneath a double-barrelled
secretin domain that has a periplasmic gate, a tilted lip on top, and an outer
helix-turn-helix S domain (Fig. 3a; Worrall et al. 2016). The crystal structures of
SctC in Salmonella (residues 22—178) and in EPEC (residues 21-174) were solved,
revealing that the first two domains are tilted towards each other and form a
modular fold (Spreter et al. 2009; Bergeron et al. 2013). The first domain comprises
of two o helices sandwiched between two [3 sheets, and the second domain has two
o helices alongside one B sheet. Interestingly, these domains have the same RBM
found in SctD and SctJ (Spreter et al. 2009; Hu et al. 2018).

Recent, high-resolution cryoEM studies have provided a structural model of the
entire SctC protein (Worrall et al. 2016; Hu et al. 2018). The third domain N3
contains an RBM, the two o helices and a [ sheet, as well as another two o helices
and a P hairpin (Worrall et al. 2016). Following this, is the secretin domain con-
taining an outer 3 sheet of essentially four strands and an inner [ sheet of also four
strands forming a retractable periplasmic gate (Fig. 3a). Above, extending to the
extracellular surface, is the secretin lip, formed by a double-stranded hairpin. On the
C-terminal end is the S domain, comprising of two o helices connected to the rest of
the protein by an extended loop which wraps around the surface of the outer
barrel, linking one SctC monomer to two successive protomers (Worrall et al.
2016).

This protein intricately assembles into a large ring structure of a different
symmetry than the inner membrane rings. Earlier studies debated the symmetry of
T3SS secretins, with reports claiming 12—14-fold symmetries depending on the
species studied and techniques used (Bitter 2003; Burghout et al. 2004; Hodgkinson
et al. 2009). Using cryoEM, it was determined that SctC has a 15-fold symmetry in
Salmonella, giving the entire basal body, in respect to the rings, an overall C3
symmetry where 15 SctC subunits assemble with 24 Sct] and 24 SctD subunits
(Schraidt and Marlovits 2011). To tolerate the symmetry mismatch between the
different rings, presumably five monomers of SctC contact eight monomers of SctD
or Sct]. It should, however, be noted that because of the presence of the helical
extracellular needle filament in fully assembled needle complexes, and a pseudo-
hexameric structure of the export apparatus (Kuhlen et al. 2018), the overall
symmetry is asymmetric.

The 15-mer secretin domain is a double-barrelled pore formed by two B sheets
sandwiching each other. The outer B sheet of SctC forms a 60-strand, anti-parallel 8
barrel positioned in the outer membrane. The second B-sheet forms an additional
anti-parallel f barrel that slants towards the interior lumen of the complex forming
the periplasmic gate (Worrall et al. 2016). Evidently, this gate is not complete as a
central pore of 15 A in diameter still exists which is large enough for small
molecules to transverse (Fig. 3b). The gate is structurally supported underneath by
a P hairpin in the third domain (Fig. 3b(I)). Mutants of the gate or the supporting 3
hairpin impede secretion, and it is proposed that the third domain stabilizes the gate
and may also have a role in gating (Worrall et al. 2016). This periplasmic gate
changes conformation to an open state which permits needle filament assembly
(Marlovits et al. 2004; Hu et al. 2018), activating the system.
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Contacts between the several domains of SctC help support its ring structure.
The secretin domains in the barrel form an extensive hydrogen bond network
(Worrall et al. 2016). The RBM in domain 3 forms interfaces with the  sandwich
of the secretin domain which is supported by mutational analysis (Fig. 3b(Il);
Worrall et al. 2016). The loop region between the first and second domain makes
contact between adjacent monomers, supported by mutational analysis (Fig. 3b(III);
Bergeron et al. 2013). The outer S domain wraps around the outer surface of the
secretin, spanning two protomers, and contacts the outer [} sheet with a salt bridge
forming between an asparagine residue at position 544 and lysine at 315 (Fig. 3b
(IV) and is also supported by mutational data in this region (Worrall et al. 2016).
This domain is believed to function as a molecular staple which stabilizes the 3
barrel structure.

The SctC rings make multiple contacts with other needle complex components.
Using chemical crosslinking, the N-terminus was shown to make contact with the
C-terminal domain of SctD (Schraidt et al. 2010). Indeed, modelling using available
structures placed a lysine at residue 38 of the SctC N-terminus, closest to the inner
ring proteins consistent with cryoEM maps (Fig. 3b(V); Schraidt and Marlovits
2011; Hu et al. 2018). As well, the lower SctC NO ring has a basic surface and a
positively charged collar in its interior, both of which may provide an initial
assembly force for the ring structures (Bergeron et al. 2013). In the secretin, the
outer S domain also interacts with another protein, the pilotin chaperone InvH in
Salmonella, which is essential for T3SS assembly. This pilotin could recognize a
common turn-helix motif present in the S domain (Worrall et al. 2016). The outer
B-barrel lip is proposed to contact and span the outer bacterial membrane. It con-
tains an amphipathic helix loop (AHL) facing the inner leaflet, known to associate
with membranes (Fig. 3a). The lip is tilted in the purified structure, which matches
well with in situ tomography data showing an inward bending of the outer mem-
brane associated with the secretin (Hu et al. 2015, 2017).

Comparing the open and closed SctC cryoEM structures, structural differences
are evident in the N3 domain, the inner § barrel and the upper lip of the secretin
domain (Fig. 3b(VI-X); Worrall et al. 2016; Hu et al. 2018). The first § hairpin,
inner gate is kinked at residues Asn386 and Gly407 in the closed structure; however
in the open conformation, they are unkinked, moving the tip of the hairpin
approximately 40 A upwards (Fig. 3b(VI)). It is oriented in such a conformation to
allow interactions to the outer P barrel via residues Lys392 and Ile394, which
influence secretion when mutated (Worrall et al. 2016; Hu et al. 2018). The second
B-hairpin gate is also unkinked at residues Gly430 and Gly451 (Fig. 3b(VII)), and
the loop region is rotated 180° (Hu et al. 2018). As well, the secretin lip is pushed
up and out increasing the pore diameter. The N3 domain is rotated slightly, and the
B-hairpin strut is pulled away and rotated making contacts with Arg411 of the gate
(Fig. 3VIII; Hu et al. 2018) supported by mutational analysis (Worrall et al. 2016).
Previously unresolved residues 217-227 and 252-267 form additional interfaces
which further stabilize the needle complex at the N1 and N3 domains (Hu et al.
2018).
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«Fig. 3 SctC secretin protein. a Topology diagram of SctC with domains/notable features
highlighted. b Ribbon representations of open and closed conformations of SctC with shown
surfaces and important residues highlighted with red spheres. Left: SctC monomer in the closed
conformation, right: the open conformation. I-V: panels of notable residues forming molecular
contacts, corresponding to the red spheres in the centre cartoon representation. VI-VIII: panels of
conformational changes in the open SctC conformation, corresponding to the red spheres in the
centre cartoon representation. Below, top views of opposing SctC monomers in the closed (IX) and
open (X) conformation. Grey rings represent the SctC OM ring (PDB, accession numbers 6DV3,
5TCQ and 4GO0S8; Hu et al. 2018; Worrall et al. 2016; Bergeron et al. 2013)
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3.4 The Needle Adaptor Protein Sctl

Sctl (~11 kDa) forms a density connecting the export apparatus and the helical
needle filament. It was originally named the inner rod of the needle complex
(Marlovits et al. 2004) because it was first visualized as a tube-like density inside
the SctC secretin attaching the needle filament from above to the socket-like export
apparatus below (Marlovits et al. 2004). However, mass spectrometry strategies
have revealed that the inner rod is smaller, with no more than six copies of Sctl
forming one helical turn (Zilkenat et al. 2016). Recent cryoEM data suggests that
Sctl assembles into a narrow density between the export apparatus and the base of
the needle filament (Hu et al. 2018). Photo-crosslinking revealed that Sctl tightly
interacts with the export apparatus components (Torres-Vargas et al. 2019). This
structure likely forms a connection between the needle and the export apparatus (Hu
et al. 2018) and has been subsequently modelled as a hexameric needle adaptor
(Torres-Vargas et al. 2019).

Sctl is 101 residues long in Salmonella and is predicted to be a fold of two long
o helices. It has a conserved C-terminus containing a seven residue region that
causes immune activation of macrophages (Miao et al. 2010). Circular dichroism
(CD) spectroscopy and three-dimensional NMR determined that Sctl is a partially
folded protein and with residues 65—82 containing a short o helix. Mutations in this
region abolish secretion and some even abolish Sctl incorporation into needle
complexes (Zhong et al. 2012).

Unfortunately, the functional role of Sctl in the needle complex is even less
clear. Early work suggested that Sctl is responsible for determining the length of the
needle filament by anchoring the filament to the basal body (Marlovits et al. 2006).
A model was proposed where Sctl and SctF are secreted and assemble the adaptor
and filament, respectively. Upon completion of the Sctl complex, some confor-
mation change occurs stopping the secreting needle filament proteins (Marlovits
et al. 2006). In support of this model, mutations in Sctl give rise to extra-long
needle filaments suggesting these mutations abrogate Sctl-Sctl interactions, thus
causing the Sctl adaptor to assemble at a slower rate. This delays the observed
switch from secretion of needle filament proteins to other substrates, increasing the
length of the needle filaments (Lefebre and Galan 2014). However, because some of
these mutations do not cause longer needle filaments when expressed in the
Salmonella chromosome (Wee and Hughes 2015) and do not affect Sctl assembly
on the export apparatus (Torres-Vargas et al. 2019), the model is under debate. An
additional protein, SctP, instead functions as a molecular ruler controlling needle
filament length (Journet et al. 2003; Wee and Hughes 2015).
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3.5 The Needle Filament Protein SctF

SctF (~8.9 kDa) forms the helical needle filament of the needle complex. The
filament is one of the most recognizable components of the complex, however,
structural studies on it have faced difficulty due to its inherent insolubility. Early
work on Shigella T3SSs using negative-stain TEM determined the helical nature of
the filament and that it is 70 A wide and has a 25 A-wide lumen (Cordes et al.
2003). The crystal and NMR solution structures of SctF from Salmonella (Wang
et al. 2007; Poyraz et al. 2010), the crystal structure from Shigella (Deane et al.
2006) and NMR studies of the protomer in Burkholderia mallei (Zhang et al. 2006)
gave structural insight on this protein family. Efforts using solid-state NMR and
Rosetta modelling on in vitro reconstituted needles determined the atomic model of
the filament from Salmonella (Loquet et al. 2012). This model was further sup-
ported by recent cryoEM analysis on isolated needle filaments (Hu et al. 2018).

SctF is eighty residues long in Salmonella and comprises of a fold of two
anti-parallel helices. It consists of four structural elements: a highly ordered,
N-terminal segment followed by an o helix, a loop and a C-terminal, kinked o helix
(Loquet et al. 2012). In the cryoEM map, the kinked, N-terminal helix is more
extended, and the C-terminal Arg80 has a flipped side chain and carboxylate,
altering the interactions with surrounding monomers (Hu et al. 2018).

The overall structure of the filament protein is approximately similar among
T3SSs of pathogens and the flagellar rod (Deane et al. 2006; Galan et al. 2014).
However, structural variation between T3SS needle filaments is evident as pro-
tomers from Salmonella and Shigella are not structurally compatible (Poyraz et al.
2010). For instance, despite a conserved helical core, SctF homologues have dif-
ferent electrostatic surface arrangements which may cause variation in protein—
protein interactions (Wang et al. 2007).

Monomers assemble into a hollow structure that has a width around 80 A and
which extends on average 800 A as previously mentioned (Kubori et al. 1998;
Loquet et al. 2012). Needle protomers assemble from the distal end in the absence
of ATP, similar to flagellum elongation (Poyraz et al. 2010). Within each monomer,
the N-terminal region of the first o helix interacts with the C-terminal portion of the
second o helix. Contacts also occur between neighbouring monomers in the fila-
ment. There are approximately 11 subunits per two turns of the helical filament, and
each subunit makes contacts with surrounding monomers laterally and axially. The
helical rise is approximately 4.2 A for the NMR model (Loquet et al. 2012) but
slightly larger for the cryoEM model (Hu et al. 2018). Furthermore, in the cryoEM
model, the lumen is approximately 15 A, and it is a right-handed spiral groove
which could suggest that substrates may rotate during translocation (Hu et al. 2018).
Both models predict that the N-terminal domain of SctF is not o helical and is
located on the exterior of the filament, extending outwards (Loquet et al. 2012; Hu
et al. 2018). Conserved residues of the filament protein are located in the interior of
the lumen, whereas the exterior residues are more divergent, reflecting a possible
host invasion strategy by pathogens (Loquet et al. 2012).
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Interestingly, SctF is likely involved in the regulation of protein secretion by the
T3SS. It is believed that the distal tip complex senses host cells and transmits a
signal via the SctF filament to the needle complex base, activating the system for
protein translocation (Blocker et al. 2008). This transmission could be caused by
changes in the needle filament architecture (Cordes et al. 2003). This hypothesis is
supported by mutations along Shigella and Yersinia SctF causing defects in needle
polymerization and protein secretion (Kenjale et al. 2005; Davis and Mecsas 2007).

Mutational analysis of SctF in Salmonella further supports its role in regulating
T3SS secretion. Substitutions along the length of SctF caused different T3SS
secretion phenotypes; secretion of only early substrates, enhanced secretion of
middle/late substrates, or deficiency of SctE (SipB) secretion (Guo et al. 2019).
Mutations causing an enhancement of secretion lie in the predicted tip—filament
interface of SctF and could impede a signal originating from the tip complex to the
needle filament (Guo et al. 2019). Mutations, causing the secretion of early sub-
strates only, affect the stability or assembly of the needle filament, thus preventing
substrate switching normally occurring upon full assembly of the needle filament
(Guo et al. 2019). These secretion phenotypes could also be recapitulated by
mutating residues specifically in the C-terminus of SctF, lining the lumen of the
needle. Indeed, cryoEM and solid-state (SS)NMR data from these mutant strains
revealed structural differences in the lumen, providing further evidence for the role
of SctF in regulating protein secretion (Guo et al. 2019).

3.6 The Tip Complex Protein SctA

The needle filament is capped with SctA (~37.1 kDa) forming a complex which
likely has multiple roles, including regulating protein secretion, sensing environ-
mental signals and assembling and bridging to the pore complex in the host cell
membrane (Sato et al. 2011). In Yersinia, SctA resembles a dumbbell of two
globular domains connected by a coiled-coil domain (Derewenda et al. 2004;
Chaudhury et al. 2013). This coiled-coil domain is found in other tip proteins and is
responsible for oligomerization (Caroline et al. 2008) and has been modelled into a
pentamer (Deane et al. 2006). In Shigella and Burkholderia, tip proteins also have a
coiled-coil domain but have a different N-terminal domain, mostly a helical hairpin,
and a C-terminal o—f domain (Johnson et al. 2007). In Salmonella, SctA has a
similar structure to Shigella and Burkholderia and was recently visualized as a
5 nm density at the end of the needle filament in minicells (Park et al. 2018). It
undergoes a conformational change when fused to SctF—the filament protein
replaces a helix of the first domain of SctA providing insight on the tip complex
assembly (Lunelli et al. 2011). The tip complexes found in EPEC are quite different
from the others discussed so far. SctA forms a sheath-like, helical filament at the tip
of the needle which extends over 600 nm (Sekiya et al. 2001; Wang et al. 2006)
possibly reflecting the different infection strategy of EPEC (Hueck 1998).
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3.7 The Export Apparatus Proteins SctV, SctR, SctS,
SctT and SctU

The final component of the needle complex is an assembly of proteins SctV
(~76 kDa), SctR (~25.2 kDa), SctS (~9.4 kDa), SctT (~28.5 kDa) and SctU
(~40.1 kDa), which form the export apparatus in the needle complex. These
proteins are required for needle complex assembly, and SctR and SctT can assemble
into stable complexes independent of other components (Wagner et al. 2010). It is
likely that SctR/S/T form a density in the centre of the needle complex base. Initial
cryoEM maps showed a socket-like structure situated directly below the Sctl
adaptor and abutting to an upside-down cup-like structure in the centre of the SctD/
Jrings (Marlovits et al. 2004; Wagner et al. 2010). However, in cryoET maps of the
in situ needle complex, the cup-like structure is less clear (Hu et al. 2017). Recently,
a high-resolution cryoEM structure of the homologous FliP-FliQ-FliR complex in
Salmonella was determined and placed into previous cryoEM maps of the needle
complex basal body (Kuhlen et al. 2018).

SctR, SctS, SctT, SctU and SctV are found in a 5:4:1:1:9 stoichiometry in the
needle complex (Zilkenat et al. 2016; Kuhlen et al. 2018). Earlier TEM data
revealed that SctR forms a pentameric doughnut-shaped complex with an additional
density on one side being SctT. It has a 15 A-wide pore which might be the
entrance to the secretion channel (Dietsche et al. 2016). These proteins were shown
to interact with the needle adaptor Sctl (Torres-Vargas et al. 2019), which would
create a continuous secretion path in the needle complex. They also contact SctS
and SctU, and together, this complex must assemble in order for the needle complex
base to efficiently form (Wagner et al. 2010).

4 Assembly, Conformational Flexibility and Substrate
Secretion

The needle complex adopts a variety of conformations during its lifetime: from the
sequential assembly of individual components to the fully functioning
effector-secreting machine. Assembly of the needle complex occurs in two main
steps. The basal body is first assembled in the bacterial membranes via the Sec
pathway, and then the final components, the adaptor and the needle filament, are
assembled by being secreted through the system (Deng et al. 2017).

The polymerizing needle filament may induce a conformational change in the
closed periplasmic gate of the secretin ring, leading to an opening of the basal body
structure. Consequently, the periplasmic gate flattens against the outer B barrel
(Marlovits et al. 2004; Hu et al. 2018) to render the needle complex active for
secretion. The SctD/J ring IR1 appears to be the most stable part of the needle
complex, while SctD IR2 is more flexible (Schraidt and Marlovits 2011). Recent
work using cryoET on needle complexes in Salmonella and in Shigella minicells
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have revealed in situ structural differences in IR2 (Hu et al. 2015, 2017). The
cytoplasmic ring in situ is separated into six patches and is located further down
below the inner membrane. In the absence of the sorting platform structure, how-
ever, the SctD cytoplasmic ring was restored. It is hypothesized that the SctD
N-terminus undergoes a conformational change upon sorting platform complex
assembly, dividing into six patches which may serve as symmetry adaptors between
the 24-fold basal body and the sixfold sorting platform complex (Hu et al. 2017). It
is proposed that this ring structure collapses back closer to the N-terminus of SctD
upon needle complex purification, and therefore, these structures were not seen via
single-particle analysis (Hu et al. 2017). In other species such as in Yersinia, the
basal body of the T3SS was found to vary by 20% in length in situ, denoting high
flexibility. This could be due to high inter-domain flexibility of the SctD homologue
and stretching of the SctC homologue (Kudryashev et al. 2013). As well, Shigella
needle complexes are 40% longer when visualized by cryoET compared to
single-particle approaches, further suggesting some conformational rearrangements
occur upon needle complex purification (Kudryashev et al. 2013).

It is widely believed that the principal function of the needle complex is to
translocate proteins from the bacterial cytoplasm into host cells. Structural studies
revealed that the lumen of the needle is approximately 15 A in diameter (Hu et al.
2018). In the base, the secretion channel starts with the gasket of the export
apparatus, opening up to the atrium or lumen and then continuing on through the
Sctl adaptor and to the needle filament lumen (Fig. 1b; Radics et al. 2014; Hu et al.
2018; Kuhlen et al. 2018). This path is too small for a folded bacterial effector
protein to pass through and efforts to trap proteins such as SptP in Salmonella and
IpaB in Shigella demonstrated that effectors must be unfolded to traverse the needle
complex (Dohlich et al. 2014; Radics et al. 2014). In these studies, effectors were
fused C-terminally to proteins which resist T3SS-specific unfolding, therefore
acting like a plug and trapping the unfolded effector into the secretion channel. This
also demonstrated that protein export is a polar process where the N-terminus is
secreted first.

