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Summary

Summary

Bacterial type III secretion systems (T3SSs) are big multi-protein complexes which
span both membranes of Gram-negative bacteria and are used to translocate effector
proteins directly into the cytoplasm of target host cells. The export apparatus, a
substructure centrally located in the inner membrane inside of these systems is
essential for their proper assembly and functionality. In the Salmonella T3551, encoded
on the Salmonella pathogenicity island 1 (SPI-1), the export apparatus is composed of
the five membrane proteins SpaPQRS and InvA. This substructure is also present in
the closely related flagella system, which bacteria like Salmonella use as a motility
device. In the Salmonella flagella system the homologs of the export apparatus proteins
are FliPQR, FIhB and FIhA. In this work the structural organization and assembly of
the core components of this subcomplex from both systems were investigated. It was
found that in both systems the homologs SpaP/FliP form a stable complex with
SpaR/FliR independently of all other components. SpaP/FliP was identified as T35S
assembly nucleation point, which needs immediate stabilization by SpaR/FliR. This
solid subcomplex acts as a platform onto which subsequently SpaQ/FliQ and later on
SpaS/FIhB as well as InvA/FIhA get recruited. For the injectisome, the core component
SpaP was identified as the pore forming unit in the inner membrane. This protein
forms a pentamer with a donut-like shape which allows the passage of molecules with
a size of 500 Da, indicating a pore diameter of about 15 A. For its homolog FliP in the
flagella system it was found that this protein forms a hexamer, built by a trimer of
dimers. The hexamer is organized, as its respective injectisome homolog, in a donut-
like shape, suggesting a similar function. Furthermore, the function of an additional
flagella-associated protein FliO was investigated. This bitopic membrane protein is
missing in the injectisome and has been reported to be connected to FliP functionality.
In this work, it was shown that FliO acts as a chaperone for FliP, preventing its

degradation via the Lon pathway and stabilizing its multimerization until FliR gets
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recruited. FliO itself builds multimers and is organized in a ring structure with flexible

clamp like side arms to which FliP is able to bind.



Zusammenfassung

Zusammenfassung

Bakterielle Typ III Sekretionssysteme (T3SS) sind multi-Protein Komplexe, welche
beide Membranen von gramnegativen Bakterien tiberspannen und genutzt werden,
um Effektorproteine aus dem bakteriellen Zytoplasma direkt in Zielzellen zu
injizieren. Eine zentrale Struktur im Inneren dieser Systeme ist der sogenannte
Exportapparat, welcher essentiell fiir deren Funktionalitit und korrekten
Zusammenbau ist. Dieser ist im Salmonella SPI-1 T3SS aus den fiinf Membranproteinen
SpaP, SpaQ, SpaR, SpaS und InvA aufgebaut. Diese fiinf Komponenten sind auch
Bestandteil des bakteriellen Flagellums, welches der Fortbewegung dient. Die
homologen Proteine des Exportapparats im Salmonella Flagellum sind FliP, FliQ, FliR,
FIhB und FIhA. In dieser Arbeit wurden der strukturelle Aufbau und die
Assemblierung dieser Substruktur in beiden Systemen untersucht. Es konnte gezeigt
werden, dass in beiden Fillen die jeweiligen homologen Proteine SpaP/FliP und
Spar/FliR unabhdngig von allen anderen Komponenten einen stabilen Komplex
bilden. SpaP/FliP wurde als Initiationspunkt der T3SS Assemblierung ausgemacht,
welcher durch SpaR/FliR unmittelbar stabilisiert wird. Dieser Subkomplex stellt die
Basisstruktur dar, zu der nachfolgend die Komponenten SpaQ/FliQ und anschliefSend
SpaS/FIhB sowie InvA/FIhA rekrutiert werden. Weiterhin konnte das Virulenz-
assoziierte Spal als die Komponente bestimmt werden, welche in der inneren
Membran ein pentameres Multimer mit Porenfunktion ausbildet. Diese Pore ist
durchlassig fiir Molekiile mit einer Grofse von bis zu 500 Da, was auf einen
Porendurchmesser von ungefihr 15 A schliefen lasst. Fiir das entsprechende
Homolog FliP im Flagellensystem konnte die Bildung eines hexameren Rings gezeigt
werden, was eine vergleichbare Funktion vermuten ldsst. Dariiber hinaus wurde die
Funktion der Flagellenkomponente FliO genauer untersucht, fiir das kein Homolog
im Virulenz-assoziierten T3SS nachgewiesen ist. Fiir FliO konnte bereits zuvor gezeigt
werden, dass es mit der Funktionalitat von FliP verkniipft ist. In dieser Arbeit konnte

FliO als FliP-spezifisches Chaperon identifiziert werden, welches den gezielten FliP
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Abbau durch die Lon Protease verhindert und dessen Multimerisierung bis zur
Rekrutierung von FliR stabilisiert. FliO selbst ist als Multimer in einem Ring
organisiert, an dessen Seiten sich flexible klammerartige Arme befinden, welche in der

Lage sind, FliP zu binden.
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Introduction

Introduction

Prolog

Like the human skin, the bacterial cell envelope is of utmost importance for its host.
This barrier to the environment is a hot spot for essential processes. Integrity and
therefore protection from unfavorable environments, sensing and uptake of nutrients,
as well as creating and using ion gradients as energy source are crucial for the survival
of the bacterial cell (Silhavy et al., 2010). In order to adapt and interact, communication
and exchange with its environment are key tasks of the bacterial cell envelope. To
influence their own surroundings, host cells or other competing microbes, bacteria
have evolved several secretion systems to translocate specific molecules to their
designated target location (Green and Mecsas, 2016). To date, nine different bacterial
secretion systems have been found and characterized (Abby et al., 2016; Costa et al.,
2015; Lasica et al., 2017). Their occurrence, shape, size, function and mode of action

vary greatly.

This work focuses on the type III secretion system (T3SS), a multi membrane-spanning
nanomachine of Gram-negative bacteria, which is utilized to inject semi-folded
proteins in a one-step mechanism into target host cells (Galdan and Collmer, 1999). Due
to their function, T3SSs are also called injectisomes. From an evolutionary perspective
injectisomes or virulence associated T3SSs have evolved from bacterial flagella
systems which harbor a flagella associated T3SS (fT3SS) as their core component (Abby
and Rocha, 2012). In the flagella system, the T3SS is used to export several structural
components of the flagella filament to the outside, where they assemble and build up

a sophisticated nanomachine that enables bacteria to move (Macnab, 2003).
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T3SSs - How Salmonella Uses Its Major Weapons During Infection

For several enteropathogens, like Salmonella enterica serovar Typhimurium, usage of
their T3SS is crucial for pathogenesis (Galan and Wolf-Watz, 2006). Salmonella
expresses two distinct virulence associated T3SSs, depending on the stage of infection.
They are expressed from two distinct loci called Salmonella pathogenicity islands 1
(SPI-1) and 2 (SPI-2) and are therefore termed T35S1 and T3SS2. These genetic islands
have been acquired via horizontal gene transfer and contribute to the pathogenic

abilities of the organism.

— % Salmonella enterica

|
v m ﬂ\/ﬁ%)\/\/\f SPI-1 effectors
)

- .
Intestine | M-cell SPI-2 effectors

\_ J

Figure 1: Salmonella infection. Salmonella is taken up with contaminated food or water. In the small intestine it
promotes its own invasion into non-phagocytic enterocytes, preferentially M-cells, via various effectors of its T3SS1.
For intracellular survival and spreading inside the Salmonella containing vacuole (SCV) Salmonella secretes another
set of effectors via its T35S2 (Krampen, 2017).

To exert its function as a pathogen, Salmonella uses both of its systems to invade,
replicate and hide inside host cells to avoid elimination by the host immune system
(Fig. 1) (Haraga et al., 2008). The organism causing severe foodborne disease and

systemic salmonellosis in immunocompromised patients is taken up with

contaminated food or water. A small amount of bacterial cells survive the low pH
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environment of the stomach and travel to the distal small intestine (Portillo et al., 1993).
At the brush border of the ileum Salmonella invades preferentially M-cells, specialized
epithelial cells which overlay the gut associated lymphoid tissue (Jones et al., 1994). At
the distal small intestine, the microaerophilic environment plus several other factors
like high osmolarity, near neutral pH and absence of bile salts lead to the induction of
SPI-1 expression (Bajaj et al., 1995; Jones et al., 1994; Prouty and Gunn, 2000). The
regulation of SPI-1 gene expression is complex and involves many factors (Altier,
2005). In short, the three AraC-like regulators HilD, HilC and RtsA form a
sophisticated feed-forward regulatory loop resulting in induction of the master
transcriptional regulator HilA (Ellermeier et al., 2005; Golubeva et al., 2012). This
regulator protein contains an OmpR-ToxR family like DNA-binding domain and
induces expression of the prg/org and inv/spa operons, which encode for all structural

components of the T3551 (Bajaj et al., 1995).