Visualization of the trapped substrate inside the complex was even possible by
cryoEM. The Salmonella effector SptP was visualized in the channel of the needle
complex as a long, continuously unfolded density with a folded plug on the
cytoplasmic side (Radics et al. 2014). It is proposed that the funnel shape or gasket
at the beginning of the export apparatus acts as a checkpoint to ensure access of
unfolded effectors prior to substrate secretion. Thus, the folded fusion tags are
unable to enter the system and plug it. Surprising, few structural differences at
resolutions of ~10 A were seen between the substrate-trapped and non-trapped
structures. There are some minor changes in the export apparatus densities indi-
cating that the needle complex is largely rigid during secretion of at least the
effector protein SptP (Radics et al. 2014). However, conformational changes before
or after secretion, or with different effectors, or in other species cannot be ruled out.
As such, cryoET on Chlamydia needle complexes in contact with HeLa cells
revealed a 40-50 A compaction of the basal body compared to non-contacted
needle complexes. The in-contact complexes had a subtle widening of the export
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apparatus densities and the sorting platform components were more pronounced.
These findings indicate that there is a conformational change of the needle complex
upon contact with host cells, similar to a pumping-like action (Nans et al. 2015).
However, in Salmonella, the needle complex/base does not undergo these observed
structural changes upon contact with HeLa cells. These differences could represent
species-specific differences or differences in image resolution and 3D reconstruction
protocols (Park et al. 2018).

5 Future Directions

Over the many years of research on the T3SS, a lot of insight has been gained on
the structural assembly of the needle complex. The overall structure of the complex
is nearly known, but many of the more intricate structural details remain less clear
and represent future research areas. Despite the unprecedented advances in cryoEM,
there is still no complete, atomic structure of the needle complex. This is mostly due
to structural heterogeneity, biochemical lability, structural flexibility and symmetry
variations within the system. In particular, substructures such as the Sctl adaptor or
the cytoplasmic sorting platform complex are less resolved. Furthermore, to fully
understand substrate transport, a high-resolution structure of active complexes is
essential. Undoubtedly, technological advances in cryoEM, other complementary
structural techniques and biological assays on the T3SS will enable scientists to
push research in new directions and lead to these structures. Furthermore, recent
studies have provided evidence for the needle complex being a dynamic molecular
machine. CryoET will likely enable researchers to simultaneously determine dif-
ferent conformational states of the needle complex in situ, a previously impossible
feat. Finally, it is generally assumed that the structure of the Salmonella needle
complex, which has been primarily focused on in this chapter, is the similar across
species. However and as mentioned, there are species-specific differences among
T3SSs, and therefore, the field should continue to expand to other organisms, which
will ultimately lead to a better understanding of bacterial pathogenesis overall.
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Abstract The bacterial flagellum is a supramolecular motility machine consisting
of the basal body, the hook, and the filament. For construction of the flagellum
beyond the cellular membranes, a type III protein export apparatus uses ATP and
proton-motive force (PMF) across the cytoplasmic membrane as the energy sources
to transport flagellar component proteins from the cytoplasm to the distal end of the
growing flagellar structure. The protein export apparatus consists of a PMF-driven
transmembrane export gate complex and a cytoplasmic ATPase complex. In
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addition, the basal body C ring acts as a sorting platform for the cytoplasmic
ATPase complex that efficiently brings export substrates and type III export
chaperone—substrate complexes from the cytoplasm to the export gate complex. In
this book chapter, we will summarize our current understanding of molecular
organization and assembly of the flagellar type III protein export apparatus.

1 Introduction

Bacteria swim in liquid environments and move on solid surfaces by rotating a very
long filamentous assembly called the bacterial flagellum. The flagellum consists of
at least three parts: the basal body as a bidirectional rotary motor, the hook as a
universal joint, and the filament as a helical propeller. Flagellar assembly begins
with the basal body, followed by the hook and finally the filament. Fourteen
flagellar proteins are transported via a type III protein export apparatus into the
central channel inside the growing structure and assemble at the distal end (Macnab
2004; Minamino et al. 2008; Minamino 2014).

The flagellar type III protein export apparatus is composed of a transmembrane
export gate complex made of FlhA, FIhB, FliP, FliQ, and FliR and a cytoplasmic
ATPase complex consisting of FliH, Flil, and FliJ. These proteins are evolutionarily
related to components of the virulence-associated type III secretion system (T3SS)
of pathogenic bacteria, also known as the injectisome (Fig. 1) (Galéan et al. 2014;
Wagner et al. 2018).

FliG, FliM, and FliN form the C ring on the cytoplasmic face of the basal body
MS ring made of a transmembrane protein, FliF. The C ring acts not only as the
rotor of the flagellar motor but also as the switch for bidirectional motor rotation,
allowing the flagellar motor to rotate both in the counterclockwise and in the
clockwise directions (Berg 2003; Morimoto and Minamino 2014). FliM and FliN,
which are well conserved in virulence-associated T3SS families, provide the
binding sites for the cytoplasmic ATPase complex in complex with export sub-
strates and export chaperone—substrate complexes (Gonzalez-Pedrajo et al. 2006;
Minamino et al. 2009; Lara-Tejero et al. 2011). In this book chapter, we will
describe the structure and assembly of the flagellar type III protein export apparatus
in Salmonella enterica.

2 Structure of the Transmembrane Export Gate Complex

FIhA, FIhB, FliP, FliQ, and FliR form the transmembrane export gate complex
inside the MS ring (Minamino and Macnab 1999; Fukumura et al. 2017).
A transmembrane protein, FliO, which is not conserved in virulence-associated
T3SS families of pathogenic bacteria, is required for efficient assembly of the export
gate complex inside the MS ring although it is not essential for flagellar protein
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Fig. 1 Structural comparison between the flagellum and the injectisome. In situ structures of the
basal bodies of the Salmonella flagellum (a) and injectisome (b) are visualized by electron
cryotomography and subtomogram averaging. The central section maps of the flagellum
(EMDB-2521) (a) and the injectisome (EMDB-8544) (b) after subtomogram averaging are shown.
Upper panels, side view, lower panels, bottom view corresponding a cross section at height
indicated by the dashed yellow line. ¢ Schematic diagrams of cytoplasmic portions of the
Salmonella flagellum (left panel) and injectisome (right panel). Name of each part of the basal
body and component protein(s) are shown
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export (Barker et al. 2010; Morimoto et al. 2014; Fukumura et al. 2017; Fabiani
et al. 2017). The transmembrane export gate complex is powered by the
proton-motive force (PMF) across the cytoplasmic membrane and facilitates
unfolding and protein translocation across the cytoplasmic membrane (Minamino
and Namba 2008; Paul et al. 2008; Minamino et al. 2011; Lee et al. 2014;
Terashima et al. 2018).

2.1 FIhA Ring Structure

FIhA forms an ion channel to conduct protons and sodium ions and plays an
important role in the energy coupling mechanism along with the cytoplasmic
ATPase complex (Minamino et al. 2011, 2016; Morimoto et al. 2016; Erhardt et al.
2017). FIhA consists of a hydrophobic N-terminal transmembrane domain (FlhAryy)
and a large C-terminal cytoplasmic domain (FlhAc) (Minamino et al. 1994). Genetic
and biochemical analyses have shown that FlhAry, interacts with FIhB, FliF, and
FliR (Kihara et al. 2001; Barker and Samatey 2012; Hara et al. 201 1; Fukumura et al.
2017). FIhA¢ has been visualized by electron cryotomography (ECT) and subto-
mogram averaging to form a ring-shaped projection in the cavity within the C ring
(Fig. 1a, c¢) (Abrusci et al. 2013; Kawamoto et al. 2013). Similar ring-like structures
formed by the C-terminal cytoplasmic domain of a FIhA homologue of the injec-
tisome, SctV, have been identified by ECT (Fig. 1b, c¢) (Kawamoto et al. 2013; Hu
et al. 2015, 2017; Makino et al. 2016). FIhA¢ and SctV¢ form a homo-nonamer as
part of the export gate complex (Fig. 2a) (Abrusci et al. 2013; Kawamoto et al. 2013;
Morimoto et al. 2014). FIhAc interacts with FliH, Flil, FliJ, flagellar type III export
chaperones, and export substrates and coordinates flagellar protein export with
assembly (Minamino and Macnab 2000c; Bange et al. 2010; Minamino et al. 2012a;
Kinoshita et al. 2013; Furukawa et al. 2016; Kinoshita et al. 2016; Inoue et al. 2018).
This suggests that the FIhAc ring structure acts as a docking platform for these
proteins and plays an important role in hierarchical protein targeting and export.
Crystal structures of FIhAc and SctV¢ have been solved by X-ray crystallog-
raphy (Bange et al. 2010; Moore and Jia 2010; Saijo-Hamano et al. 2010; Worrall
et al. 2010; Abrusci et al. 2013). FIhA¢ consists of four domains, D1, D2, D3, and
D4, and a flexible linker (FlhAp) connecting with FlhAty, (Fig. 2c). The crystal
structure of SctV¢ derived from the Shigella injectisome forms a nonameric ring
structure through D1-D3 and D3-D3 interactions (Abrusci et al. 2013). Because
similar subunit interactions are observed in the crystal packing of the Salmonella
FIhAc structure (Saijo-Hamano et al. 2010), D1-D3 and D3-D3 interactions are
likely to be responsible for the FIhA¢ ring formation (Kawamoto et al. 2013). In
addition to these interactions, interactions of FIhA; with domains D1 and D3 of its
neighboring FIhAc subunit are involved in highly cooperative FIhAc ring forma-
tion in solution (Terahara et al. 2018). FIhA¢ adopts two distinct, open and closed
conformations (Moore and Jia 2010; Saijo-Hamano et al. 2010; Worrall et al. 2010;
Abrusci et al. 2013). A large open cleft between domains D2 and D4 is observed in
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(a) Fihac (b)
Qe &/

Fig. 2 Atomic models of the docking platform made of FIhA¢ and the cytoplasmic ATPase ring
complex consisting of FliH, Flil and FliJ. a The FIhA¢ ring, which is involved in the interactions
with FliH, Flil, FliJ, flagellar type III export chaperones and export substrates and b the
FliH,FlilgFliJ ring, which plays an important role in energy transduction. Co ribbon
representation of FlhAc (PDB ID: 3AS5I), the FliH,Flil complex (PDB ID: 5B0O), and FliJ
(PDB ID: 3AJW) is shown. Highly conserved GIn38, Leu4?2, Tyr45, Tyr49, Phe72, Leu76, Ala79,
and His83 residues of FliJ (indicated as Q38, 142, Y45, Y49, F72, L76, A79, and H83,
respectively) are responsible for the interaction with FlhAc and the FliJ-FIhA¢ interaction
facilitates PMF-driven protein export by the transmembrane export gate complex ¢ crystal
structure of FIhAc in complex with a FliDc—FIiT fusion protein (PDB ID: 6CH2). FIhA( consists
of four domains: D1, D2, D3, and D4. A highly conserved Tyr106 residue of FliT (magenta) binds
to a conserved hydrophobic dimple at an interface between domains D1 and D2 of FlhAc. Well
conserved Asp456, Phe459 and Thr490 residues of FlhAc (indicated as D456, F459, and T490,
respectively) are responsible for the interaction with Tyr108 of FliT

the open form, but the cleft is closed in the closed form. A conserved hydrophobic
dimple containing Asp456, Phe459, and Thr490 resides is located at the interface
between domains D1 and D2 and is directly involved in the interactions with the
FigN, FliS, and FIT chaperones in complex with their cognate substrates
(Minamino et al. 2012a; Kinoshita et al. 2013). Crystal structures of FlhAc in
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complex with the chaperone—substrate complexes have shown that the chaperones
bind to the hydrophobic dimple of the open form of FlhAc (Fig. 2c¢) (Xing et al.
2018). Mutations at residues involved in the interactions of FIhA[ with its neigh-
boring FIhAc subunits in the FlhA¢ ring structure significantly weaken the inter-
action of FlhAc with the chaperone—substrate complexes, thereby reducing the
probability of filament assembly at the hook tip (Terahara et al. 2018). This leads to
a plausible hypothesis that interactions of FIhA; with the D1 and D3 domains of its
neighboring FlhAc subunits may convert the FIhA¢ ring structure from the closed
conformation to the open one, allowing the chaperone—substrate complexes to bind
to the FIhAc ring.

2.2 FlhB

The type III protein export apparatus undergoes substrate specificity switching upon
completion of hook assembly, terminating hook assembly, and initiating filament
assembly. FIhB is involved in the substrate specificity switching along with a secreted
molecular ruler protein, FliK, which is also secreted via the type III protein export
apparatus during hook assembly (Minamino 2018). FIhB consists of a hydrophobic
N-terminal domain and a relatively large C-terminal cytoplasmic domain (FIhBc)
(Minamino et al. 1994). Crystal structures of FIhBc and its homologue of the
injectisome, SctUc, have been solved by X-ray crystallography. FIhB¢ and SctUc
contain two distinct: CN and CC polypeptides (Zarivach et al. 2008; Meshcheryakov
et al. 2013). The FIhBcy polypeptide consists of a long o helix (a1) and a f strand
(B1). The FIhBcc polypeptide is composed of three o helices (02, a3, a4), three 3
strands (B2, B3, B4), and a highly flexible C-terminal tail (residues 354-383,
FIhBccet). Four o helices surround a four-stranded B sheet, forming a globular
domain (Meshcheryakov et al. 2013). FIhBccr is dispensable for FIhB function, but
its truncation results in autonomous substrate specificity switching of the type III
protein export apparatus in the absence of FliK (Kutsukake et al. 1994). This suggests
that FIhBccr may contribute to the well-regulated substrate specificity switching.
A highly conserved NPTH sequence lies on a flexible loop located between FIhBcn
and FIhBcc (Minamino and Macnab 2000a; Fraser et al. 2003). FIhB< undergoes
autocatalytic cleavage between Asn269 and Pro270 within the NPTH sequence to be
split into FIhBcy and FlhBec by a mechanism involving cyclization of Asn269
(Ferris et al. 2005; Zarivach et al. 2008). A conserved hydrophobic patch formed by
Ala286, Pro287, Ala341, and Leu344 in FIhBcc is directly involved in interactions
with the N-terminal region of the hook protein, which contains an export signal
recognized by the type III protein export apparatus (Evans et al. 2013).
Photo-cross-linking experiments combined with mutational analyses have shown that
the C-terminal domain of FliK binds to FIhBc, thereby terminating the export of the
rod and hook-type proteins and initiating the export of the filament-type proteins
(Kinoshita et al. 2017).
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2.3 Core Structure of the Export Gate Complex

FliP, FliQ, and FliR form a core structure of the transmembrane export gate complex
(Fukumura et al. 2017). The structure of purified FliP-FliQ—FliR core complex has
been determined at 4.2 A resolution by electron cryomicroscopy (cryoEM) and
single-particle image analysis. The cryoEM structure of the core complex adopts a
right-handed helical assembly composed of five copies of FliP, four copies of FliQ,
and one copy of FliR (Kuhlen et al. 2018) (Fig. 3). Although FliP, FliQ, and FliR are
predicted to have four, two, and six transmembrane helices, respectively (Ohnishi
et al. 1997), they do not adopt canonical integral membrane topologies in the core
complex (Kuhlen et al. 2018). FliP and FliR form a FliPsFliR; complex, and four
FliQ subunits are associated with the FliPsFliR; complex on its outside. FliR is a
structural fusion of FliP and FliQ and so compensates for a helical rise between the
first and the fifth FliP subunits to stabilize the helical structure. The assembled
FliPsFliQ4FliR | core complex has a central pore with a diameter of 1.5 nm, which
seems to be the protein translocation channel (Kuhlen et al. 2018). The most distal
part of the core complex is likely to interact with the most proximal end of the rod
inside the basal body MS ring (Dietsche et al. 2016; Kuhlen et al. 2018).
Biochemical analyses have shown that SctR, SctS, and SctT, which are FliP, FliQ,
and FliR homologues of the injectisome, respectively, form a core structure in the
injectisome in a way similar to the assembly of the FliPsFliQ4FliR; complex
(Wagner et al. 2010; Zilkenat et al. 2016; Dietsche et al. 2016).

FliO consists of an N-terminal periplasmic tail, a single transmembrane helix and
a C-terminal cytoplasmic domain (Barker et al. 2010). FliO forms a 5 nm ring
structure with three flexible clamp-like structures that bind to FIiP to facilitate FliP
oligomerization (Fukumura et al. 2017). Highly conserved Phel37, Phel50, and
Glul78 residues of FliP, which are functionally important, contribute not only to
FliO-FIiP interaction but also for FliP-FIliP interaction (Fukumura et al. 2017). The
FliO ring complex protects FliP from proteolytic degradation and promotes stable
FliPsFliR | complex formation (Fabiani et al. 2017). Overexpression of FliP restores
motility of a Salmonella fliO null mutant to the wild-type level, suggesting that the
FliO ring complex acts as a structural scaffold to facilitate the helical assembly of the
FliPsFliR| complex (Barker et al. 2010; Fukumura et al. 2017; Fabiani et al. 2017).

3 Cytoplasmic ATPase Ring Complex

The cytoplasmic ATPase ring complex is composed of twelve copies of FliH, six
copies of Flil and one copy of FliJ (Fig. 2b) (Imada et al. 2016). The ATPase ring
structure has been visualized at the flagellar base by ECT (Fig. 1a, c) (Chen et al.
2011). ATP hydrolysis by the ATPase ring complex activates the transmembrane
export gate complex through an interaction between FliJ and FlhA, allowing the
export gate complex to utilize PMF across the cytoplasmic membrane to transport
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Fig. 3 CryoEM structure of the FliPsFliQFliR; complex. Left, cryoEM map of the
FliPsFliQ4FliR; complex reconstructed from 98,000 particles with C1 symmetry (EMDB-4173).
Right, Ca ribbon representation (PDB ID: 6F2D). Blue, FliP; green, FliQ; and magenta, FliR

flagellar proteins (Minamino et al. 2014). The FliH,FlilgFliJ complex is struc-
turally similar to F- and V-type rotary ATPases, suggesting that the flagellar
ATPase ring complex is evolutionally related to these rotary ATPases (Imada et al.
2007; Ibuki et al. 2011; Imada et al. 2016).

Flil is a Walker-type ATPase and forms a homo-hexamer to fully exert its ATPase
activity (Fig. 2b) (Fan et al. 1996; Claret et al. 2003). ATP binds to an ATP binding
site located an interface between Flil subunits in a way similar to that found in F- and
V-type rotary ATPases, and so Flil ring formation is required for ATP hydrolysis by
the Flil ATPase (Kazetani et al. 2009). FliJ facilitates the assembly of Flil into the
hexameric ring structure by binding to the center of the ring (Ibuki et al. 2011).
Highly conserved, surface-exposed residues of FliJ, namely GIn38, Leu42, Tyr45,
Tyr49, Phe72, Leu76, Ala79, and His83, are involved in the interaction with FIhAp
(Fig. 2b) (Ibuki et al. 2013), and the interaction between FliJ and FIhA| coordinates
ATP hydrolysis by the Flilg ring with proton-coupled flagellar protein export
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(Minamino et al. 2014; Morimoto et al. 2016). FliH forms a homo-dimer (Minamino
and Macnab 2000b) although the conformation of the two FliH monomers is dif-
ferent from each other (Minamino et al. 2002; Imada et al. 2016). The C-terminal
domain of FliH binds to the extreme N-terminal region of Flil (Fig. 2b) (Minamino
and Macnab 2000b; Gonzalez-Pedrajo et al. 2002; Okabe et al. 2009; Imada et al.
2016). The FliH dimer binds to a C ring protein, FliN, and FIhA to allow the ATPase
ring complex to efficiently localize to the flagellar base (Gonzalez-Pedrajo et al.
2006; Minamino et al. 2009; Bai et al. 2014). Two conserved Trp7 and Trpl0
residues of FliHy are directly involved in the interactions of FliH with FliN and FIhA
(Minamino et al. 2009; Hara et al. 2012; Notti et al. 2015).