Salmonella Invades — A Job for T3SS1

When Salmonella enterica is in close contact to the epithelium of the small intestine, it
adheres to host cells via its various adhesins (Wagner and Hensel, 2011). Once the
distance to the target cell is close enough, so that the T3SS needle filament reaches the
opposing membrane with its tip, two secreted hydrophobic translocator proteins form
a complex on top of the needle tip. This translocator complex integrates into the host
cell membrane and forms a pore (Blocker et al., 1999; Collazo and Galan, 1997). Effector
proteins from the bacterial cytoplasm can now be translocated via this continuous

conduit directly into the host cell cytoplasm.

The T3SS1-secreted proteins exert several functions inside the host cell with the
common goal to promote the uptake of Salmonella. In detail, several effectors including
SopE, SopE2 and SopB activate host Rho-GTPases to induce actin rearrangements of
the host cell cytoskeleton (LaRock et al., 2015). SopB furthermore recruits annexin A2
(ANXAZ2) to the membrane which acts as a platform for the reorganized actin filaments
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(Jolly et al., 2014). The SPI-1 T3SS secreted effectors SipA and SipC have the ability to
induce actin bundling on their own (Hayward and Koronakis, 1999; McGhie et al.,
2001; Zhou et al., 1999). All in all, these actin rearrangements result in membrane
ruffling, engulfment of the bacterial cell and the formation of a Salmonella containing
vacuole (SCV) inside of the cell (Humphreys et al., 2012). After internalization of
Salmonella, the T3SS1 effector SptP induces the reversion of the cytoskeleton to its

native state (Fu and Galan, 1999).

Besides actin restructuring and the resulting invasion of Salmonella, many T3S5S1
effectors lead to an altered gene expression in the target cell. This alteration can
mediate an inflammatory response which indirectly promotes the transmission of
Salmonella (LaRock et al., 2015). In the case of SopB, it has been shown that this effector
promotes the transformation of epithelial cells into M-cells, the preferential invasion
target of Salmonella (Tahoun et al, 2012). Together this shows how effectively
Salmonella and other T3SS equipped bacteria manipulate host cells in their favor, using

an arsenal of various T3SS effectors in order to induce their uptake and dissemination.

T3SS2 Ensures Intracellular Survival

Inside of the SCV the gene expression profile of Salmonella changes drastically. This is
induced by the changed environmental conditions inside of the SCV compared to the
intestinal lumen. Intracellularly, Salmonella has to face several threats, like components
of the innate immune system or the acidic pH in the phagocytic vacuole (LaRock et al.,
2015). From this point on Salmonella switches to its T35S2. In contrast to the T3S51, the
T3SS2 is needed for intracellular survival and immune system evasion (Cirillo et al.,
1998; Hensel et al., 1998). Many factors, including phosphate starvation and low Mg?*
or Ca* concentrations, as they are present inside of the SCV, induce expression of SPI-
2 genes (Hansen-Wester and Hensel, 2001). Simultaneously, expression of SPI-1 genes
are repressed when SPI-2 inducing conditions are present (Deiwick et al., 1999). The

crosstalk between several regulatory elements of both systems is necessary to ensure
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a tightly regulated transition of the T3SS1-mediated invasive state to the T3SS2-
mediated intracellular survival state (Erhardt and Dersch, 2015). HilD, one of the
above-mentioned AraC-like regulators, is for example able to induce either SPI-1 or

SPI-2 expression in a growth dependent manner (Bustamante et al., 2008).