FliH and FliI also exist as a FliH,Flil; complex in the cytoplasm (Minamino and
Macnab 2000b; Minamino et al. 2001). Flagellar export chaperone—substrate
complexes bind to the FliH,Flil; complex through an interaction between the Flil
ATPase and the chaperone (Thomas et al. 2004; Imada et al. 2010; Minamino et al.
2012b). More than six copies of Flil labeled with yellow fluorescent protein
(FliI-YFP) are estimated to be associated with the basal body through the inter-
actions of FliH with FliN and FIhA. Since FliI-YFP shows rapid exchanges
between the flagellar basal body and the cytoplasmic pool, the FliH,Flil; complex
is thought to act as a dynamic carrier to bring export substrates and chaperone—
substrate complexes from the cytoplasm to the FlhA-—FIhB¢ docking platform of
the transmembrane export gate complex (Bai et al. 2014; Terashima et al. 2018).

4 Sorting Platform

The C ring is composed of FliG, FliM, and FliN. The C ring acts not only as a rotor
of the flagellar motor but also as a structural switch to change the direction of
flagellar motor rotation (Fig. 1c) (Berg 2003; Morimoto and Minamino 2014).
The C ring has 34-fold rotational symmetry (Thomas et al. 1999). FliG consists of
three domains: N-terminal (FliGy), middle (FliGyg), and C-terminal (FliGc)
domains (Lee et al. 2010). FliGy directly binds to the MS ring protein, FliF (Kihara
et al. 2000). Crystal structures of FliGy in complex with the C-terminal portion of
FliF (FliFc) have been solved by X-ray crystallography (Lynch et al. 2017; Xue
et al. 2018). Two a helices of FliF are deeply inserted into a hydrophobic groove
of FliGy formed by four o helices. Helix a4 of FliGy adopts two distinct confor-
mations. One adopts an extended conformation whereas the other is divided into
helices a4a and a4b. When the FliF—FliGy complex exists in a solution, the o4
helix adopts an extended conformation (Lynch et al. 2017). When FliG assembles
into the FliG ring structure on the cytoplasmic face of the MS ring, the a4 helix
induces a conformational change and so helix 04b interacts with helix ada of its
neighboring FliG subunit (Lynch et al. 2017; Xue et al. 2018). The FliGyc unit,
which consists of FliGy;, FliG¢ and a helix linker connecting these two domains,
adopts a compact conformation through an intramolecular interaction between
FliGy, and FliGg, allowing FliG to exit as a monomer in solution (Baker et al. 2016;
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Kinoshita et al. 2018a). In contrast, when the FliGyc unit adopts an extended
conformation, intermolecular interactions between FliGy; and FliG¢ promote the
self-assembly of FliG into the ring structure (Baker et al. 2016; Kinoshita et al.
2018b). FliM and FliN form a stable FliM;FliN; complex through an interaction
between the C-terminal domain of FliM (FliM¢) and FliN (Notti et al. 2015;
McDowell et al. 2016) and bind to the FliG ring through an interaction between the
middle domain of FliM (FliMy,) and FliGy; to form the C ring wall (Paul et al.
2011; Vartanian et al. 2012). Intermolecular interactions between FliMy; domains
are required for the formation of the continuous wall of the C ring (Park et al.
2006). FliMc and FliN together form a spiral structure at the bottom of the C ring
(McDowell et al. 2016). It has been shown that surface-exposed hydrophobic
residues of FliN, Valll1l, Vall12 and Vall13, are involved in the interaction with
FliH (McMurry et al. 2006; Paul et al. 2006). Overexpression of Flil partially
rescues the reduced ability of flagellar protein export by the fliN null mutant
(McMurry et al. 2006), suggesting that the C ring is required for efficient recruit-
ment of the FliH,Flil; complex to the type III protein export apparatus for efficient
flagellar protein export.

It has also been shown that the sorting platform of the injectisome contributes to
a strict order of protein secretion by the type III protein export apparatus
(Lara-Tejero et al. 2011). However, the structure and stoichiometry of the sorting
platform of the injectisome are distinct from those of the flagellar C ring structure
(Fig. 1) (Kawamoto et al. 2013; Hu et al. 2015; Makino et al. 2016; Hu et al. 2017).
A FliM/FliN homologue of the injectisome, SctQ, forms six pod-like structures on
the cytoplasmic face of the cytoplasmic membrane ring (Fig. 1b) (Hu et al. 2015;
Makino et al. 2016; Hu et al. 2017). SctK, which is not conserved in the flagellar
type III protein export system, associates with the pod-like structure (Hu et al.
2017). SctL, which is a FliH homologue of the injectisome, forms a linker con-
necting the pod and the ATPase ring complex made of a Flil homologue, SctN
(Notti et al. 2015; Hu et al. 2017). It has been shown the sorting platform is highly
dynamic structure during protein secretion (Diepold et al. 2015, 2017).

5 Assembly of the Type III Protein Export Apparatus

FliF assembles into the MS ring within the cytoplasmic membrane (Kubori et al.
1992; Ueno et al. 1992). Recently, it has been reported that FliG is required for
efficient MS ring formation (Li and Sourjik 2011; Morimoto et al. 2014). This
suggests that FliF and FliG together form the MS—FIiG ring complex. FliP and FliR
form a FliPsFliR; complex in a FliO-dependent manner (Dietsche et al. 2016;
Fukumura et al. 2017; Fabiani et al. 2017). FliQ is peripherally associated around the
outside of the FliPsFliR; complex and forms a helical FliPsFliQ4FliR; structure
inside the MS ring (Kuhlen et al. 2018). FIhA and FlhB are associated with the
FliPsFliQ4FliR | core complex (Fukumura et al. 2017). FIhA also binds to the MS
ring directly (Fukumura et al. 2017). Since FIhA requires FliF, FliG, FliO, FliP,
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FliQ, and FliR for its assembly to the flagellar basal body but not FlhB (Morimoto
et al. 2014), it has been proposed that the assembly of the flagellar type III export
gate complex begins with the formation of the FliPsFliR; complex with the help of
the FliO ring complex, followed by the assembly of FliQ and finally of FIhA and
FIhB during MS ring formation (Fig. 4) (Wagner et al. 2010; Diepold et al. 2011;
Dietsche et al. 2016; Fukumura et al. 2017).

The FliM,FliN; complex forms the continuous wall of the C ring on the cyto-
plasmic face of the MS ring through the interactions between FliGy, and FliMy, (Paul
et al. 2011; Vartanian et al. 2012). Finally, the cytoplasmic FliH;,FlilgFliJ; ring
complex is formed at the flagellar base through the interactions of FliH with FIhA and
FliN (Fig. 4). Upon completion of the type III protein export apparatus, export sub-
strates and flagellar export chaperone—substrate complexes are efficiently recruited via
the cytoplasmic FliH,Flil; complex to the type III protein export apparatus to be
transported into the central channel of the growing flagellar structure.

FliP U Flio 8 FlhA 8
Y N S
o § 5
FIhB 8 e m

FIiPsFIiQuFIiR:FInB FlhAcs

MS ring
(FIiF)

Cring
(FliG, FliM, FliN)

ATPase ring complex
(FliH, FIil, FliJ)

Fig. 4 Assembly mechanism of the type III protein export apparatus. FliP, FliQ, and FliR form a
FliPsFliQ4FliR | complex with the help of the FliO complex, followed by the assembly of FIhB and
finally of FIhA during MS ring formation in the cytoplasmic membrane. Then, the FliM;FliN;
complex binds to FliG to form the C ring on the cytoplasmic face of the MS ring. Finally, the
cytoplasmic ATPase ring complex made of FliH, Flil, and FliJ is formed and is associated with the
C ring through interactions between FliH and FliN
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6 Conclusion

The type III protein export apparatus consists of a PMF-driven export gate complex
made of FlhA, FIhB, FliP, FliQ, and FliR and a cytoplasmic ATPase complex
consisting of FliH, Flil, and FliJ. The export apparatus utilizes ATP and PMF to
efficiently couple the proton influx through the export gate complex with protein
translocation into the central channel of the growing structure. Atomic structures of
the C-terminal cytoplasmic domains of FIhA and FIhB, FliH, Flil, FliJ, and the
FliPsFliQ4FliR; helical assembly have been solved. However, it still remains
unknown how flagellar proteins are unfolded and transported by the PMF-driven
export gate complex. High-resolution structural analysis of the entire protein export
apparatus by cryoEM image analysis would be essential to advance our mechanistic
understanding of the type III protein export process.
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Abstract Among the Gram-negative bacterial secretion systems, type III secretion
systems (T3SS) possess a unique extracellular molecular apparatus called the
needle. This macromolecular protein assembly is a nanometre-size filament formed
by the helical arrangement of hundreds of copies of a single, small protein, which is
highly conserved between T3SSs from animal to plant bacterial pathogens. The
needle filament forms a hollow tube with a channel ~20 A in diameter that serves
as a conduit for proteins secreted into the targeted host cell. In the past ten years,
technical breakthroughs in biophysical techniques such as cryo-electron microscopy
(cryo-EM) and solid-state NMR (SSNMR) spectroscopy have uncovered atomic
resolution details about the T3SS needle assembly. Several high-resolution
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structures of Salmonella typhimurium and Shigella flexneri T3SS needles have been
reported demonstrating a common structural fold. These structural models have
been used to explain the active role of the needle in transmitting the host-cell
contact signal from the tip to the base of the T3SS through conformational changes
as well as during the injection of effector proteins. In this chapter, we summarize the
current knowledge about the structure and the role of the T3SS needle during T3SS
assembly and effector secretion.

1 Introduction

The type III secretion system (T3SS) is a complex virulence mechanism that has
been reported for more than 20 Gram-negative bacteria, including Yersinia, Shigella
and Salmonella species. These nanomachines lie at the heart of Gram-negative
bacteria’s ability to directly deliver effector protein from their cytoplasm to that of
eukaryotic cells and do so via a conserved battery of homologous genes (Galan and
Wolf-Watz 2006). Termed “injectisome”, this appendage traverses the biological
barrier composed of plasma membranes, the peptidoglycan layer and the extra-
cellular space. T3SSs are composed of several highly conserved substructures: a
cytoplasmic complex, a basal body that spans both the inner and the outer mem-
brane, and an extracellular segment comprising the needle filament and a translo-
cator pore. The T3SS needle is a filamentous protein multimer that extends to the
external milieu and is composed of numerous copies of a single subunit protein.
The needle filament reaches a length of tens of nanometres and displays an outer
diameter of ~8 nm. It is a hollow tube serving as a conduit to export effectors to
the host cells. Several structural models described an inner diameter of ~2.0—
2.5 nm (Galkin et al. 2010; Fujii et al. 2012; Loquet et al. 2012); however, a recent
cryo-EM model proposed by Strynadka and co-workers showed a more restrained
inner lumen of ~ 1.5 nm (Hu et al. 2018). T3SS injectisomes were first observed at
high resolution in 1998 by Kubori and co-workers (Kubori et al. 1998), whom
described a supramolecular assembly spanning the inner and outer membranes of
flagellated and non-flagellated Gram-negative strains of Salmonella typhimurium
and revealed an extracellular part forming a thin filament termed the needle. This
study, based on electron microscopy, reported the first observation of the T3SS
needle filament and opened the way towards understanding the structure and
functioning of such bacterial appendages. Considering the needle filament, bridging
the extracellular space towards the host cell, this first study engendered scientific
interest that has led to low-resolution structures and finally to the elucidation of the
needle’s high-resolution three-dimensional structures of increasing resolution: in
2012 by solid-state nuclear magnetic resonance (NMR) (Loquet et al. 2012), in
2014 by combining solid-state NMR with limited resolution cryo-electron micro-
scopy (EM) (Demers et al. 2014) and in 2018 by high-resolution cryo-EM
microscopy (Hu et al. 2018).
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The structural conservation of the T3SS across the Gram-negative bacterial
sub-group suggests that an understanding of the T3SSs components, their structural
composition, arrangements and interactions will provide the mechanistic basis to
describe the T3SS complex assembly, the biological activities and effector delivery
pathways. Although most structural components of the injectisome are
well-explored, many open questions still remain as the complexity of the system
(including various components and potentially several conformational states) so far
impedes an all-encompassing comprehension of its function. The inter-dependent
interactions within the nanomachine during protein secretion into the host cytosol,
the mechanistic aspects of the sorting platform, and how the overall secretory
hierarchy can be tightly maintained are some of the persisting challenges. The
chapter hereafter focuses on the mentioned T3SS filamentous needles. Structure,
assembly and prospects will be discussed in detail.

2 The T3SS Needle: Biological Functions

T3SSs avail the interaction of Gram-negative bacteria to host cells by transporting
its proteins from the bacterial cytoplasm to the host cell through the periplasmic
space and across the extracellular environment. Electron microscopy studies of
T3SSs have revealed a wide base embedded in the membrane of the bacteria with a
protruding thin extracellular filament that resembles a syringe, first observed in
Salmonella (Galan and Wolf-Watz 2006) and Shigella (Tamano et al. 2000;
Blocker et al. 2001). During functioning of the T3SS, a direct interaction between
the extracellular complex and the host cell is required for inducing the trans-
portation of bacterial effector proteins into the host-cell cytoplasm (Fig. la)
(Michiels et al. 1991; Salmond and Reeves 1993). A key feature of the T3SS is the
assembly of an extracellular appendage termed the needle. The needle filament is
assembled by numerous copies of a single protein subunit forming a tube that
serves as a conduit to secrete effectors to the host cell (Tamano et al. 2000; Kubori
et al. 2000; Kimbrough and Miller 2000). High concentrations of recombinant
needle subunit protein have been shown to promote in vivo self-assembly of the
needle filaments (Fig. 1b), wherein they reassemble the structural features of
sheared needles (Loquet et al. 2012; Demers et al. 2014; Verasdonck et al. 2015).
The filament is ~50 nm long with an 8 nm external diameter formed by the helical
assembly of needle protomers (Fig. 1c—d). The structural proteins constituting the
T3SS injectisome are highly conserved in primary sequence, which is also observed
for the needle protein specifically (Fig. 2). The sequences are poorly conserved at
the N-terminal extension (amino acids 1 to ~20), the central region is moderately
conserved, and the C-terminal region is highly conserved. In the case of
Pseudomonas aeruginosa, two molecular chaperones (PscG and PscE) have been
identified by Attree, Dessen and colleagues (Quinaud et al. 2005). PscG and PscE
impede the polymerization of the needle protein (PscF in P. aeruginosa and SctF
following the unified Sct nomenclature) by forming a stable ternary complex
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Fig. 1 Needle filament of the type III secretion system. a Schematic diagram of the T3SS and its
needle filament. b Electron micrograph of the needle filaments of Pseudomonas aeruginosa.
c—d High-resolution structure of the Salmonella typhimurium needle structure (Hu et al. 2018),
¢ Top view. d Front view. The needle subunit Prgl is coloured in blue

(Quinaud et al. 2007) in the cytoplasmic milieu. Similar observations have been
made for the YscF-YscG-YscE complex in Yersinia (Sun et al. 2008). Interestingly,
such chaperones have not been observed for Salmonella or Shigella species,
implying an important difference in the needle subunit stability and polymerization
efficiency despite high sequence homology at the inter-species level.

The assembly of the injectisome is a coordinated process, starting with the
self-organization of the basal body. The proteins forming the needle adapter
(Torres-Vargas et al. 2019) (previously called the inner rod) and the needle filament
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Fig. 2 Inter-species comparison of T3SS needle subunit proteins. As shown for PscF
(Pseudomonas aeruginosa), Prgl (Salmonella typhimurium), YscF (Yersinia enterocolitica),
SctF (Photorhabdus luminescens subsp. laumondii), LscF (Photorhabdus luminescens), AscF
(Aeromonas salmonicida subsp. salmonicida), MxiH (Shigella flexneri), Bsal. (Burkholderia
pseudomallei) and Eprl (Escherichia coli). Generated using Jalview, with the Clustal-Omega
alignment program (default parameters), displayed using Clustal residue-type coloration

are considered to be early substrates, in opposition to middle and late substrates
(tip protein, translocases, effectors). The needle adapter forms the channel inside the
basal body and has historically been proposed to act as a conduit on which the
needle can extend (Lefebre and Galan 2014). It has been demonstrated that it is
formed by a single helical turn (Torres-Vargas et al. 2019) that helps to anchor the
needle filament (Torres-Vargas et al. 2019; Hu et al. 2019) It has been proposed by
Cornelis and co-workers that the length of the needle is crucial to efficiently trigger
the secretion (Mota and Cornelis 2005), raising the question of how the needle
length is controlled by the apparatus. One hypothesis [the “molecular ruler”
(Journet et al. 2003)] from studies on Yersinia spp. implies that an accessory protein
of the T3SS (YscP in Yersinia, Inv] in Salmonella, SctP using the Sct nomencla-
ture) acts as the needle length regulator. It has been proposed that SctP can probe
the degree of elongation of the needle and once it reaches the suitable length, it
triggers substrate switching. This suggestion is supported by sequence modifica-
tions in SctP that result in a change of the needle length (Journet et al. 2003;
Wagner et al. 2009, 2010). In contrast to this model of needle length regulation,
work on Salmonella by Galan and colleagues (Marlovits et al. 2006) has led to an
alternative model. In turn, a step-wise mechanism implied a conformational change
after the needle adapter assembly at the level of the base that triggers the substrate
switching. Because SctP is required for a proper assembly of the needle adapter
(Lefebre and Galan 2014; Marlovits et al. 2006), the regulation of the needle length
would indirectly involve SctP through its interaction with the needle adapter.
Recent studies (Torres-Vargas et al. 2019; Hu et al. 2019) have demonstrated that
the needle adapter (Sctl) does not play a specific role in substrate switching or
needle length control, although its proper assembly might provide the suitable
structural scaffold for the needle polymerization. It is worth mentioning that in vitro
sample preparation of recombinant needle filaments lacks a biochemical cap (the tip
protein) and any length regulators (the needle adapter Sctl or YscP/Inv]). As a
result, in vitro needle filaments of Salmonella (Loquet et al. 2011, 2012) and
Shigella (Demers et al. 2014) are considerably longer compared to native needles
observed at the bacterial surfaces. This aspect makes structural characterization of
the molecular mechanisms involved in needle length regulation substantially dif-
ficult when using techniques such as crystallography or NMR spectroscopy.
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3 Structures of Crystal and Soluble T3SS Needle Subunit
Fragments

The size and complexity of T3SS needles make them particularly challenging targets
for the common high-resolution structural techniques such as solution nuclear
magnetic resonance spectroscopy (solution NMR) and X-ray crystallography.
Therefore, many structural investigations directed towards T3SSs (and indeed other
bacterial macromolecular assemblies) often approach the problem from the level of
the monomeric subunits in order to simplify sample preparation and facilitate both
experimentation and analysis. A selection of such monomeric protein structures is
presented in Fig. 3, and Table 1 summarizes the high-resolution structures of the
needle in its monomeric or filamentous states, as deposited at the PDB.