Effector proteins specific for the T35S52 injectisome are specialized to ensure Salmonella
survival inside of the SCV, but also promote its migration into neighboring epithelial
or immune cells (Worley et al., 2006). About 30 different T3SS2 effectors have been
characterized until today (Figueira and Holden, 2012). In general, one can distinguish
between four different effector targets/functions. Among others, SifA and Sse] have
been found to be involved in formation of Salmonella-induced filaments (SIFs) and the
maintenance of the SCV (Beuzon et al., 2000; Ohlson et al., 2005, 2008; Stein et al., 1996).
Localization of the SCV next to the Golgi complex is mediated by SseF and SseG
(Deiwick et al., 2006; Salcedo and Holden, 2003). The correct positioning of the SCV
next to the Golgi complex was reported to be important for bacterial intracellular
replication (Ramsden et al., 2007). Furthermore, T35S2 effectors are responsible for
rearrangements of the cytoskeleton which has returned to its normal morphology after
SPI-1 T3SS mediated conformation changes during invasion (Méresse et al., 2001; Miao
et al.,, 2003). This effect is mediated by another set of SPI-2 translocated proteins
including SteC (Poh et al., 2008). Another important function is the modulation of the
host cell immune response or the NF-kB pathway which leads to a downregulation of
cytokine release and the preservation of host cell homeostasis (Mazurkiewicz et al.,

2008; Sun et al., 2016).

In immunocompromised patients, Salmonella is able to disseminate into other organs
like liver and spleen and cause severe life threatening diseases (Mastroeni and Grant,
2011; Santos et al., 2001). All in all, this shows how important T3SSs are for the
pathogenesis of many Gram-negative bacteria like Salmonella. With the upcoming
problems of antibiotic resistances in bacteria and their threat for infected humans, it is

necessary to gain detailed insights into the various pathogenicity mechanisms of
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bacteria in order to identify new targets for antibiotic or anti-infective therapies. For
large and sophisticated virulence factors, like the T3SSs, it is therefore crucial to
determine the structure and furthermore the function of all components, in order to

understand how the system works and how it might be inhibited.
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The Injectisome - Structural Components and Their Function

The Needle Base
A. \ effectors ‘ C
HM
needle tip/
SipBCD translocon
complex
Pl 7
needle
oM filament
InvG
PrgJ)
PrgH base
PrgK
SpaPQR
export
opas apparatus
InvA
OrgA ) \
SpaO cytoplasmic ’K( |
components T I
Invl 'x
OrgB 5
InvC

-
/' chaperones

effectors

Figure 2: Structure of the injectisome. (A.) Cartoon model of the Salmonella SPI-1 injectisome (adapted from (Galan
et al., 2014)). (B. and C.) Side and cut-through view of the intact injectisome structure. The available atomic
structures have been fitted into the structure obtained by in situ cryo-electron tomography (Hu et al., 2017). HM:
host membrane; OM: outer membrane; IM: inner membrane; PG: peptidoglycan.

Injectisomes have a syringe-like shape and are composed of about 20 different proteins
with more than 200 subunits in total (Fig. 2) (Deng et al., 2017; Hu et al., 2017; Zilkenat
et al., 2017). The model organism of this study was Salmonella enterica serovar
Typhimurium. Therefore, all following descriptions and characterizations of T3SS
components refer to the T3SS1 of Salmonella, if not mentioned otherwise. The
prominent core structure spanning both membranes is called needle base. It consists
of the outer membrane secretin protein InvG, which forms a 15-mer ring and the two

inner membrane proteins PrgK and PrgH (Schraidt and Marlovits, 2011; Schraidt et

al., 2010; Worrall et al., 2016). The lipoprotein PrgK as well as the bitopic membrane
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protein PrgH form two concentric rings, each composed of 24 subunits (Schraidt and
Marlovits, 2011). These two rings in the inner membrane are also called MS rings
(membrane and supramembrane), whereby PrgK is termed the inner and PrgH the
outer MS ring protein (Kimbrough and Miller, 2000). The secretin ring is connected to
the MS ring via direct interactions with the periplasmic domain of the outer MS ring

protein PrgH (Schraidt et al., 2010).

Major Focus: Export Apparatus

Another building block of every T3SS is the export apparatus. It is harbored in the
inner membrane patch, composed of the five membrane proteins SpaPQRS and InvA
and surrounded by the MS rings (Tampakaki et al., 2004; Wagner et al., 2010). The
export apparatus substructure is one of the most conserved among all injectisomes and
even among all flagella-associated T3SSs. The stoichiometry of all export apparatus
components was recently determined for the T3SS1 in Salmonella and revealed a
stoichiometry of 5:1:1:1:9 for SpaP : SpaQ : SpaR : SpaS : InvA (Zilkenat et al., 2016).
The export apparatus components are divided into two groups, the major and the
minor export apparatus. The denotation major export apparatus is derived from the
fact that two components, SpaS and InvA, are remarkably bigger than all other
components and, besides their transmembrane segments, both consist of large
cytoplasmic domains and exert special functions in the system (Berger et al., 2010;

Diepold and Wagner, 2014).