The first reported high-resolution structure of a T3SS needle subunit protein was
that of the Bsal (SctF using the Sct nomenclature) protein from Burkholderia
pseudomallei by the De Guzman group in 2006 (Zhang et al. 2006). Here, analysis
of the monomeric BsaL protein necessitated a C-terminal truncation of five residues
to block polymerization, as had previously been shown for the needle protein of
Shigella (MxiH) (Kenjale et al. 2005). Preliminary analysis by circular dichroism
suggested the protein was 70% a—helical, in good agreement with analyses of other
needle protein homologues. The calculated structural ensemble of Bsal, determined
by solution NMR, described a core tertiary structure with an o—helical hairpin
separated by a short four-residue linker (Fig. 3). The presence and location of the
two a-helices were confirmed by both chemical shift analysis and through-space
internuclear NMR distance restraints and indicated they comprised 17 and 18
residues, from the N-terminus, respectively. The helical hairpin was revealed to be
stabilized by inter-helix hydrophobic interactions from residues well conserved

Bsal (Burkholderia) MxiH (Shigella) Prgl {Saimaonella) Prgl (Salmonella)
Solution NMR X-ray crystallography Solution NMR X-ray crystallography

Fig. 3 Example monomer structures of T3SSs needle proteins that have been structurally
characterized at high resolution: solution NMR structure of Bsal. (Zhang et al. 2006)
(B. pseudomallei, orange; core residues 30-68), X-ray structure of MxiH (Deane et al. 2006)
(8. flexneri, red), solution NMR structure of Prgl (Poyraz et al. 2010) (S. typhimurium, teal) and
X-ray structure of Prgl (Poyraz et al. 2010) (S. typhimurium, purple)
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Table 1 Structures of T3SS needles deposited at the Protein Data Bank

Name | Organism Structural PDB Primary technique | Date | References
completeness | code (resolution)
MxiH | Shigella Monomer 2CAS5 | X-ray (2.1 A) 2006 | Deane et al.
(20064, b)
Filament 2V6L |EM (16 A) 2007 | Deane et al.
(20064, b)
Filament 3JOR EM (7.7 A) 2011 | Fujii et al.
(2012)
Filament 2MME | SSNMR & EM 2014 | Demers et al.
(2014)
Prgl | Salmonella Monomer 2X9C | X-ray 2.4 A) 2010 |Poyraz et al.
(2010)
Monomer 2KV7 | Solution NMR 2010 | Poyraz et al.
(2010)
Filament 2LPZ | SSNMR 2012 | Loquet et al.
(2012)
Tetramer 2MEX | SSNMR 2013 | Loquet et al.
(2013)
Filament 6DWB |EM (3.3 A) 2018 | Hu et al.
(2018)
PscF | Pseudomonas | Complexed 2UWJ | X-ray (2.0 A) 2007 | Quinaud et al.
monomer (2007)
YscF | Yersinia Complexed 2P58 X-ray (1.8 A) 2008 | Sun et al.
monomer (2008)
Bsal | Burkholderia | Monomer 2G0OU | Solution NMR 2006 | Zhang et al.
(2006)

among homologous needle subunits. Similarly, the identified trans-conformation
for proline 47 and proline 50, residues also well conserved among needle proteins
(Fig. 2), was found to be crucial for the rigidity of the four-residue linker region and
the subsequent positioning of the two o—helices. Aside from the hairpin region, the
extreme N-terminal seven residues of BsalL exhibited a lack of secondary structure.
However, although the ~ 30 residues stretch leading up to the first o—helix and the
extreme C-terminal ~ 20 residues reflected some degree of a—helical content, this
was hypothesized to be only partially formed due to the lack of conclusive
through-space NMR restraints.

Shortly after the publication of the Bsal. structure, Deane and co-workers
reported the X-ray structure of the MxiH needle protein from Shigella flexneri
(Deane et al. 20064, b). MxiH is highly similar in sequence to BsalL (61.8%) and the
group exploited the same five-residue C-terminal truncation to inhibit polymer-
ization for crystallization (Deane et al. 2006a, b). The resulting structure was
resolved to 2.1 A and yielded a conformation in general agreement with that of
Bsal,, wherein the needle protein subunit was comprised of two o-helices with a
hairpin fold. The existence of a partial a—helix at the N-terminus, as observed for
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Bsal, was not evident from the electron density map, contradicting secondary
structure predictions from the MxiH sequence. The resolvable C-terminal o-helix
however was found to be six residues longer than BsalL with a bent hinge midway
along. The start of the angled region of the C-terminal helix interestingly corre-
sponds to the region of partial helicity from the BsaL solution structure.

In 2009, work by Kolbe, Lange and co-workers further contributed to the
description of the T3SS needle, this time with regard to the Prgl needle subunit
from Salmonella typhimurium (Poyraz et al. 2010). Unique to this work was the
identification of a double mutation of the full-length Prgl monomer (V65A/V67A)
which allowed the study of the monomeric form while, unlike the C-terminal
truncations of BsalL or MxiH, maintaining partial wild type functionality in the
presence of other T3SS components. The structure of the Prgl monomer was
explicitly determined by both solution NMR and X-ray crystallography, with highly
comparable structures both portraying a two o-helix hairpin fold (Fig. 3). Structures
were highly similar to those of Bsal. and MxiH, although the hinge in the second o—
helix was less pronounced than the latter. More interesting however were the
observations at the protomers’ termini. Firstly, although the orientation was dif-
ferent (this time contiguous with the first hairpin helix), the N-terminal helix of Prgl
was eight residues longer in the NMR model than in the X-ray structure of the same
construct. This discrepancy between the observable secondary structures would
agree with the previous reports of Bsal. and MxiH with regard to the structural
techniques used in their study. In both models of Prgl, the C-terminal hairpin
o-helix was nevertheless present in both models, similar to that of MxiH, albeit
without such a pronounced bend. The second intriguing aspect arose from the
observation by Fourier transform infrared experiments that protomer polymeriza-
tion was concomitant with a significant (~20%) o~helix to B-strand transition in
secondary structure. Magic-angle spinning solid-state NMR was then employed to
study the intact needle assembly and, in stark comparison to the monomeric models,
identified distinct chemical shifts for two B-strand elements within the C-terminal
18 residues. The significance of this structural transition observed for this particular
double mutant is still to be fully understood. However, B-strands are not observed
in the most recent structures of whole T3SS needle complexes (Loquet et al. 2012;
Hu et al. 2018).

Apart from the Salmonella, Shigella and Burkholderia T3SS needles, Attree,
Dessen and co-workers reported the high-resolution structure of the needle subunit
of Pseudomonas aeruginosa (PscF) in complex with its two chaperones PscE and
PscG. A truncated version of the needle subunit (amino acids 55-85) was used to
crystallize the complex and avoid PscF polymerization. PscF in the complex con-
sists of an extended coil (amino acids 55-67) and a C-terminal helix (amino acids
68-85). The PscF construct used in this study would virtually match Prgl**~"°, this
stretch corresponding to the C-terminal part of the second helix, exhibiting an
o—helical conformation in the context of the needle filament assembly (Loquet et al.
2012). Studies on Yersinia have revealed a similar behaviour with the formation of
a complex between YscF, YscG and YscE (Sun et al. 2008). So far, no specific
chaperones of the needle protein have been reported in Salmonella and Shigella.
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4 Atomic Resolution Models of T3SS Needle Filaments

The T3SS needle filament is a homopolymeric system made by the
self-organization of ~ 100-200 copies of a single protein subunit. Such high-order
protein complexes are ubiquitous in cells, e.g. molecular motors, actin filaments,
bacterial secretion systems, viral capsids, etc. Conventional methods in structural
biology are traditionally used to solve high-resolution structure of protein systems,
namely X-ray diffraction techniques and solution NMR spectroscopy. Such large
high-order assemblies however pose important technical challenges for these con-
ventional approaches (Cuniasse et al. 2017; Joseph et al. 2017), that usually rely on
in vitro self-assembled samples. Firstly, due to the inherent tendency of needle
proteins to rapidly self-assemble after purification, tremendous efforts are typically
required to find suitable crystallization conditions. As an example, the T3SS needle
subunit of S. typhimurium readily self-assembles into filaments at room temperature
at a protein concentration of 0.1 mM (Loquet et al. 2012), hampering its crystal-
lization. A biochemical approach to circumvent this self-assembly involves trun-
cating small protein segments that are crucial for its aggregation. As it was
demonstrated for the T3SS needle subunit, the removal of the C-terminal five
residues prevents its self-assembly and leads to a truncated form that can be handled
more easily (Zhang et al. 2006; Kenjale et al. 2005). When assembled into fila-
mentous objects, the lack of long-range non-crystallographic symmetries usually
restricts the use of conventional X-ray crystallography to derive high-resolution
information. Moreover, the high-molecular weight of self-assembled T3SS needle
filaments (~1 MDa) drastically reduces their molecular tumbling in solution, a
requirement to perform high-resolution solution NMR. As a consequence,
high-resolution studies of T3SS needle filaments have been carried out using two
approaches: (i) the use of integrative methods to combine structural information of
different sources and (ii) the use of high-resolution cryo-EM. The intensive
investigation of the needle filamentous structures has exploited the tremendous
integrative set of tools composed of cryo-EM, solid-state and solution NMR, X-ray
crystallography, X-ray diffraction and scanning transmission electron microscopy.
Such endeavours have led to the deposition of a small number of high-resolution
T3SS needle filament structures at the Protein Data Bank (PDB). These studies have
been built upon the outcomes of countless other reports concerning recombinant
expression of needle proteins, needle reconstitution, filament stabilization and
helical symmetry assessment. Hereafter are discussed the most momentous reports,
now considered as milestones in the structural elucidation of the T3SS needle.

In 2006, Egelman, Blocker and Lea (Cordes et al. 2003) reported a ~ 16 A
structural model of the T3SS needle filament of Shigella flexneri based on X-ray
fibre diffraction and electron microscopy. X-ray fibre diffraction measurements of
oriented needles sheared from Shigella flexneri cultures, combined with
low-resolution data obtained on negatively stained needles, prompted the deter-
mination of the global needle symmetry with a number of subunits per turn of ~5.6
MxiH subunits and a 24 A-pitch helix. It corresponds to an axial rise per subunit
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of ~4.3 A. Although the helical handedness was not explicitly determined in this
study, it was assumed to be right-handed in analogy to the right-handed flagellar
hook (Mimori et al. 1995), based on strong homology between the two systems
(Blocker et al. 2003). The same year, the combination of the 16 A density map, the
helical parameters and the crystal structure of a truncated form of MxiH (residues
20-81) led to a structural model of the S. flexneri needle filament (Deane et al.
20064, b). The N-terminus was missing in the crystal structure and assumed to be a
helical extension to the helix-turn-helix fold of the monomeric MxiH subunit. The
best energetic fit of the rigid crystal subunit structure inside the density map resulted
in an overall architecture characterized by the N-terminus pointing inside the needle
lumen. The best fit also suggested the helical arrangement to be right-handed.

In 2010, Egelman and Marlovitz (Galkin et al. 2010) used negative staining and
cryo-EM to derive the helical arrangements of sheared Salmonella typhimurium
T3SS needles, leading to a ~ 6.3 subunits/turn symmetry. Scanning transmission
electron microscopy (STEM) offered a powerful approach to obtain the
mass-per-unit length in the needle filaments, giving a ~2 kDa/A for S. typhi-
murium T3SS needles. Considering the molecular weight of the S. typhimurium
subunit Prgl of 8 kDa, the axial rise per subunit could be estimated to 4.2 A. The
authors derived an ~ 18 A resolution three-dimensional reconstruction of the T3SS
needle filament. Although this resolution was not enough to determine the helical
handedness, it was assumed to be similar to the S. flexneri needle model, supported
by the homology to the S. typhimurium flagellar filament. The truncated form of
Prgl (residues 18—60) could be docked to the present reconstruction, based on the
homology to the crystal structure of the N-terminal truncated MxiH (S. flexneri).
Although no high-resolution structure was disclosed in this study, the symmetry
parameters and overall supramolecular morphology laid the groundwork for the
following helical atomic model of the T3SS needle.

While integrative approaches based on the docking of the subunit crystal
structure inside density maps obtained from cryo-EM are offering tremendous
insights into macromolecular protein assemblies (Karaca and Bonvin 2013; Alber
et al. 2008), these approaches are inherently limited by the resolution of the density
map. Moreover, putative structural rearrangements of the subunit structure between
the monomeric and the assembled state might lead to inaccuracies during the fitting
procedure. In the case of the T3SS needle, the truncation of several N- or
C-terminal residues is required to obtain a soluble and monomeric form of the
subunit to perform crystallographic studies. These residues are crucial for the needle
assembly, and the determination of their native conformation in the context of the
filamentous assembly has been an enduring limitation towards the structure deter-
mination of the needle filament. In 2011, Lange and co-workers reported
high-resolution solid-state NMR (SSNMR) data of in vitro self-assembled T3SS
needles of S. typhimurium (Loquet et al. 2011). The recombinant wild type protein
Prgl was used during the sample preparation, and the in vitro preparation (i.e.
assembly) led to a single polymorphic filament conformation, as observed by
very sharp SSNMR '>C line-width comparable to microcrystalline samples. It
contrasts with SSNMR data reported on a double mutant (V65A/V67A) of Prgl
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(Poyraz et al. 2010) that exhibited more pronounced structural polymorphism due
to structural changes induced by the two mutations at the C-terminal domain. The
very high spectral quality of the S. typhimurium needle SSNMR data was the basis
to solve its atomic structure in 2012 (Loquet et al. 2012) (Fig. 4a). SSNMR
chemical shifts revealed an unexpected conformation for the N-terminal residues,
with the presence of a rigid and extended stretch for residues 3—8. The collection of
SSNMR distance restraints defined three inter-subunit interfaces: two lateral
interfaces and one axial interface. SSNMR is a powerful method to derive sec-
ondary structure and local structural information; however, the technique suffers
from an inability to measure long-distance (>10 A) structural restraints.
The SSNMR restraints were used to define the axial interface and derive an axial
translation of ~24 A between subunitiand i + 11. SSNMR-derived symmetry and
distance restraints were combined with STEM data (Galkin et al. 2010) (i.e. an axial
rise/subunit of ~4.2 A) to solve an atomic resolution model of the S. typhimurium
needle (Loquet et al. 2012) (Fig. 4a). Experimental restraints were consistent with
an architecture presenting the N-terminus located on the outside face of the needle,
in contrast to previous models based on a 16 A (Deane et al. 2006a, b) and 7 A
(Fujii et al. 2012) cryo-EM density maps. Immunogold labelling experiments
performed in vitro and in vivo corroborate this finding for S. typhimurium (Loquet
et al. 2012) and for S. flexneri needles (Demers et al. 2013; Verasdonck et al. 2015).
Further methodological developments in SSNMR approaches by the Lange group
demonstrated that SSNMR data in combination with cryo-EM density map (Demers
et al. 2014) provided a powerful integrative approach to solve the S. flexneri needle
structure (Fig. 4b).

In both SSNMR studies, the helical handedness could not be explicitly deter-
mined because both right- and left-handed filament would satisfy the structural
restraints and energy minimization. An approach (Loquet et al. 2013) was devel-
oped based on SSNMR experiments to determine the structure of the
non-symmetric building block of the T3SS needle at high precision. It corresponds
to the smallest protein network that includes the three inter-subunit interfaces, i.e. a
tetramer formed by the subunit i, i + 5, i + 6 and i + 11 (Fig. 5). The high reso-
lution of the needle building block structure determined by SSNMR allowed for the
extraction of the helical handedness (right-handed, see Fig. 5d) and the axial rise/
subunit (4.16 A) without the use of electron microscopy on in vitro polymerized S.
typhimurium needles. These results were corroborated with STEM analysis (Loquet
et al. 2013) and were consistent with measurements performed on sheared S.
typhimurium needles (Galkin et al. 2010).

The 7 A resolution cryo-EM density map reported by Fujii et al. (Fujii et al.
2012) on sheared S. flexneri needles in 2012 showed a sufficient quality to observe
several secondary structure elements, but not enough to perform an accurate de
novo structure reconstruction. It has been unclear if in vitro polymerized needle
filaments (as used in the SSNMR studies) have the same molecular structure as
sheared needles from cell cultures (used by cryo-EM). In 2018, Strynadka and
co-workers (Hu et al. 2018) reported a high-resolution structure of the S. typhi-
murium T3SS injectisome. Although the structure of the needle filament was not
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<Fig. 4 Top view, side view and helical symmetry (subunit 7 in red, i + 6 in dark blue, i + 5 in
yellow, i + 11 in orange) of the T3SS needle structure of a Salmonella by solid-state NMR
(Loquet et al. 2012). b Shigella by solid-state NMR (Demers et al. 2014). ¢ Salmonella by
cryo-EM (Hu et al. 2018). d T3SS needle subunits extracted from the filament structure, as
observed in different bacterial strains and using different biophysical tools

explicitly solved on the complete apparatus, Hu et al. sheared the needles and
solved the high-resolution structure using single-particle cryo-EM reconstruction at
a resolution of 3.3 A (Fig. 4c), which represents the highest resolution model of the
T3SS needle to date. The cryo-EM structure supports the SSNMR model with the
presence of an extended N-terminal domain crucial for the inter-subunit interfaces
and faces the external side of the needle. Several subtle differences were observed
between the two models: (i) the precise side-chain conformations for several resi-
dues differ and (ii) the axial rise per subunit is slightly different (~4.2 A for
SSNMR vs. 4.33 A for cryo-EM). The most striking difference is the inner diameter
of the filament, considerably thinner in the cryo-EM model (~ 15 A) compared to
previous studies (~25 A). This observation substantially questions the mechanism

Fig. 5 Helical architecture of the S. typhimurium T3SS needle filament. a The needle structure.
b The different subunit—subunit interfaces are shown, corresponding to the axial interface (between
subunit i and i + 11), and the two lateral interfaces (between subunit i and i + 5/i + 6). Note that
the subunits i and i + 1 are not in close contact in the needle assembly. ¢ The helical arrangement
is depicted. d The T3SS needle has a right-handed helical symmetry
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used by the injectisome to secrete biomolecules inside the needle tube. Previous
models exhibiting a 25 A inner diameter would advocate for a possible passive
diffusion of secreted molecules from the basal body to the end of the needle. The
discovery of a much thinner diameter in the cryo-EM model proposed by Strynadka
reinforces the hypothesis that subtle residue—residue interaction, possibly between
charged amino acids, might impose a particular path of secretion along the needle.
Indeed, most conserved residues are observed at the inner surface (Fig. 6a), sug-
gesting a conserved secretion mechanism in the channel. Moreover, the internal
surface of S. typhimurium needles exposes an intriguing symmetrical helical pattern
of charged residues, namely K66, K69, D70 and R80 in Prgl (Fig. 6b). All these
residues are highly conserved among needle subunits (Fig. 1), and it has been
shown that their mutations to alanine cause defective strains, with these residues

Fig. 6 a Surface representation of the residue conservation on the Salmonella T3SS needle
structure. Conservation varies from full (red) to strong (blue) and weak (green). Front view and top
view are presented. b The inner channel of the Salmonella T3SS needle exhibits a helical pattern
of charged residues, coloured in magenta (K66, K69, D70 and R80)
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affecting the needle length, stability and secretion (Kenjale et al. 2005). Considering
this puzzling helical pattern observed at the luminal surface of the needle and the
thin diameter (~ 15 A), a complex and not yet understood mechanism of secretion
involving side-chain/side-chain interactions between the charged residues of the
needle subunit and the secreted molecules appears plausible.

Further experiments will be required to elaborate a mechanistic model of
secretion in the needle filament. It is important to note that the cryo-EM (Hu et al.
2018) and SSNMR (Loquet et al. 2012) models differ by the sample preparation
(using, respectively, sheared needles vs. in vitro polymerized needles) and it still
remains unclear if the differences observed between the two structures arise from
the sample preparation or by the accuracy of the reconstruction protocols.