The structures for both of these cytoplasmic domains have been solved for SpaS and
MixA (InvA homolog) in Shigella (Abrusci et al., 2012; Zarivach et al., 2008). SpaS plays
a major role in substrate specificity switching (Edqvist et al., 2003). This means that it
is involved in shifting T3SS secreted substrate sets from early to intermediate
substrates; due to this it is also called the switch protein (Magdalena et al., 2002). The
cytoplasmic domain of SpaS and of all other homologous T3SS switch proteins contain
an NPTH motif, at which the protein is able to autocatalytically cleave itself (Ferris et
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al., 2005; Zarivach et al., 2008). Mutants not able to auto-cleave cannot switch substrate
secretion from early to intermediate substrates. However this auto-cleavage is most
likely not the switch signal per se, but rather gets SpaS into a conformation which then
enables it to exert its switch function (Monjaras Feria et al., 2015). The crystal structure
of the InvA homolog MxiA revealed that the cytoplasmic domain of this protein forms
a nonameric ring (Abrusci et al., 2012). For the InvA homologs FIhA in the flagella
system and HrcV in Xanthomonas, it was shown that this component interacts with
effector proteins and their chaperones, indicating a role in substrate recognition

(Biittner et al., 2006; Khanra et al., 2016; Kinoshita et al., 2013).

Like all structural components of the needle complex, the entire export apparatus is
essential for a functional T3SS (Sukhan et al., 2001). Due to its central location inside
the system it was proposed that the components of the export apparatus might act as
a translocation channel through the inner membrane (Aizawa, 2001). Nevertheless,
very little is known about the exact structure and function especially of the minor
export apparatus components SpaP, SpaQ and SpaR. This discrepancy between the
lack of knowledge and the importance of these components for the system was one of
the motivations for this thesis. The deeper analysis and characterization of this
substructure will help to understand the secretion mechanisms of this highly complex

machinery.

The Cytoplasmic Components

Underneath the export apparatus and MS rings the cytoplasmic components of the
T3SS are located. This highly organized substructure is composed of the proteins
OrgA, OrgB, SpaO, Invl and InvC (Hu et al., 2017). The latter is the ATPase of the
system and therefore responsible for energizing the secretion process. The structure of
the InvC homolog EscN from Escherichia was solved and revealed that the ATPase is
organized as hexamers (Zarivach et al., 2007). SpaO and OrgA are organized in
hexameric pods (Hu et al., 2017). On the top, OrgA builds the connection of the SpaO
19
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pods to the base structure, most likely via direct interactions with the cytoplasmic N-

terminal part of the outer MS ring protein PrgH.

For the SpaO homolog YscQ in Yersinia, it was shown that about 22 copies of this
protein are present in the assembled system (Diepold et al., 2015). SpaO is present in
two forms, due to two distinct translational start sites: a full length form and a version
comprised of the C-terminal third of the protein (Bzymek et al., 2012). The two versions
of SpaO share some homology with the flagella proteins FliM and FliN, which are
reported to be organized in a big ring structure (Zhao et al., 1996). Due to this, SpaO
as well as FliM and FliN have been termed C-ring proteins. The large discrepancy
between the number of 6 visible pods and the estimated number of 22 for the SpaO
homolog YscQ in Yersinia might be explained with the high exchange rate of this
component in the complex (Diepold et al., 2015). Furthermore, it was shown that SpaO
together with OrgA and OrgB forms a sorting platform, ensuring the correct

hierarchical order of substrate secretion (Diepold et al., 2017; Lara-Tejero et al., 2011).