5 Structural Variability Between Salmonella and Shigella
Needle Filaments

The high-resolution structures from Salmonella (Loquet et al. 2012; Hu et al. 2018)
and Shigella (Demers et al. 2014) needles, respectively, currently represent our best
atomistic descriptions of the T3SS needle assembly. Both models were achieved
using a fundamentally similar methodology, combining SSNMR distance restraints,
high-resolution cryo-EM density maps and computational modelling with sym-
metric restraints. The needle complexes are depicted as 11-start helical arrangements
of subunits, wherein the protomer N-termini locate to the external faces and the
C-terminal helices form the wall of the needle lumen. Overall, the common archi-
tecture of the two structures can of course be considered a reflection of their high
degree of sequence similarity, and this is evident to varying extents for distinct
regions (Fig. 4d). For example, both the loop region and the residues forming the
terminal stretch of the second helix are highly conserved regions. These correspond
to the structurally important hairpin loop, which contain the trans-proline stitch, and
the residues closest to the lumen presumably involved with substrate interactions,
respectively. The first, N-terminal, external facing, a-helix shows an intermediate
level of conservation between all needle proteins. Yet, conversely, the extreme
N-terminal 10 residues of the proteins are the least conserved. Intriguingly, the Prgl
N-terminus, as compared to that of MxiH, has been shown to have a negative impact
upon host-cell recognition of the needle (NF-KB/AP-1 activation), implicating the
variability of the N-terminal as a potential defensive mechanism (Osei-Owusu et al.
2015). Nonetheless, in spite of such strong sequence conservation, agreement
between the different needle structures was not simply to be expected. Two earlier
structures had proposed slightly different models for the MxiH needle based on
low-resolution cryo-EM density maps. The first model combined an atomic
description of the protomer provided by X-ray crystallography with a previously
published low-resolution (16 A) electron-microscopy map to propose an atomic
model for the complete needle structure (Deane et al. 2006a, b). The optimal
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arrangement of monomers in this macromolecular needle suggested the monomers
stacked in a symmetric helical fashion, with the major axis of the monomer aligning
to the major axis of the needle. But most importantly, the disordered N-termini were
incorrectly shown to line the interior of the needle lumen while the C-terminal
helices formed the needle surface. The diameter of the assembled needle lumen was
however found to be sufficient for the secretion of unfolded substrates. Yet, as is still
the case, most of the helical surface area was shown to form inter-subunit interfaces
and helped to provide rational explanations for deleterious phenotypes previously
observed in some MxiH mutants. The second MxiH structure was determined from
EM data alone (albeit to the higher resolution of 7.7 A) and was less controversial,
whereby greater resolution enabled determination of the correct subunit orientation
(C-termini lining the lumen) (Fujii et al. 2012). The precise EM map used was
actually the one to be later combined with SSNMR data (Demers et al. 2014) and,
perhaps unsurprisingly, the model also proposed an 11-start helical subunit orga-
nization. However, one difference between this structure and its later refinement was
that the terminal-half of the exterior section (the section described as a partial or
dynamic o-helix in other models) occupied a B-hairpin conformation. The rectifi-
cation of this error in the most recent investigation (Loquet et al. 2012; Hu et al.
2018) highlights the atomic-level insights that SSNMR and high-resolution cryo-EM
reconstructions are able to provide.

6 Towards an Assembly Mechanism of T3SS Needle
Filaments

The building of a functional T3SS requires that early substrates, such as the proteins
that assemble the needle adapter Sctl and the needle filament SctF, must be secreted
by the injectisome after the basal body is formed (Sukhan et al. 2001). The
non-polymerized recombinant forms of the needle proteins have a strong tendency to
aggregate in solution (Kenjale et al. 2005), suggesting a similar issue for the bacteria:
they must also prevent inappropriate and intracellular polymerization of SctF pro-
tomers. To face this problem, several bacterial species have developed a chaperone-
assisted protomer assembly as shown for Pseudomonas (Quinaud et al. 2005) and
Yersinia (Sun et al. 2008). In this case, the needle subunit was seen in complex with
its specific intracellular chaperones: the face of the C-terminal helix that forms the
majority of the subunit—chaperone contacts is also the face of the helix that forms the
majority of the subunit—subunit contacts in the assembled needle. Therefore, by
protecting this polypeptide stretch from protein—protein interaction, a premature
polymerization is greatly limited. Because no chaperone homologues have been
identified in Salmonella and Shigella T3SS, it still remains unclear how the subunits
MxiH and Prgl can efficiently avoid unwanted cytoplasmic polymerization.
Moreover, the needle model exhibits a pronounced homology concerning its
structural features to the packing of the flagellar filaments (Yonekura et al. 2003),
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questioning if the filament assembly mechanism is comparable between the two
supramolecular complexes. In the case of the flagellum, the correct insertion of the
protomers at the capping end of the filament is controlled by a cap protein
(Yonekura et al. 2000). Because non-flagellar T3SSs lack such cap protein during
the needle protomers secretion, it has been proposed that the relatively small size of
the needle protomers, compared to the flagellar ones, could explain that the termini
of the needle subunits remain close enough to the top of the assembling filament to
directly polymerize at its end without a capping mechanism (Blocker et al. 2008). It
is worth mentioning that the recent discovery of OrgC in S. typhimurium (Kato
et al. 2018), a protein able to physically interact and speed up the polymerization of
SscF from the outside, suggests an evolved capping-like mechanism, although the
protein is not detected at the tip of SctF filaments. The needles subunits are sta-
bilized by multiple intra- and inter-subunit contacts (Loquet et al. 2012) resulting in
a very rigid structure, showing almost no structural polymorphism as seen inde-
pendently by SSNMR and cryo-EM (Loquet et al. 2012; Hu et al. 2018). Minor
perturbations of the needle sequence, as demonstrated for the double mutant V65A/
V67A of Prgl (Poyraz et al. 2010), can lead to structural polymorphism and a
change of secondary structure of the C-terminal helix as observed by SSNMR
chemical shift perturbation. However, the MxiH mutants D673A and Q51A gen-
erate nearly identical cryo-EM density maps (Fujii et al. 2012). A recent study by
Galan and co-workers combining solid-state NMR and cryo-EM identified the
C-terminal region of SctF as a protein segment prone to conformational plasticity
(Guo et al. 2019), enabling subtle side-chain rearrangements that could modify the
electrostatic properties of the needle lumen surface. Several SctF mutations located
at the C-terminal [a detailed list of previously known mutants is presented here
(Torres-Vargas et al. 2019)] have profound impact on the needle assembly and
generation of defined secretion phenotypes (Guo et al. 2019).

The high-resolution cryo-EM density map of Salmonella needles showed a ~ 15
A inner diameter (Hu et al. 2018). The diameter of a single polypeptide helix
is ~9-13 A, while the maximum diameter of the helix-turn-helix motif of the
needle subunit is ~16-21 A. It suggests that a well-folded needle protomer could
not travel through the needle channel and that the secretion mechanism might take
into account (i) a partial folding or (ii) a complete unfolding of the needle pro-
tomers. In the case of the secretion of substrates such as effectors, that have a much
larger molecular size than the needle subunit, a fully unfolded conformation might
be required. Cryo-EM experiments conducted by the Marlovits group (Radics et al.
2014) and biochemical results from Kolbe and co-workers (Dohlich et al. 2014)
support this hypothesis. Additionally, the size of the portal, as seen by cryo-EM, at
the cytoplasmic site showed an opening of ~10-15 A (Radics et al. 2014) which is
even narrower than the needle channel diameter. Such dynamic processes are still
very challenging to probe by high-resolution techniques such as electron micro-
scopy or NMR spectroscopy, because these approaches mostly capture a “frozen”
and rigid structural state. Alternative biophysical methods will be required to
decipher the structural state of dynamic needle protomers travelling through the
filament.
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7 Towards Functionalized T3SS Needles as Delivery
Biotechnological Tools

Several successful attempts at exploiting the fascinating T3SS machine’s properties
have been reported in a wide range of applications, from biomedicine to bioengi-
neering. Both mechanistic and structural insights on such a remarkable machine set
in motion numerous approaches in governing the type III secretion system. Many
studies have first focused on the formulation of T3SS protein vaccines as prevention
against infectious diseases related to Gram-negative bacteria. Salmonella enterica
alone counts thousands of serotypes and causes numerous diseases such as gas-
troenteritis and enteric fever. With ~ 1.3 billion cases of non-typhoid salmonellosis
and ~ 17 million occurrences of typhoid fever infection each year, Salmonella
enterica is annually responsible for hundreds of thousands of deaths in developing
countries and several billions of dollars in health care costs (Martinez-Becerra et al.
2018). Many protein-based formulations have been developed and tested with the
aim of inducing protective immunity against Chlamydia muridarum, Salmonella
enterica, Shigella flexneri, Salmonella typhimurium and Burkholderia pseudoma-
llei, using the T3SS needle proteins as antigens (Martinez-Becerra et al. 2018;
Koroleva et al. 2017; Barrett et al. 2010; O’Meara et al. 2017), and might lead the
way for valuable vaccine distribution and ultimate prevention against frequent
infections. In particular, Barrett et al. reported a formulation based on the
C-terminal truncated versions of the needle subunits from S. flexneri and
S. typhimurium. Interestingly, the polymerized form of MxiH displays much higher
immunogenic response compared to its soluble, monomeric counterpart, high-
lighting the potential of needle filaments in future formulations.

In addition to potential medical applications, the field of biotechnology has been
inspired in utilizing this bacterial weapon for research purposes. One excellent
example would be the T3SS engineering for sensing analyses and energy trans-
duction experiments in vivo, as suggested in a compelling essay of Azam and
Tullman-Ercek, whom designed a Prgl-based filamentous scaffold for nanostruc-
tured materials (Azam and Tullman-Ercek 2016). Other reports have promoted the
use of the T3SS export/delivery function in several interesting and inspired
schemes, in which a protein, peptide, transcription factor, nuclease, antigen or
antibody for example directly delivered into a target cell or compartment, while
fused to T3SS effectors or secretion signals. Dozens of proteins have indeed been
delivered by bacterial T3SSs in different fields (Bai et al. 2018; Walker et al. 2017):
export of spider silk monomers (Widmaier et al. 2009), selective purification of
recombinant peptides (Singer et al. 2012), recombinant tumour-associated antigens
delivery (Xu et al. 2014), antigen/epitope delivery for antiviral/bacterial vaccines
(Russmann et al. 1998), antigen/epitope delivery for anti-tumour immunotherapy
(Panthel et al. 2006; Epaulard et al. 2006), delivery of transcription factors (Bichsel
et al. 2013, 2011), protein delivery for research purposes (Polack et al. 2000;
Chamekh et al. 2008; Wolke et al. 2011; Ittig et al. 2015) or even genome editing
(Jia et al. 2014, 2015).
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Such tremendous advances have long been encouraged and facilitated through
many efforts made in the purpose of controlling and regulating the injectisome, both
genetically and mechanistically. The use of engineered bacteria for heterologous
protein delivery presupposes an attenuation of cell toxicity and pathogenic capacity
with regard to potential eukaryotic target cells, thus avoiding host-cell signal
transduction tampering or apoptosis inducement (Deslandes and Rivas 2012, Hilbi
et al. 1998; Gong et al. 2010). A recent review on T3SS-based protein delivery
tools thoroughly discusses such genetic alterations in the context of Salmonella,
Yesinia and Pseudomonas species (Bai et al. 2018). The design of a simplified and
minimal type III secretion system which would aid and enhance our control over its
use (Song et al. 2017) should be mentioned as well. Considering the extent of these
existing biotechnological applications, one can assume that additional structural or
mechanistic data regarding the T3SS injectisome will only serve to further their
development, such as by functionalizing the T3SS needle or designing more effi-
cient antigens/epitopes for vaccine formulation immunotherapies.

8 Concluding Remarks

Since its first visualization by electron microscopy, the structural aspects of the
needle filament of the T3SS have considerably evolved, leading in the past years to
several high-resolution structural models. Combining recent technological advances
in structural biology using solid-state and solution NMR, cryo-EM and X-ray
crystallography, the past ten years of research in the field have led to fundamental
insights into the structural features of the T3SS needle filaments. Several
high-resolution structural models of different needle filaments have uncovered a
rather common structural fold, both at the level of the needle subunit and at the
level of the filament supramolecular architecture. Numerous questions remain to be
addressed based on these structures. In particular, the tight space inside the needle
tube and the specific electrostatic pattern observed at the internal surface directly
question the nature of the secretion process inside the needle: Is passive diffusion of
secreted molecules possible? Might subtle, local, protein—protein interactions trig-
ger a secretion force to export the molecules along the needle? The folding process
of secreted needle protomers at the end of the growing filament is also still poorly
understood. Further biophysical characterization of the T3SS needle filament, in the
context of its native conformation at the cell surface, will be welcome to answer
these questions.
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Abstract A central feature of type III protein secretion machines is their ability to
engage their substrates in a hierarchical and organized fashion. The hierarchy in the
secretion process is first observed during the assembly of the type III secretion
injectisome when the secretion machine exclusively engages proteins required for
building the needle complex substructure (early substrates). After completion of the
needle complex, the secretion system loads the proteins that will form the needle tip
substructure as well as the protein translocases (middle substrates), which upon
contact with host cells will mediate the passage of effectors (late substrates) through
the host plasma membrane. The hierarchy of the secretion process is orchestrated by
a very large cytoplasmic complex known as the sorting platform, which selects and
initiates the substrates into the secretion pathway.

Bacterial type III secretion systems (T3SSs) have specifically evolved to deliver
effector proteins directly into the cytosol of eukaryotic cells to modulate cellular
functions (Galan et al. 2014). A fundamental aspect of type III protein secretion
systems is that they engage their substrates in a hierarchical manner (Kubori et al.
2000; Lara-Tejero et al. 2011) This hierarchy is first observed during the assembly
of the needle complex (NC) when the base substructure exclusively engages early
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substrates necessary for the assembly of the inner rod (Sctl) and needle filament
(SctF) substructures as well as the regulatory protein SctP (Kubori et al. 2000;
Lara-Tejero et al. 2011). However, the hierarchy in the secretion process also
operates after the complete assembly of the needle complex (NC) to ensure the
placement of the tip protein (SctA) at the end of the polymerized needle and
the subsequent secretion of the protein translocases (middle substrates) so that the
effector proteins (late substrates) can be productively delivered into target
eukaryotic cells. This hierarchical process is orchestrated by a very large (several
MDa) and highly conserved cytoplasmic complex known as the sorting platform
(Lara-Tejero et al. 2011). Here, I will review what is known about this fundamental
element of all T3SS:s.

1 Composition

Earlier studies showed that a significant proportion of SctQ, a conserved component
of T3SSs that shares limited amino acid sequence similarity to a component of the
flagella known as the C-ring, was organized in a high-molecular-weight complex
that co-localized with the NC substructure (Lara-Tejero et al. 2011). Analysis of the
composition of these SctQ complexes by LC-MS/MS after 1-D SDS-PAGE and
2-D BN-PAGE showed the presence of several T3SS proteins including SctK, SctL,
and SctN. Notably, although the protein translocases were readily detected in this
complex, the effector proteins and their chaperones were largely absent or were
present in very low amounts. The abundance of the translocases (middle substrates)
coupled to the absence or low abundance of the effectors (late substrates) in these
complexes isolated from bacteria that had not been signaled for activation of
secretion, suggested that this complex may act as a sorting platform to direct the
orderly secretion of substrates. Consistent with this hypothesis, in the absence of the
translocases, a much larger proportion of effector proteins were detected in the SctQ
high MW complex. Furthermore, no translocases were detected in SctQ complexes
obtained from a strain lacking the regulatory protein SctP, which is “locked” in a
secretion mode that is only competent for the secretion of the needle filament and
inner rod proteins, SctF and Sctl (Kubori et al. 2000; Tamano et al. 2002;
Magdalena et al. 2002). Taken together, these observations indicated that a complex
made up of the soluble cytosolic proteins SctQ, SctK, SctL, and SctN constitutes a
sorting platform that may help establish the order of secretion (Lara-Tejero et al.
2011). SctO was not detected in these studies because of its small size and low
stoichiometry, but it is also a component of the sorting platform that presumably
provides a functional linkage to the export apparatus (see below).

The estimated stoichiometry of the injectisome-associated sorting platform
components has been calculated from fluorescently labeled components using
single-molecule super-resolution nanoscopy (SMSN) (Zhang et al. 2017) and con-
ventional confocal microscopy (Diepold et al. 2017). Since SctQ exhibits a stoi-
chiometric relationship with SctD, it is predicted to be present in 24 copies per
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sorting platform. The other components of the sorting platform, SctK (~ 6 copies),
SctL (~ 12 copies), and SctN (6 copies), are estimated to be in substoichiometric
amounts relative to SctQ. Because no clusters were detected for SctO when observed
by super-resolution microscopy, the stoichiometry could not be determined but the
absence of SctO clusters suggests that this protein is present in much lower stoi-
chiometry (one or two copies per sorting platform), which is consistent with previous
reports on a related component of the flagellar apparatus (Ibuki et al. 2011).

2 Structure

Because the NC substructure can be isolated in a manner that is suitable for
single-particle cryo-electron microscopy (cryo-EM), its structure has been resolved
to near atomic resolution (Marlovits et al. 2004; Worrall et al. 2016; Loquet et al.
2012; Hu et al. 2018). The sorting platform, however, disassembles during this type
of purification, and therefore, its structure cannot be solved using this technique.
Recent advances in cryo-electron tomography (cryo-ET) coupled with the use of
bacterial mini-cells have allowed the in situ visualization of the complete injecti-
some of Shigella (Hu et al. 2015; Makino et al. 2016) and Salmonella (Hu et al.
2017) including the sorting platform substructure. In keeping with the high degree
of conservation of the sorting platform components, both structures present a
similar architecture consisting of a six-pod structure that is different from the related
C-ring structure in the flagellar apparatus (Thomas et al. 2001; Kawamoto et al.
2013) (see Figs. 1 and 2 for details). The flagellar structure appears as a continuous
ring beneath the flagellar basal body, an organization that may be necessary for its
function in flagellar rotation. Thus, the different organizations of these related
structures may reflect the different functions of these evolutionarily related bacterial
nanomachines. The six-pod core structure of the sorting platform is linked to the
inner rings of the NC base on its membrane-proximal side and capped on its
cytoplasmic side by a six-spoke wheel structure with a central nave-like hub. The
entire scaffold encloses a cage-like space where substrates are likely to be engaged
and targeted to the export apparatus for secretion. The high-resolution structural
details obtained in the Salmonella cryo-ET average maps allowed the precise
localization of the individual components of the cytoplasmic sorting platform by
adding traceable densities to each of its components (Hu et al. 2017). SctK localizes
to the most proximal region of the pods close to the cytoplasmic domain of the
inner ring protein SctD and therefore most likely serves as the link between
the pods and the inner ring 2 (IR2) of the NC base. SctL maps to the spokes of
the wheels that caps the structure on its cytoplasmic side. SctQ makes up the bulk of
the central segment of the pods with its N terminus pointing toward the NC and its
C terminus merging with the spokes of the wheel, which is in keeping with studies
demonstrating the interaction between the C-terminal region of SctQQ and the
N terminus of SctL. (Notti et al. 2015). The ATPase SctN seats on top of the
hexameric nave of the wheel with its C terminus, the predicted substrate-binding
domain (see below), oriented toward the toroidal shape structure formed by the
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Fig. 1 Molecular architecture of the sorting platform in the intact injectisome a. A central
section of the subtomogram average of the Salmonella injectisome as observed by cryo-ET.
b Schematic representation of the type III secretion system with the different components labeled
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Fig. 2 3D representation of the cage-like structure of the type III secretion system sorting
platform. A side view (a) and bottom view (b) of the sorting platform. ¢ Schematic representation
of one of the six pods that integrate the sorting platform

cytoplasmic C terminus of the export apparatus component SctV. This orientation
may be critical for the coordination of the SctN and SctV activities in the initiation
of the T3S substrates through the secretion channel (see below). SctO localizes
between SctN and SctV, suggesting a potential role in coordinating their activities.
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Through an internal translation start site, SctQ encodes a small C-terminal
protein (SctQc, which in the T3SS of some plant pathogens is encoded by a
separate gene and is equivalent to the flagellar protein FliN (Bzymek et al. 2012;
Yu et al. 2011; Fadouloglou et al. 2004). This internally translated product has been
reported to be essential for T3SS function in Yersinia (Bzymek et al. 2012) and
Shigella (McDowell et al. 2016), and it has therefore been suggested to be a
structural component of the sorting platform. In the case of Salmonella, however,
the absence of SctQ¢ (from both of its T3SSs) results in a mild secretion phenotype
and non-detectable functional phenotype, observations that are not consistent with
an essential structural role for this component of the sorting platform. For these
reasons, a regulatory role during assembly and disassembly of the sorting platform
was proposed for SctQc, perhaps by acting as a chaperone for the full-length
protein, because in its absence, SctQ becomes less stable (Yu et al. 2011;
Lara-Tejero et al. 2019). More studies will be necessary to completely understand
the role of this conserved element of the sorting platform.

3 Assembly

Several experimental approaches have provided insights into the assembly of the
sorting platform and have helped define its core structural components. Insight into
the assembly of this complex structure can be gleaned by observing the effect of the
removal of some of the components of the sorting platform on the overall integrity
of the structure. Cryo-ET injectisome structures from strains lacking SctK, SctL, or
SctQ showed the complete absence of the sorting platform (Hu et al. 2017) indi-
cating that the removal of any of these components prevents its assembly. Similarly,
the removal of SctK or SctL resulted in the disappearance of the sorting
platform-associated clusters identified by super-resolution microscopy of fluores-
cently labeled SctQ (Zhang et al. 2017). On the other hand, the removal of the other
components, SctO or SctN, had little impact on the assembly of the sorting platform
as observed both by microscopy (Zhang et al. 2017) and cryo-ET (Hu et al. 2017),
suggesting a minor structural role for these components despite their essential role
in type III protein secretion (Dreyfus et al. 1993; Eichelberg et al. 1994; Collazo
et al. 1995; Payne and Straley 1998).

Important insight into the assembly of the sorting platform has also been
obtained by comparing the in situ structures of the needle complex in the presence
or absence of the sorting platform. In the absence of the sorting platform, the inner
ring 2 of the needle complex, which is located within the bacterial cytoplasm and is
formed by the cytoplasmic domain of SctD, adopted a 24-fold configuration similar
to that observed in isolated needle complexes. In contrast, in the presence of the
sorting platform, this structure re-organized very significantly, appearing as six
discrete patches arranged in circular fashion and linked to each one of the pods of
the sorting platform most likely through SctK (Hu et al. 2017). This observation
indicates that assembly of the sorting platform results in a significant rearrangement
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of the IR2 to accommodate the 24-fold symmetry of the NC to the 6-fold symmetry
of the sorting platform. These findings are also consistent with the observed flex-
ibility of the IR2 (Schraidt and Marlovits 2011; Worrall et al. 2016) and explain
why the N terminus of SctD does not oligomerize in solution (Spreter et al. 2009).
Thus, the NC substructure must be in place prior to the incorporation of the sorting
platform. In fact, the NC most likely templates the assembly of the sorting platform.
This hypothesis is supported by the observation that in the absence of the NC, the
sorting platform components are seen in live bacteria as large aggregates that
localize to one of the bacterial poles (Zhang et al. 2017). It is therefore likely that in
the absence of the NC, the sorting platform intermediates coalesce into misas-
sembled aggregates. Furthermore, the sorting platform was assembled in the
absence of SctV (Hu et al. 2017; Zhang et al. 2017), a component of the export
apparatus, indicating that an active type III secretion system is not required for
sorting platform assembly. Nevertheless, SctQ aggregates were observed in mutants
lacking other components of the export apparatus (SctR, SctS, SctT, and SctU).
However, these export apparatus components are required for templating the
assembly of the NC (Wagner et al. 2010); therefore, the aggregation of sorting
platforms in these mutant strains is likely due to the reduced number of NC
structures present in these mutants.

Imaging of sorting platform components in live bacteria has shown that a sig-
nificant proportion of complexes of these components can be observed within the
bacterial cytosol not in association with the NC (Zhang et al. 2017; Diepold et al.
2017). This observation is intriguing as it suggests that preassembled sorting
platforms, poised to be engaged by the NC, may be present in the bacterial cyto-
plasm. As discussed above, in the absence of the NC, the sorting platform
components aggregate at the poles of the bacteria. Therefore, the observation of
apparently fully or partially assembled sorting platforms that are not in association
with the NC suggests that the cytoplasmic complexes of sorting platform compo-
nents must have interacted with the NC prior to their relocation to the cytoplasmic
pool. Therefore, the sorting platform may undergo cycles of assembly and partial or
total disassembly, which may be central to its function. Consistent with this
hypothesis, experiments in live bacteria have shown that cytoplasmic and
NC-associated components of the sorting platform are dynamic and that the cyto-
plasmic and needle complex associated pools of sorting platform components
exchange with one another (Diepold et al. 2017).

4 Substrate Engagement

The mechanisms by which the sorting platform engages its substrates are poorly
understood. Studies have shown that the recruitment of the translocases to the
sorting platform requires their cognate chaperones. Thus, in the absence of SctW,
the translocases SctE and SctB were not detected within the SctQ sorting platform
complex (Lara-Tejero et al. 2011). Likewise, in a mutant lacking the translocases,
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which allows the recruitment of effectors to the sorting platform (see above), such
recruitment could be prevented by the removal of their respective cognate chap-
erones. Furthermore, no translocases were detected in the SctQ complex in a strain
lacking the regulatory protein SctP, in which substrate switching does not occur and
the T3SS is locked in secretion mode that is only able to secrete the filament and
inner rod proteins SctF and Sctl. Taken together, these findings suggest a mecha-
nism by which the hierarchy in the secretion may be established by the different
affinities of the chaperone/substrate complexes with the sorting platform
(Lara-Tejero et al. 2011; Portaliou et al. 2017) (Fig. 3). The actual component of
the sorting platform that acts as a receptor for the type III secreted substrates has not
been formally identified. However, the best candidate is the conserved ATPase
SctN. The previous studies have shown that SctN can recognize the chaperone/
substrate complex, triggering the release and unfolding of the substrate in an
ATP-dependent manner (Akeda and Galan 2005). It is therefore possible that SctN,
scaffolded by the structural components SctK, SctL, and SctQ, acts as a receptor for

(a) (b) (c) (d)

Needle
Complex

Chaperone/Effector
Complex

perone/Effector
Complex

Fig. 3 Model for substrate engagement by the sorting platform. a Substrates are recruited to
the sorting platform by their cognate chaperone. Different chaperone/substrate complexes have
different affinities for the sorting platform, and the order in which they are brought to the ATPase
component (SctN) of the sorting platform is based on this affinity. b Thus, upon completion of the
needle complex substructure, the translocases, such as SctE, are brought to the sorting platform by
their cognate chaperone SctW. ¢ SctN then triggers the release and unfolding of the substrate that
can now go through the T3SS channel, while the chaperones are recycled. d After the translocases
are secreted, another effector/chaperone complex is recruited to the sorting platform based on the
affinity of the chaperone for the sorting platform and the process is repeated to engage additional
effectors
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the chaperone/substrate complexes and may play a central role in determining the
hierarchy of secretion. The architecture of the in situ structure of the sorting plat-
form observed by cryo-ET would be compatible with such model. SctN seats at the
center of the wheel-like structure that caps the sorting platform’s cage on its
cytoplasmic side (Fig. 2). Importantly, its C terminus, the predicted substrate-
binding domain (Akeda and Galan 2004), is oriented toward the toroidal shape
structure formed by the cytoplasmic C terminus of SctV (Hu et al. 2017; Majewski
et al. 2019). Therefore, the chaperone/substrate complexes could enter the chamber-
like space limited by the sorting platform pods and engage the substrate-binding
domain of the ATPase SctN. Binding would trigger the release of the chaperone and
the unfolding of the effector that would be adequately positioned to enter the
channel formed by SctV and the other components of the export apparatus (Fig. 3).
More experiments will be required to substantiate this model.

5 Concluding Remarks

Recent cryo-ET studies have provided major insights into the structure and
molecular architecture of the sorting platform, and in vivo live imaging studies have
begun to illuminate its mechanism of assembly. The major challenges for the future
will be to leverage these and other experimental approaches to fully understand the
mechanisms of hierarchical substrate engagement that ensures the orderly
engagement of type III secreted proteins by the secretion machine.
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Abstract The remarkably complex architecture and organization of bacterial
nanomachines originally raised the enigma to how they are assembled in a coor-
dinated manner. Over the years, the assembly processes of the flagellum and
evolutionary-related injectisome complexes have been deciphered and were shown
to rely on a conserved protein secretion machine: the type-IIl secretion system.
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In this book chapter, we demonstrate how individually evolved mechanisms
cooperate in highly versatile and robust secretion machinery to export and assemble
the building blocks of those nanomachines.

1 Introduction

Type-III secretion systems (T3SS) are multi-component protein export complexes
responsible for recognizing and exporting at a high-speed the building blocks of
self-assembling bacterial nanomachines. The most ancestral T3SS, the flagellar
T3SS (fT3SS), assembles the bacterial flagellum, a macromolecular structure found
both in gram-positive (e.g. Bacillus subtilis) and gram-negative (e.g. Salmonella
spp.) bacteria (Hueck 1998). This long extracellular appendage enables motility on
surfaces and in liquid environments (Berg and Anderson 1973; Kubori et al. 1998).
Another evolutionarily related nanomachine is assembled with the help of a T3SS
and is found in many gram-negative pathogens. The T3SS of this needle-like
nanomachine, the injectisome, has evolved an additional function and does not only
enable assembly of the injectisome, but additionally energizes the translocation of
effectors into host cells during invasion and colonization. Given its involvement in
bacterial virulence by the additional secretion of those non-structural proteins, this
machinery is termed the virulence-associated T3SS (vT3SS) (Blocker et al. 2003;
Cornelis 2006; Galan and Wolf-Watz 2006).

The flagellum and injectisome share several structural homologies; in particular,
their respective T3SS consist of about ten cytoplasmic and inner membrane pro-
teins, which display similarity in either sequence or membrane topology (Kubori
et al. 1998; Blocker et al. 2003; Cornelis 2006).

The nanomachines are composed of three main structural parts (Blocker et al.
2003; Macnab 2004; Erhardt et al. 2010): a basal body with a highly conserved
T3SS embedded within the MS-ring (FliF/SctDJ) in the inner membrane (IM) and a
rod that traverses the periplasmic space. The external structures differ, however
(Blocker et al. 2003; Macnab 2004; Erhardt et al. 2010). The flagellar basal body
extends by a hook and a filament, and the injectisome features a needle with a
translocon pore at the distal end. Assembly of these nanomachines is highly reg-
ulated and occurs in a specific order. Flagellar assembly is based on a transcrip-
tional hierarchy of three promoter classes, while injectisome assembly depends
rather on varying affinities and kinetics of protein—protein interactions (Macnab
2003; Chevance and Hughes 2008; Diepold and Wagner 2014).

Over the years, several models have been proposed to explain how protein
transport via the T3SS is energized. The current understanding of protein secretion
via T3SS proposes a mechanism that involves multi-simultaneous processes
(Fig. 1). Export and assembly through the T3SS can be subdivided into three major
steps: (1) substrate recognition and association at the cytosolic side of the export
gate; (2) translocation across the inner membrane; and (3) further translocation and
assembly beyond the inner membrane. Substrate protein translocation across the



Export Mechanisms and Energy Transduction in Type-III Secretion ... 145

cap
substrates
oM
PG
[ ]

(L] C-ring - H
® _ AW ApH

N- ATPae PMF

sm yChaperonecomplex | app  FIhAB/FIIPQR
R — 1 i
secretion signals / enrichment & sorting  cargo formation PMF-driven injection

Fig. 1 Molecular mechanisms of substrate export during flagellar assembly. a Structural model of
the flagellum featuring its major components. The T3SS, composed of FliPQR (orange), FIhA
(green) and FIhB (blue), is located at the base of the basal body, embedded within the MS-ring
(magenta) in the inner membrane (IM). Underneath the MS-ring assembles the C-ring (red). The
flagellar rod (purple/blue shades) spans periplasmic space until the outer membrane (OM) and
traverses the peptidoglycan layer (PG). Outside of the cell, the flagellum extends by the hook
(blue), the hook-filament junction (turquoise) and the filament (green) which polymerizes
underneath the filament cap (yellow). Substrate recognition, delivery to the export gate and
injection across the IM are a multi-step process involving complementary mechanisms. b Multiple
secretion signals for fT3SS substrates and binding to the C-ring participate in the localized
enrichment of cargo near the export gate. ¢ Chaperone-bound substrates are delivered by the
ATPase complex (dark yellow) to the FIhA. d The proton motive force (PMF) is the primary
energy source driving the secretion process across the IM. e Further translocation of substrates
beyond the IM after injection by the T3SS does not require additional energization. It occurs
through diffusion in the narrow secretion channel towards the distal end of the growing flagellar
structure

inner membrane relies mainly on the proton motive force (PMF) as the major
energy providing source (Paul et al. 2008; Minamino and Namba 2008), although
the associated ATPase plays an important role in the recruitment and unfolding of
substrates (Terashima et al. 2018).

This chapter highlights the mechanisms underlying the substrate recognition and
energization processes, which enable efficient protein export and self-assembly by
the T3SS and its accessory components. In the following, the term T3SS will be
used for general descriptions that apply to both, the fT3SS and the vT3SS. General
information will be given using the flagellar system as a reference, yet major
differences in the vT3SS will be emphasized. The nomenclature refers to the
flagellum or the unified Sct (secretion and cellular translocation) nomenclature in
case of the injectisome (Hueck 1998).
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2 Substrate Recognition and Presentation
to the Export Gate

The T3SS is composed of an export gate organized in five integral membrane
proteins (FliPQR/SctRST, FlhA/SctV and FlhB/SctU) and of an associated soluble
ATPase complex in the cytoplasm (FIliHIJ/SctLNO) (Minamino and Macnab 1999;
Zilkenat et al. 2016; Fabiani et al. 2017; Fukumura et al. 2017). The membrane
components are transported in a Sec-dependent manner and assemble into fully
functioning secretion machinery within the inner membrane. In case of the flagellar
core export apparatus, assembly of the FliP protein-conducting pore is facilitated by
an integral membrane chaperone, FliO (Fabiani et al. 2017; Fukumura et al. 2017).

The assembly and function of the T3SS is a highly regulated process, both on the
genetic and protein level. Flagellar assembly begins with the transcription of the
flagellar master regulator flhDC and is under complex genetic regulation (Mouslim
and Hughes 2014). The heteromultimeric FIhD,C, complex then activates tran-
scription from class 2 promoters, which gene products are the building blocks of the
rod and hook structures. The most striking example of the tight regulation of
flagellar assembly is the so-called substrate specificity switch, which occurs after
hook completion. The hook grows to a relatively controlled length and extends to
55 £ 6 nm from the cell surface in Salmonella (Hirano et al. 1994). The switch in
substrate specificity divides the many flagellar buildings blocks into two distinct
substrate classes: early and late substrates. Hook polymerization stops when the
export apparatus protein FIhB switches secretion specificity from early to late
substrates (Fraser et al. 2003). In the flagellum, early substrates make up the rod and
hook (expressed from class 2 promoters), whereas the late substrates assemble the
hook—filament junction and the filament (expressed primarily from class 3 pro-
moters) (Kutsukake et al. 1990). An infrequent molecular ruler mechanism controls
this secretion switch: the ruler protein FliK is secreted intermittently and triggers a
conformational change in FIhB only when hook length reaches that of the unfolded,
N-terminal domain of FliK, which gives the C-terminal domain of FliK enough
time to interact with FIhB and to flip the switch in substrate specificity (Erhardt
et al. 2011).

The ordered secretion of the multiple structural substrates through the T3SS is
truly essential for proper assembly of these complex nanomachines. This regulation
is highly complex and relies on multiple steps including (1) substrate-specific
molecular properties for recognition by the export machinery, which favours
secretion of the required substrates at a given stage of assembly, (2) enrichment of
the substrates by the C-ring near the export gate for efficient export, (3) targeted
delivery of substrate cargo to the export gate by the ATPase complex, and
(4) docking of substrates to the export gate components FlhA¢ and FIhB¢ before
injection into the secretion pore made of multiple subunits of FliPQR.
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3 Signals for Type-III Secretion

Unlike proteins that are recognized and secreted by generic secretion machineries,
such as the Sec-system, T3SS substrates do not share a well-defined N-terminal
peptide secretion signal. It remains unclear whether the targeting and recognition of
substrates by the export gate is a single or a multi-step process. Singer et al.
investigated possible secretion signals of fT3SS substrates in detail by determining
the individual contributions of the N-terminal peptide sequence and of the 5'-UTR
of secretion substrate mRNAs (Singer et al. 2014). It appears not only that multiple
signals are needed for efficient substrate secretion via the fT3SS but also that not all
substrates require the same types of targeting signals and levels of regulation, even
when they belonged to the same substrate class. For instance, secretion of the early
substrate FIgB decreased by several orders of magnitude after replacing its 5'-UTR
with that of the arabinose operon, while replacing the 5’-UTR had little effect on the
secretion efficiency of other substrates. It thus appears possible that the optimal
subset of secretion signals evolved individually for each substrate depending on its
respective secretory requirements.

Late substrates such as the hook—filament junction proteins FIgKL, the filament
cap FliD and the filament subunits FljB/FliC additionally harbour a C-terminal
binding site for their cognate secretion chaperones—FIgN, FliT and FliS, respec-
tively—which function is to prevent aggregation and degradation within the
cytoplasm (Fraser et al. 1999; Auvray et al. 2001). The reason why only late, but
not early substrates require specific secretion chaperones remains unclear, but it
might confer a specificity for late substrates as only chaperone-bound substrates can
associate with the FIhA docking platform (Bange et al. 2010; Kinoshita et al. 2013;
Portaliou et al. 2017; Xing et al. 2018). The N-terminal peptide sequences are most
likely recognized by the fT3SS, though it is unclear which component is specifi-
cally responsible for this recognition step. Whether the substrates are initially
recognized by the ATPase complex and then delivered to the export gate or
independently recognized by the docking platform or the secretion pore made up by
FliPQR remains a major question to be investigated. The different secretion signals
and cognate chaperones might constitute a regulatory mechanism, which controls
the spatio-temporal export of flagellar substrates and thus ensures a stepwise tar-
geting and ordered assembly process.

In addition to the multi-component secretion signal, the distinct substrate classes
feature different binding affinities to the export gate, which might contribute to the
correct order of export during assembly. Prior to the secretion and polymerization
of the filament, two components need to be assembled. The hook—filament junction
(FlgKL), which polymerizes on top of the hook structure and constitutes a platform
to anchor the filament and the filament cap, made up of five subunits of FliD, which
acts as a foldase to drive polymerization of the flagellin (FIjB or FliC) (Macnab
2003). As those components are only required in low copy numbers (5-11), but yet
need to be assembled prior to the export of the up to 20,000 filament subunits,
additional regulatory mechanisms have evolved to ensure their proper secretion.
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FIgKL, FliD and their cognate chaperones, FlgN and FIiT, are expressed from both
class 2 and class 3 promoters, while the flagellins are exclusively expressed from
class 3 promoters (Kutsukake et al. 1990). The synthesis of the hook—filament
junction and filament cap proteins during hook basal body formation might confer
an advantage for more rapid and efficient export of these rather low copy substrates
upon substrate specificity switching from early to late substrate secretion. This
temporal advantage is accompanied by a higher binding affinity to the export gate
docking platform and the ATPase complex. FlgN-FIgKL and FliT-FliD chaper-
one—substrate complexes exhibit a 14-fold higher binding affinity to FlhAc com-
pared to the FliS-FliC complex (Kinoshita et al. 2013). Also, only FIgN-FlgKL
and FliT-FliD complexes bind to the ATPase complex component FliJ for delivery
to the export gate (Evans et al. 2006; Bange et al. 2010). Both, earlier transcription
and binding advantages provide a more efficient recognition and secretion of the
low copy late substrates prior to the high copy filament subunits and thus ensure
proper assembly of the flagellar structure.