Together this suggests that the highly dynamic SpaO might function as a transport
protein carrying or guiding secretion substrates with their respective chaperones to
the system. On the bottom of SpaQ, the stator protein OrgB connects each of the SpaO
pods to a subunit of the InvC ATPase complex (Hu et al., 2017). The direct interaction
of SpaO with OrgB is essential for a functional injectisome, indicating the importance
of both, the close proximity between the ATPase complex and SpaO and the correct
organization of the cytoplasmic components (Notti et al., 2015). The small protein InvI
sits on top of the ATPase complex (Hu et al., 2017). For the flagella homolog Fli] it has
been shown that this protein acts as a positive regulator of the ATPase and moreover
connects it via direct interactions to the major export apparatus protein FIhA (InvA
homolog) (Minamino et al.,, 2011). Due to the common architecture, similarities
between the ATPase-export apparatus-complex and F- and V-type ATPases have been

discussed in literature (Ibuki et al., 2011; Portaliou et al., 2016).
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Secreted Structural Components

Once the base components, the export apparatus and the cytoplasmic components
have been correctly assembled, the system becomes secretion competent. Besides the
cytoplasmic and the membrane associated components several T3SS secreted proteins
are also structural components of the fully assembled injectisome. The component
contributing the most subunits to the system is the needle filament protein Prgl, which
has an a-helical hairpin shape (Wang et al., 2007). In Salmonella about 120 copies of
Prgl assemble to a right handed helical conduit with an approximate length of about
35 nm (Loquet et al., 2012; Marlovits et al., 2006; Wang et al., 2007). Inside of the needle
base the inner rod protein Prg] is located and it is suggested that this protein somehow
connects the needle filament with the export apparatus in the inner membrane
(Marlovits et al., 2004). Furthermore, it has been shown that the inner rod protein is
partially folded and an interaction of this protein with the needle protein is needed to
build fully assembled needles (Cao et al., 2017; Zhong et al., 2012). PrgJ and Prgl share
some structural similarities and both proteins are able to polymerize into fibers in vitro

(Lefebre and Galdn, 2014; Loquet et al., 2012; Monlezun et al., 2015).

In injectisomes, secreted substrates are distinguished in a three level hierarchy based
on their order of secretion. The filament proteins Prgl, Prg] as well as the non-
structural protein Inv] are termed early substrates. As the name implies, these
substrates are the first to be secreted after complete assembly of the secretion
competent system. Initiation of secretion leads to a conformational change in the
secretin protein InvG. In the closed state, radial projections of a hairpin formed by two
[-sheets of each subunit build a periplasmic gate (Worrall et al., 2016). In order to allow
passage through the secretin outer membrane pore, these hairpins have to swing out
whereby the gate gets into an open state. This assumption is supported by the
observation that secreted proteins accumulate in the periplasm, if the needle filament

protein is missing (Diepold and Wiesand, 2012). This indicates that the polymerizing
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needle filament is needed to open the secretin pore. The secreted protein Inv],
measures in a ruler-like fashion the length of the needle filament and, together with
the switch protein SpaS, induces in an unknown mechanism the switch from early to

intermediate substrate secretion (Wee and Hughes, 2015).

On top of the needle, the hydrophilic tip protein SipD assembles together with the two
hydrophobic translocator proteins SipC and SipB (Lara-Tejero and Galan, 2009).
SipBCD are all intermediate secretion substrates, but nevertheless structural
components of the fully assembled and functional T3SS. SipD acts as a scaffold for the
latter two, which then together form a translocation pore complex in the target host
cell membrane (Mueller et al., 2008; Myeni et al., 2013). This results in a continuous
channel connecting the Salmonella cytoplasm with the target host cell cytoplasm. In a
second switch step of substrate specificity, involving the cytoplasmic gatekeeper
protein InvE, Salmonella shifts its injectisome secreted arsenal towards the so called late
substrates or effectors, which act in various ways on the target host cell (Kim et al.,

2013; Kubori and Galan, 2002; Roehrich et al., 2016).
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Overview on T3SS Assembly

Protein Complex Assembly

For such a sophisticated and highly specialized nanomachine composed of many
different components and building blocks, like the injectisome, it is obvious that the
correct orchestration of assembly is crucial for the functionality of the whole system.
Assembly of homo- and heteromeric multi-protein complexes have been the focus of
many studies (Ahnert et al., 2015; Marsh and Teichmann, 2015; Natan et al., 2017).
Protein folding in the cytoplasm occurs primarily spontaneous, whereby hydrophobic
cores are formed by connections between and among a-helices and [3-strands (Levitt
and Chothia, 1976). Subsequent oligomerization and complex assembly relies on a
large set of various protein-protein interactions and additional assembly factors like
chaperones and cofactors (Ellis, 2013; Nooren and Thornton, 2003; Van Vranken et al.,

2015).