4 Cargo Transfer and Accumulation

The fT3SS is accompanied by two non-essential components, which accumulate
substrates near the export gate in the cytoplasm and enhance the efficiency of the
export machinery. One of these components is the associated ATPase complex
(FliHIJ), composed of an ATPase (Flil), a regulator of ATPase activity (FliH) and
an adaptor protein (FliJ) necessary for Flil ring formation and interactions with
substrate—chaperone complexes (Minamino and Macnab 1999, 2000a; Ibuki et al.
2011). This ATPase complex acts as a pilot for protein delivery to the export gate.
Flil is present in two different conformations, either a FliH dimer binds to Flil
(FliH,Flil) in the cytoplasm to inhibit ring formation, and ATPase activity or
Flil forms a homohexameric ring structure in cooperation with FliJ, which binds to
the central pore of the hexameric Flil ring. FliH,Flil is proposed to act as a
dynamic carrier for substrates and chaperone—substrate complexes for delivery to
the FIhA—FIhB¢ docking platform (Ibuki et al. 2011; Bai et al. 2014). Thereby, the
extreme N-terminal region of FliH interacts with FIhA and FliN. FliN homologues
in the vT3SS (SctQ) interact alike with a number of injectisome components
including homologues of Flil and FliH (Minamino et al. 2009; Hara et al. 2012).
It has been shown that Flil exhibits rapid turnovers between the basal body and the
cytoplasmic pool, which might deliver bound substrates from the cytoplasm to
the export gate. In contrast, the FliH,FlilgFliJ ring is located at the base of the
flagellum and might act as a static loader of secretion substrates to the secretion
channel (Bai et al. 2014). The second accessory component, which is required for
rapid export by the fT3SS, is the cytoplasmic ring (C-ring), which is located
underneath the MS-ring. The C-ring provides binding sites for FliH,Flil substrate—
chaperone complexes and is thereby involved in the accumulation of substrates near
the export gate (Gonzalez-Pedrajo et al. 2006). Over-expression of the flagellar
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master regulator, flhDC, and thus over-production of secretion substrates overcomes
a C-ring deficient mutant, highlighting, that the C-ring is not strictly required for
recognition and secretion of flagellar building blocks by the fT3SS (Erhardt and
Hughes 2010). Even though the ATPase and the C-ring are not essential for protein
secretion through the fT3SS and assembly of the flagellar structure, their presence
enhances the efficiency of this secretion machinery remarkably.

5 Substrate Docking at the Export Gate

Once substrates are delivered and accumulated near the export gate, the last step
before export is binding to the docking platform formed by the fT3SS components
FIhAc and FlIhBc, which sets off injection into the secretion channel formed by
FliP, FliQ and FliR (Ward et al. 2018; Kuhlen et al. 2018). FIhA, FIhB and FliPQR
are essential for the secretion of flagellar building blocks by the fT3SS. Over the
years, a fundamental understanding of substrate recognition and secretion through
the fT3SS has been achieved, but the molecular mechanisms and functions are still
poorly understood. While FIhA and FIhB¢ have been proposed to form the export
gate docking platform, the exact mechanism of substrate binding and injection into
the secretion channel remains debated. Furthermore, it should be investigated,
whether FIhA and F1hB bind different substrates, and which properties of the fT3SS
proteins and substrates confer this difference in binding affinities.

FIhA is composed of three distinct regions. The N-terminus consists of eight
transmembrane o-helices and is connected to a large C-terminal cytoplasmic
domain by a flexible linker. The C-terminal domain of FlhA (FlhAc) forms a
nonameric ring structure beneath the secretion channel and provides several func-
tions. FIhAc consists of four domains, which are involved in different steps of
substrate recognition. The two subdomains on the N-terminal side of FlhA¢ provide
binding sites for chaperone—substrate complexes and are directly involved in the
translocation of flagellar proteins. Upon binding of a late substrate to its cognate
chaperone, the chaperone exhibits a conformational change, which releases it from
its autoinhibitory conformation. This allows for the presentation of a recognition
helix on the chaperone structure, which is recognized by the FIhA binding cleft
between the interface of the D1 and D2 domains (Xing et al. 2018). It should be
noted that only FIiT and FliS adopt an autoinhibitory conformation in the absence
of their cognate substrates, while FlgN alone is capable of binding to FIhA
(Kinoshita et al. 2013). The substrate—chaperone binding cleft on FIhA is not
conserved in the FIhA homologue SctV, though SctV also possesses highly con-
served regions that could serve as chaperone—substrate binding sites (Abrusci et al.
2013; Xing et al. 2018). Truncations of the most C-terminal domain of FlhA¢ (D4)
affect the strict order of secretion as they allow for the premature secretion of late
substrates prior to hook completion (McMurry et al. 2004; Bange et al. 2010;
Minamino et al. 2010; Kinoshita et al. 2013). Therefore, D4 might act as an
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inhibitor to suppress certain interactions within FlhAc or with other T3SS
components such as FIhB to ensure the correct secretion order.

FIhB is responsible for substrate specificity switching and thus plays a regulatory
role both on a genetic and protein level. Newly synthesized FIhB undergoes
autocleavage in a flexible loop connecting two subdomains of the large cytoplasmic
C-terminal domain, FlhBcy and FlhBce, which remain closely associated after
cleavage. This cleavage is crucial for the recognition of late substrates, as it has
been shown that a cleavage-deficient mutant is unable to control hook length and
constitutively secretes early substrates (Minamino and Macnab 2000b; Fraser et al.
2003; Ferris et al. 2005; Ferris and Minamino 2006). This raises the question of
why this autocleavage event has such a large impact on the substrate recognition
abilities of the fT3SS. Major structural rearrangements occur within the loop
connecting FIhBcy and FlhBcc, as well as in the flexible linker region connecting
FIhBc with the transmembrane domain of FIhB (FlhBry) after autocleavage
(Lountos et al. 2009; Meshcheryakov et al. 2013; Minamino 2014). Interestingly,
Monjaras Feria et al. showed that the precise position of the autocleavage site is not
important in the FIhB homologue SctU (SpaS in the Salmonella SPI-1 vT3SS) by
introducing an artificial cleavage site at a different position and obtaining a fully
functional protein (Monjarés Feria et al. 2015).

In which way the interplay between FlhA and FlhB modulates substrate
recognition remains to be investigated. The fact that FlhAc provides binding sites
exclusively for chaperone—substrate complexes suggests a dual recognition mech-
anism at the export gate, where FIhA would only recognize late substrates, while
FIhB would be specific to early substrates. One hypothesis to explain this mech-
anism is that the C-terminal domain of FIhBc (FlhBcc) might act as an inhibitor for
late substrate secretion by concealing potential binding sites on FlhA. The con-
formational change of FlhBcc upon the substrate specificity switch might then
reveal late substrate binding sites on FIhA (Fig. 2a). It would be important to
understand if a tight association of FIhBcy and FlhBec is crucial for the ordered
recognition of flagellar substrates.

The docking mechanism of the fT3SS does not seem to be conserved in the
vT3SS. For instance, SctU exhibits some important differences in Salmonella. The
autocleavage of SctU does not appear to have the same regulatory role in substrate
specificity switching as autocleavage of FIhB. Autocleavage of SctU occurs after
folding and before incorporation into the needle complex, and thus, an
autocleavage-deficient SpaSstgA mutant has no effect on needle length in contrast
to an autocleavage-deficient FInBN?** mutant, which displays a polyhook phe-
notype (Monjaras Feria et al. 2015; Fraser et al. 2003). It will be interesting to
investigate how the mechanisms of substrate specificity switching differ between
FIhB and SctU.

While in flagellar assembly, the fT3SS machinery exhibits only one substrate
specificity switching event, the vI3SS possesses two substrate switching mecha-
nisms. The first substrate switching mechanism from early to middle or translocator
substrates is similar to that observed in the fT3SS, while the second switching
mechanism from the middle to late or effector substrates relies on a protein absent in
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Fig. 2 Models of the role of FIhB and FIhA in switching between early and late mode of
secretion, and coupling of the PMF, respectively. a A possible mechanism for differential substrate
recognition by the export gate involves a conformational change in the C-terminus of FIhB. In
early substrate mode, prior to hook completion, the conformation of FlhB- would inhibit
recognition of chaperone—substrate complexes by FIhA and only allow secretion of early substrates
(left panel). After hook completion, substrate specificity switches from early to late substrates due
to a conformational change of FIhBc, exposing the D4 domain of FlhA for recognition and
secretion of chaperone—substrate complexes (right panel). b Model of a proton/protein antiporter
mechanism for FlhA. Proton-actuated conformational changes of the H-binding loop of FIhA is
thought to induce cyclic movements of the cytoplasmic domain, which would pump substrates
across the IM. These cyclic movements could be synchronized with binding (left panel) and
release of substrates for injection into the secretion channel (right panel)

the flagellar system. This protein, known as gatekeeper, is associated with the
membrane and C-terminal domains of SctV (Portaliou et al. 2017). The tight
binding allows for the recognition at the docking platform of SctV and subsequent
secretion of translocators, but blocks the premature secretion of effectors prior to
host cell contact. Deletion of the gatekeeper protein results in the abolished
secretion of translocators and increased secretion of effectors (Portaliou et al. 2016,
2017). Depending on the species, dissociation and subsequent secretion or degra-
dation of the gatekeeper is essential for the second substrate switching mechanism.
Release of the gatekeeper is controlled by environmental cues, such as calcium
depletion (e.g. in EPEC) or pH changes (e.g. SPI-2 injectisome in Salmonella)
(Gaytan et al. 2018; Yu et al. 2018).
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6 Transport Across the Inner Membrane

The complex interplay between the soluble ATPase and the T3SS export gate plays
a critical role in cargo recognition and delivery. However, it is now also clear that
this ATP-dependent step alone is not sufficient for type-III secretion. While most
early studies considered ATP as the primary source for T3SS, recent developments
have identified that the PMF primarily plays this role.

The PMF results from a movement of protons across the inner membrane driven
by a combination of two forces: (1) diffusion caused by the gradient of proton
concentration (ApH) and (2) the electrostatic force provoked by the gradient of
electrical potential (Ay). The PMF is crucial to many biological processes in all
domains of life and is used for instance to perform chemical work (e.g. ATP
production by the FoF; ATPase in mitochondria, bacteria and chloroplasts), active
transport (e.g. proton/potassium import by plant symporters or nutrient uptake in
bacteria) or heat production by the mitochondrial uncoupling proteins.
Additionally, the PMF is the force known to drive the flagellar rotary motor by
coupling proton transport and mechanical work through the stator proteins MotA
and MotB (Blair and Berg 1990).

Galperin and co-workers suggested already in 1982 that the PMF plays an
important role in the assembly of the flagellum (Galperin et al. 1982). This was later
confirmed for the vT3SS (Wilharm et al. 2004). While both studies proposed the
hypothesis that the PMF could drive type-III secretion independently of ATP and
set the basis for the existence of a proton-driven protein antiporter, they did not
provide the demonstration that transport across the membrane would depend solely
on the PMF.

In 2008, it was reported independently by Paul et al. and Minamino and Namba
that the T3SS ATPase complex, although important for the efficiency of trans-
membrane protein secretion, is not strictly required for the protein export process
and that the fT3SS is intrinsically a PMF-driven protein export device (Paul et al.
2008; Minamino and Namba 2008). Further, it was shown that both
over-expression of flagellar substrates and an increase in the cell’s available PMF
were sufficient to drive protein secretion in a PMF-dependent and ATP-independent
way (Erhardt et al. 2014). This was also confirmed in the vT3SS, where additional
levels of regulation control the conversion of the PMF to mechanical work (Erhardt
et al. 2014; Lee et al. 2014).

Further investigation of both chemical (ApH) and electrical (Ayr) components of
the PMF revealed that Ay constitutes the main, indispensable, force for flagellar
protein export, while ApH becomes essential only when the ATPase complex is
absent (Minamino et al. 2011). This observation suggests a possible dual role of
the ATPase. In addition to shuttling cargo to the export gate, it is possible that the
ATPase would also participate in further conversion of the PMF to enhance the
efficiency of the export apparatus.

Similarly to the flagellar motors, which can both utilize protons and other ions,
the versatility of the T3SS energization was revealed with the observation that,
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in the absence of the ATPase, the fT3SS can shift from using PMF to using the
sodium-motive force (SMF) to fuel protein export (Minamino et al. 2016). The
intricate relationship between PMF-driven export and the soluble ATPase is further
highlighted by the report that sodium utilization is prevented upon the association
of the ATPase complex with the export gate, suggesting that this interaction could
control a switch between the two ion-specific modes (Minamino et al. 2016).

How exactly the export apparatus itself couples PMF and protein translocation
remains unknown; however, several studies have implicated FlhA, a large trans-
membrane (TM) component of the fT3SS, as being directly involved in the cou-
pling (Saijo-Hamano et al. 2010; Hara et al. 2011; Minamino et al. 2016; Erhardt
et al. 2017). FIhA consists of three major domains: a membrane-anchored part
comprising several transmembrane segments, a flexible cytoplasmic loop between
the TM4 and TMS, and a C-terminal, cytosolic rigid domain, which forms a
nonameric ring (Minamino et al. 2010; Abrusci et al. 2012; Morimoto et al. 2014;
Zilkenat et al. 2016). Identification and characterization of a mutant in the flexible
loop (G368C in S. Typhimurium) revealed the importance of conformational rear-
rangements in FlhA and suggested for the first time that the protein and its
C-terminal domain are directly involved in substrate translocation (Minamino et al.
2010). A further indication that FIhA could act as a proton/protein antiporter is the
conservation of several ionizable residues as it would be expected for
proton-conducting proteins (Lancaster 2003), for instance like in the flagellar motor
(Zhou et al. 1998). Initial mutagenesis of FIhA charged residues in Salmonella
suggested that D208, present at the end of a cytoplasmic flexible loop internal to the
transmembrane part of the protein, would be a good candidate for proton binding
(Hara et al. 2011; Minamino et al. 2010). However, this residue, although impor-
tant, was demonstrated not to be strictly essential by a more extensive, mutagenesis
study (Erhardt et al. 2017). In this second work, three residues: R147, D154, D158
—present at the beginning of the loop between TM4 and TM5—were found to be
essential for FIhA function and thus hypothesized to constitute the site of coupling
to the PMF. Taken together, the probable organization of FIhA in two,
membrane-anchored and cytosolic, ring-structured domains associated by a flexible
linker, and the identification of critical charged residues within an internal loop of
the membrane domain led to the hypothesis that the energy from the PMF would be
converted to mechanical work by conformational changes within FlhA.
Back-and-forth movements of the cytosolic ring upon proton binding would turn
FIhA into a protein pump (Fig. 2b). In the vT3SS, the FlhA homologue SctV
would play a similar role and also couple the proton flux and protein export
(Lee et al. 2014).

Interestingly, the role of FIhA as an ion/protein antiporter is consistent with the
reported ability of the T3SS to use both protons and sodium as coupling ions.
Over-expression of FlhA induces an accumulation of intracellular Na* in the
presence of a NaCl gradient, establishing that the protein indeed constitutes an ion
channel (Minamino et al. 2016).
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7 Transport and Assembly Beyond the Inner Membrane

Once translocated across the inner membrane, the T3SS substrate proteins travel
through a narrow channel within the respective nanomachines until they reach their
site of assembly or, in the case of the vT3SS-secreted effectors, the host cell. This
journey can be reasonably short for early substrates like the rod and ring proteins
(tens of nanometres), or rather long for the late substrates, which are translocated
along several hundreds of nanometres or even several micrometres.

The variability in the length and environments of the periplasmic and extra-
cellular components of the T3SS-assembled nanomachines raises several questions.
Does transport beyond the inner membrane rely on further energy sources? Can
protein refolding participate to energize their transport? Are there active mecha-
nisms controlling the length of the successive elements of the nanomachines?

The kinetics and energization of the assembly of the several micrometres long
flagellar filament have been debated over the years, with conflicting mechanisms
proposed that would permit flagellin secretion over such a long distance (Iino 1974;
Aizawa and Kubori 1998; Turner et al. 2012; Evans et al. 2013; Renault et al.
2017). Recently, it was hypothesized that flagellin subunits could form a continuous
chain in the channel of the growing filament and that folding of the emerging
subunit could provide sufficient force to pull the rest of the chain, energizing
transport over the long filament (Evans et al. 2013). Contribution of inter-subunits
chains was later ruled out, and it was demonstrated that injection from the T3SS,
followed by diffusion along the hollow structure is sufficient to grow filaments of
more than ten micrometres length (Renault et al. 2017).

While converting the potential energy of protein folding into a dragging force for
subunit transport does not seem to be important for the overall mechanism of
protein export, it is possible that folding plays a role in the export dynamics of
specific substrates, e.g. in case of the length-measuring mechanism of the hook ruler
protein FliK. The dynamics of FliK secretion appear to directly control the substrate
specificity switch mediated by an interaction with FIhB: the ruler is exported at a
fast speed when the hook is still too short and at a slower speed when the hook
reaches its optimal length (Erhardt et al. 2011). FliK has a peculiar structure con-
sisting of two globular domains linked by a loop (Kodera et al. 2015). Fast folding
of the N-terminal domain and quick export when the hook is short would result in
fast unfolding of the C-terminal domain and a low probability of contact with its
target protein FIhB, while slower export upon completion of the hook would give
the C-terminal domain enough time to trigger the secretion switch (Erhardt et al.
2011). Thus, protein folding is mechanistically important to modulate the FliK
export dynamics, which permits a timely controlled regulation of hook length;
however, it does not energize the export in itself.

As we just described, control over the length of the flexible hook is direct and
relies on the expression of a ruler protein. On the other side, the other two flagellar
structural components of variable length did not evolve a specific ruler mechanism
to regulate their assembly and prevent unconstrained elongation. The flagellar rod
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length is controlled by an indirect, although striking, mechanism: growing until it
hits the outer membrane (Cohen et al. 2017). This mechanism is indirect in the
sense that it takes advantage of the control of the width of the periplasmic space by
Braun’s lipoprotein and does not require a specialized ruler molecule. Finally, the
flagellar filament is perhaps the most intriguing given its extreme length. While
potential active length control mechanisms have been debated (Hughes 2017),
it occurs that filament length would not rely on any control mechanism per se, but
rather derives from its quadratically decreasing elongation kinetics, giving an
intrinsic statistical limit to how long it can grow (Renault et al. 2017).

8 Conclusion

The T3SS of both the flagellum and injectisome have evolved from common
ancestral secretion machinery to permit the assembly of highly specialized
nanomachines comprised of dozens of different proteins. This requires the precise
orchestration of substrate recognition and high-speed export in a time-dependent
manner. A series of secretion signals, docking complexes and switch mechanisms
enable the chronological delivery of substrates to the T3SS export gate. Substrate
translocation across the inner membrane is achieved by a PMF-coupled fast protein
pump, which permits secretion rates of more than a thousand amino acids per
second. The T3SS have proven to be not only versatile and efficient, but also robust
secretion machineries, capable of overcoming environmental changes and energy
limitation.

While a fundamental understanding of the core mechanisms of type-III secretion
has emerged over the last decades, several questions are still left unanswered as to
how the secretion machinery works on the molecular level. In particular, the atomic
organization of the T3SS, the molecular mechanisms of the substrate specificity
switch and the coupling of the PMF to protein transport are challenges for the years
to come.
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Abstract The flagellum is a motile organ, and the needle complex is a type III
secretion apparatus for pathogenesis. There are more similarities than differences
between the two structures at the molecular level. Here I focus on the hook and the
needle and discuss their length control mechanism. The hook is a substructure of
the flagellum and the needle is a part of the needle complex. Both structures are
tubular structures that have a central channel for protein secretion. Their lengths are
controlled by an intriguing mechanism involving a ruler protein and a switchable
gate of the protein secretion system. A model for length control is proposed.
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1 Introduction

Flagellum is a motile apparatus (Macnab 2003; Aizawa 2013, 2014), and the needle
is used in pathogenesis (Kubori et al. 1998, 2000). Both supramolecular structures
secrete proteins in a unique manner; they secrete proteins as they are without mod-
ification and are called the type III secretion system. The secretion apparatus is used
for the formation of extracellular flagellar filaments, or for injection of effectors to the
host cells. The construction mechanism of the secretion apparatus shares much more
common features than differences between the two apparatuses (Kawamoto et al.
2013; Zhong et al. 2012).

Here I am going to discuss length control of the flagellar hook and the needle, but
before that I want to describe the construction steps of the flagellum and the needle
complex, because this length control mechanism is a complicated and thus intriguing
phenomenon including secretion process. Since research on the flagella has a long
history and precedes that on the needle complex, I will describe the flagellum first
and then the needle complex in comparison with the flagellum in each section.

Flagellum is a gigantic protein complex composed of ca. 20 proteins. Ten of them
are used for construction of the extracellular part of the flagellum (the rod—hook—
filament) and thus must be secreted from the cytoplasm. The other ten proteins are
localized in the cytoplasm and/or in the inner membrane and directly or indirectly
serve in the secretion event. It is often convenient to use names of substructures
rather than protein names derived from the gene names. They are C ring, MS ring,
rod, hook, and filament, from those in the cytoplasm to outside the cell (Fig. 1).
Proteins required for motor function are not included in the flagellum but localized in
the periphery. Without motor function, flagellum is still functional as a secretion
apparatus. Here, I will not discuss about the motor proteins of the flagellum.

The needle complex is an injection apparatus of pathogenic effectors into the
eukaryotic host cells (Galan and Collmer 1999). The nomenclature of protein
components of the needle complex has been different from species to species for a
long time, but now the unified names (Sct) are proposed and being used (Diepold
and Wagner 2014; Wagner et al. 2018). In Salmonella, there are even two kinds of
needle complexes: SPI1 and SPI2. Since SPII needle complex was first discovered
prior to the others in Yersinia, Shigella, EPEC, and so on, I will mainly employ the
conventional nomenclature for SPI1 needle complex to avoid confusion. The SPI1
needle complex is a gigantic protein complex composed of ca. 16 proteins. Although
the needle complex resembles the flagellum in appearance, terminology for sub-
structures of the needle complex is a little different from that of the flagellum.
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2 Morphology of the Flagella/Needle Structure

2.1 Components Outside the Cell

Extracellular substructures of the flagellum are mostly filamentous—the rod, the
hook, and the filament. Lengths of the rod and the hook are regulated to be constant,
but filament length varies depending on the physiological conditions of growth. The
filament distally grows; new subunits (flagellins) are added at the distal tip of a
pre-existing filament, and thus it is called distal growth. A protein complex called the
cap helps polymerization of flagellins at the growing tip; without the cap, flagellins
leak as monomer into the media. The hook and the rod grow in the same manner.

The needle part of the needle complex is a straight filament with a constant
length. It is believed to be a counterpart of the hook from its position in the
structure, but it could correspond to the rod (see next section). It was recently
shown that a cap exists in the needle growth (Kato et al. 2018). At the tip of the
mature needle, a protein complex called translocon or translocase is attached and is
deployed to make a hole in the plasma membrane of the host cell.

2.2 Periplasmic Components

The periplasmic space, a space between the inner membrane and outer membrane,
is a unique place where a group of sugar-carrier proteins works and is a gap for a
flagellum to inevitably cross. The outer membrane provides a rigid ground for the
flagellum to rotate and exert propelling force by the helical filament. The rod
consists of two parts, the proximal and distal rod, and passes through the gap to
keep the distance constant. The proximal rod is composed of four proteins (FliE,
FigB, FlgC, and FlIgF), and the distal rod is composed of a single protein, FIgG.
FlgG is the major component of the rod, and the rest are minor components made of
only five or six subunits (Jones et al. 1990). Rod length is limited by the width of
the periplasmic space, which is determined by the length of Braun’s lipoprotein to
tether the outer membrane to the peptidoglycan layer (Cohen et al. 2017).
Single-point mutations in FlgG give rise to an abnormally long rod. Length of the
mutant rod is controlled by FliK in a similar manner as in the hook (Chevance et al.
2007). FliK is soluble and one of the proteins secreted during flagellum formation
(Minamino et al. 1999). In the absence of FliK, the rod elongates to uncontrolled
length (Williams et al. 1996). FlgG resembles FIgE in amino acid sequence.
A sequence of 18 amino acid residues that exists in FIgG but not in FIgE seems
important to give different physical properties to these similar structures. Insertion of
the sequence in FIgE makes the hook straight like a rod (Hiraoka et al. 2017). These
facts suggest that the hook might be developed from the outer rod in evolution.
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In the needle complex, the rod is made of a few (not more than six) copies of
only one protein, PrgJ (Sctl), which is called the inner rod (Kubori et al. 2000,
Zilkenat et al. 2016). The inner rod is a short structure corresponds to the flagellar
proximal rod. Then, the needle (Prgl, SctF) could correspond to the distal rod but
not the hook, as guessed from the homology between the rod and the hook just
mentioned. There is another substructure composed of InvG (SctC), one of the
secretin families, that covers the base of the needle and inner rod. It is not known if
there are any specific roles of InvG during needle construction (Hu et al. 2018).

The flagellum exists in both Gram-negative and Gram-positive bacteria species.
Flagella in a Gram-positive Bacillus subtilis smoothly rotate without so-called
bushing in the cell wall; that is, the outer membrane is not essential for construction
of intact flagella (Kubori et al. 1997). However, the needle complex exists only in
Gram-negative species. Gram-positive species that retain the needle have not been
found yet so far. There are no good reasons why Gram-positive species cannot have
the needle and the type III secretion system.

2.3 Components in the Cytoplasm and the Inner Membrane

In the construction steps of the flagellum, which proteins come first? There are two
candidates: (1) a ring structure called the MS ring made of a single kind of
membrane protein FliF, and (2) the export gate made of FliP, FliQ, FliR, FIhA, and
FIhB. The hypothesis (1) is derived from an experiment, in which overexpression of
the Salmonella fliF gene in Escherichia coli results in overproduction of the MS
rings in the inner membrane in the absence of all other flagellar proteins (Ueno et al.
1994). The hypothesis (2) claims that three membrane proteins (FliP/FliQ/FliR)
form the secretion channel and then FliF assembles around the structure to form the
MS ring. This question is still under debate.

Two more membrane components, FIhA and FlhB, are attached to the secretion
channel. In contrast to the passive role of the channel proteins (FliP/FliQ/FliR), the
roles of these two proteins are active and serve as the secretion gate to open and
close the channel. Mutations in FIhA and FlhB affect switch mechanism, and thus,
hook length will be changed. Beneath the MS ring, a cup-shaped structure is formed
with three proteins (FliG/FliM/FliN) and called the C (from cytoplasmic) ring. This
structure is multi-functional; it is necessary for secretion; it works as the switch of
rotational direction of the motor; and it is the rotor (Yamaguchi et al. 1986; Macnab
2003). The C ring, a mysterious structure, is also involved in hook length control as
will be shown later.

In the needle complex, PrgK (Sct]) together with PrgH (SctD) forms a ring
structure (the inner ring) similar to the MS ring. The cytoplasmic domain of PrgH
connects to the sorting platform (composed of SpaO (SctQ)/OrgA (SctK)/OrgB
(SctL)), which is corresponding to the C ring. The sorting platform is much smaller
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than the C ring, since the latter retains a large extra domain for motor and switching
function. The central channel components (SpaP (SctR)/SpaQ (SctS)/SpaR (SctT))
are highly homologous with FliP/FliQ/FliR in the amino acid sequence (Hueck
1998). Two other proteins, InvA (SctV) and SpaS (SctU), form the secretion gate
and also highly homologous with FIhA and FlhB, respectively. This high homology
between these membrane proteins is widespread among other species having the
type III secretion systems, suggesting that the flagellum and the needle complex
might be come from the same origin in evolution.

3 Hook/Needle Length

3.1 Length Measurements

Accurate measurements of length are essential for discussing length control.
Measurement of hook length is technically not easy, because the hook is much
shorter than the filament, and because the helical curvature is much large than that
of the filament. We usually purify the whole flagellar structure and prepare the
hook-basal body (HBB). We also have to make hook shape straight by low tem-
perature and by acidic stain solution (Hirano et al. 1994).

For the needle, there is no such trouble because it is straight. But it is still
necessary to purify the basal body attached with needles for accurate measurements.
In Yersinia, the needles are spontaneously released from the basal body, and thus
even the purification step can be skipped.

3.2 The Average and the Standard Deviation

Giving only the average value of hook length sometimes misleads readers. In the
previously published literatures, we often come across a sentence like “hook length
is controlled at 55 nm,” which gives a strong impression that hook length is tightly
controlled by a ruler. This is not true. Hook length is average 55 nm with the
standard deviation 6 nm. The standard deviation (10% of the average) tells us how
tightly or loosely hook length is controlled and thus very important to elucidate the
mechanism of length control (Aizawa 2013, 2014; Hughes 2012a, b). The standard
deviation of needle length is also about 10% of the average length. As we will see
later, flagellum/needle length is not tightly controlled by a ruler but a consequence
of a sporadic event.

The first example of length determination mechanism using molecular ruler was
shown with tobacco mosaic virus (TMV). The component proteins (capsid proteins)
polymerize into a tubular rod by tightly binding with its viral RNA. The defined
length of RNA determines the defined length of the rod at 300 & 5 nm. The
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standard deviation of the length distribution of the rod was 1.7% of the average
length, which is presumably derived from measurement error. Thus, we can say that
the rod length is rather accurately determined by a ruler molecule RNA. In contrast,
hook length is loosely controlled. We can find very long or short hooks, albeit few,
in a population of the hooks in wild-type strain. It should be noted that TMV
particles self-assemble within the cell, whereas the hook is formed outside the cell.
Thus, the hook component FIgE molecules are transported one by one from the
cytoplasm to the assembly site through the central channel of pre-existing structures
(the rod and the hook itself). Therefore, it is natural to assume that hook length
could be controlled at the base.

3.3 Mutants with Deviated Hook Length

Flagellar length varies from species to species. In a simple case where a flagellum
consists of a single kind of flagellin, length is determined by the amount of flagellin
expressed. Overexpression of the flagellin gene results in a longer flagellum or
flagella. However, hook length is determined by a different mechanism.
Overexpression of the hook protein (FIgE) did not change hook length (Muramoto
et al. 1998). Overproduction of FliK did not affect hook length (Muramoto et al.
1999). Deletion mutants of FlgK or FIgL that interact with the hook distal tip did
not change hook length. In contrast, the component proteins of the C ring affect
hook length. Mutations in switch proteins (FliG/FliM/FliN) gave rise to short hooks
with a defined length (Makishima et al. 2001). Deletion mutants of these genes can
still produce hooks with filaments, if Flil, an ATPase, is overproduced (Konishi
et al. 2009). But lengths of the hooks formed under the artificial conditions are
widely distributed, indicating that the C ring is required for the tight regulation of
hook length. Components of the secretion gate, FIhA and FlhB, also affect hook
length. Point mutants of FIhA or FIhB give rise to polyhooks (Barker et al. 2016;
Williams et al. 1996). In short, proteins neighboring to the hook structure do not
affect hook length, while proteins locating at the base and involved in secretion
event do affect hook length.

The needle consists of a single kind of protein Prgl(SctF) (80 aa), and needle length
is controlled by Inv] (SctP) (336 aa), which is homologous with FliK (402 aa). The
molecular length of InvJ is proportional to needle length (Wee and Hughes 2015).
Polyneedles were also found in the spa32 (sctP) deletion mutant in Shigella species
andin the yscP (sctP) deletion mutantin Yersinia species, suggesting that needle length
is controlled by a general mechanism using FliK homologues. The length control
mechanism of the hook and the needle seems to be, if not identical, very similar.
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4 A Ruler Protein SctP/FliK

4.1 Ruler

A direct evidence of a molecular ruler was first shown in the needle complex of
Yersinia species. A fliK homologue in Yersinia species is yscP (sctP). Analysis of
mutants having a set of truncated yscP genes showed that needle length was linearly
proportional to the molecular sizes of the truncated YscP (Journet et al. 2003).
We repeated the same experiment using flagellar system and obtained the same
results; hook length was linearly proportional to the molecular length of engineered
FliK (Shibata et al. 2007). FliK is not included in the flagellar structure but secreted
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Fig. 1 A model of length control by FliK and switchable secretion gate. a When hook length is
short, the FliK N-terminal region goes out of the hook channel and folds into a ball before the
C-terminal domain reaches at the secretion gate. The ball quickly moves away from the hook tip
by Brownian motion and pulls the rest of FliK molecule, which leaves little time for the C-terminal
domain to interact with the secretion gate. The hook keeps growing till b occurs. b When hook
length is long, FliK molecule moves slowly in the hook channel, which allows enough time for the
C-terminal domain to interact with the secretion gate and to switch the secretion modes. After the
secretion mode changed, hook elongation stops and filament growth starts
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into the medium until the hook elongates to a certain length (Minamino et al. 1999).
Therefore, FliK is not a ruler in a conventional sense. We look into the molecular
structure of FliK in detail.

4.2 Two Separate Functions of FIliK

Historically speaking, genetic analysis of fliK mutants precedes structural analysis
of FliK. Many spontaneous and genetically engineered mutants were analyzed, and
we learned that the N-terminal region is necessary for determining hook length, and
that the C-terminal region is essential for switching the secretion modes of sub-
strates (Williams et al. 1996; Minamino et al. 2004, 2006; Hirano et al. 2005). As
mentioned above, switching of the secretion modes of the secretion gate is the key
event to form a complete flagellum. When the C-terminal region is deleted, hooks
keep growing to be polyhooks. However, even when the N-terminal region is
deleted, as long as the C-terminal domain is intact, a filament is formed onto a
polyhook, which is called the polyhook—filament (Williams et al. 1996; Hirano
et al. 2005). The N-terminal region goes out first, and the C-terminal region
interacts with the secretion gate (F1hB) to stop FIgE supply (Kinoshita et al. 2017).
Therefore, the C-terminal domain plays the primary role in the secretion event, and
the N-terminal region plays the secondary role in control of secretion. In Yersinia,
the YscP-YscU (corresponding to FliK-FIhB) interaction was shown by means of
nuclear magnetic resonance spectroscopy (Ho et al. 2017). It is still not clear how
the C ring affects the interaction between FliK and Fl1hB.

4.3 The N-Terminal Region of FliK

How does FliK molecule sense hook length? FliK is infrequently secreted during
hook elongation (Minamino et al. 1999; Erhardt et al. 2011). When transported
through the channel, a FliK molecule is unfolded in a stretched form. A prevailing
hypothesis says that when the N-terminus reached the growing tip, it transmits a
signal to the C-terminal domain through the stretched peptide, and the signal
enhances the interaction between the C-terminal domain and FIhB (Minamino et al.
2009). But this hypothesis had a problem; if the hook was elongated a little bit
longer than the average length, FliK would miss a chance to interact with FIhB. An
experiment solved this problem; when FliK on an arabinose-induced plasmid was
expressed in a polyhook (deletion of fliK) mutant, all polyhooks on a cell instantly
produced filaments by arabinose addition (Uchida et al. 2014). This indicates that
FliK C-terminal domain almost always interacts with FIhB and switching occurs
when hook length is longer than the predetermined length. Then we have to elu-
cidate how FliK passes through the gate without switching to occur when hook
length is still shorter than the predetermined length.
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4.4 The Molecular Structure of FliK

FliK is a highly soluble protein consisting of 405 amino acids. Secondary structure
prediction indicates that the N-terminal half of FliK is non-structural and the
C-terminal half has a compact domain. NMR study on FliK in solution showed that
this prediction was largely correct; the N-terminal half was non-structured, and the
C-terminal has a compact domain composed of two alpha-helices and four
beta-sheets (Mizuno et al. 2011). However, a high-speed AFM, which was devel-
oped for the direct observation of a single particle in solution, showed that
N-terminal region actually takes on a ball shape, which is a little larger than the ball
shape of the C-terminal domain (Kodera et al. 2015). What is the role of the ball
shape in the N-terminal region?

4.5 A Model for FliK Function in Length Control

In the hook elongation process, FliK N-terminus goes first into the channel, and the
C-terminal domain remaining in the cytoplasm still retains a compact structure for
some period of time. The interaction between the C-terminal domain and the
secretion gate occurs in a brief time, because the C-terminal domain will, sooner or
later, be unfolded as FliK molecule goes out the channel into the medium.

As mentioned above when the hook elongates longer than the predetermined
length, the N-terminal region will stay longer in time in the channel of the hook as a
stretched peptide chain, allowing the FliK C-terminal domain to keep its intact
globular shape, thus increasing the chance of its interaction with the secretion gate.
When the hook is still short, as soon as FliK N-terminus reaches the tip of a
growing hook, it will start folding into a ball shape. Once the N-terminal region
folds into a ball, the ball will quickly move away from the tip by the Brownian
motion. The quick exit of the N-terminal ball will rapidly pull the rest of the
molecule in the channel of the hook to unfold the C-terminal domain, leaving a
small chance for the C-terminal domain to interact with the secretion gate (Fig. 1).

Statistical analysis of length distribution of polyhooks (hooks grown in the
absence of FliK) indicates that the hook grows very rapidly until it reaches a peak
near the predetermined length. After the peak, the hook will grow at a slower but
steady speed (Koroyasu et al. 1998). This kinetic change of growth speed will give
more chances for FliK to interact with the secretion gate at the proper length of the
hook, even though FliK is infrequently secreted (Erhardt et al. 2011; Ho et al. 2017).
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5 Conclusions

After all, controlling hook/needle length is controlling amounts of the hook/needle
protein to be secreted by the secretion gate (FIhA and FIhB) in cooperation with
FliK. FIhB/SctU autocleavage is essential for this event to occur (Ferris et al. 2005;
Monjaras et al. 2015). There are some other proteins such as the C ring that play
secondary but important roles in regulating punctual switching of the secretion gate.

Deletion of the ruler results in polyhooks and polyneedles in corresponding
species. Cells with polyhooks or polyneedles are deteriorated in function; poly-
hooks do not convey torque properly to the filament; cells with polyneedles are less
infectious. In short, length of the hook and the needle is controlled to a certain value
for exerting the optimal function.
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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
etal. 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/lpa 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: 2J00O, (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 LerV 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 LerV 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 LerV 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 A resolution in 2004 (Derewenda et al. 2004) and this structure was used to
model the LerV 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 LerV 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 LerV 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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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 A) are
depicted as balls-and-sticks (magenta)

notably for the IpaD-MxiH combination, respectively, from Shigella and the
homologous combination (SipD-Prgl) 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)
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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
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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 20009).
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 inter