In contrast to this, assembly of membrane protein complexes is highly constrained,
due to the two dimensional spatial limitation of the membrane space. Moreover,
insertion as well as folding of proteins in the membrane occurs co-translationally via
the Sec, YidC or a pathway combined from both essential machineries, adding a
temporal factor to protein complex assembly (Dalbey et al., 2011). For inner membrane
proteins and complexes, the interaction of a-helices and the resulting a-helical bundle
formation is driven by various amino acid motifs in the a-helical chain (Schneider et
al., 2007). Best described example for these motifs is the GXXXG motif, where the
glycine of one a-helix provides a flat surfaces onto which side chains of the adjacent
a-helix are able to make close contacts (MacKenzie et al., 1997). With this, the GXXXG
motif maximizes possible van der Waals interactions and/or hydrogen bonding,
resulting in a TMH-TMH right handed crossing (Teese and Langosch, 2015). By
formation of a-helical bundles via these specific motits, TMD-TMD intermolecular

interactions can occur which are involved in noncovalent assembly of membrane
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protein complexes (Ng et al., 2013). The cytoplasmic and periplasmic domains can also
be involved in intermolecular interactions, resulting in stabilized and tightened
complex assemblies. Several additional factors have to be mentioned in order to
underline the complexity of membrane protein insertion, folding and assembly. It was
shown that the phospholipid phosphatidylethanolamine (PE) can be involved in
correct folding of certain membrane proteins (Dowhan and Bogdanov, 2009).
Furthermore, proper protein complex assembly might require the presence of
chaperone proteins or small accessory subunits (Formosa et al., 2017; Kulajta et al.,
2006; Stroud et al., 2016). For hetero-oligomeric membrane protein complexes, ordered
and non-ordered assembly pathways have been reported. In the ordered model, as
reported for the cytochrome bos oxidase or the cell division complex in E. coli, assembly
of subunits occurs in a defined temporal order (Buddelmeijer and Beckwith, 2004;
Stenberg et al., 2007). In contrast to this, a non-ordered assembly was for example
reported for maltose transport complex in E. coli (Kennedy et al., 2004). In this case,
several assembly pathways were reported which showed no sequential accumulation

of specific intermediate assembly complexes.

Outside-in or Inside-out?

Characterization and elucidation of the T35S assembly pathway has been the focus of
several studies (Diepold and Wiesand, 2012; Diepold et al., 2010, 2011; Wagner et al.,
2010). Based on apparently contradicting results, two distinct assembly pathways have
been proposed (Kosarewicz, 2012). An outside-in pathway was suggested, based on
the findings in Yersinia that the secretin ring in the outer membrane was able to
assemble independently of all other components (Diepold et al., 2010). It was shown
that the outer MS ring needs the presence of the secretin protein for assembly but not
the inner MS ring protein (Diepold et al., 2010). Additionally, the same publication
showed that the cytoplasmic components assemble after completion of the MS-rings

(Diepold et al., 2010). This study indicated a top-to-bottom assembly starting with the
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secretin in the outer membrane followed by the inner membrane components and
finally the cytoplasmic parts. Contradictory to this model, it was shown that the
proteins of the minor export apparatus are all essential for correct needle complex
assembly (Wagner et al., 2010). This proposed an inside-out assembly model with a

start point in the inner membrane.

The Bipolar Model

‘ effectors .
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complex
secretin complex integr. + cytopl. comp. needle
assembly (InvG) through PrgH (OrgAB SpaO InvCl) oM filament
export apparatus assembly base
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Figure 3: Assembly of the proposed bipolar model. In the inner membrane the export apparatus components
assemble and recruit the inner MS ring protein PrgK. Simultaneously, the secretin protein InvG assembles in the
outer membrane and recruits the outer MS ring protein PrgH. Both subcomplexes get integrated into one holo-
complex. In the cytoplasm, components of the sorting platform and the ATPase get recruited. The system gains
secretion competence and secretes the inner rod, needle filament, needle tip and translocator proteins. The fully
assembled system is now able to translocate effector proteins from the bacterial cytoplasm into the target host cell
cytoplasm (adapted from (Diepold and Wagner, 2014)). IM: inner membrane; OM: outer membrane.

The generally accepted working model at the moment is a combination of both
approaches to a bipolar assembly pathway with two distinct starting points in the
outer and in the inner membrane (Fig. 3) (Diepold and Wagner, 2014). The observation
that the export apparatus components can assemble independently of all other

components, but seem to float around in the inner membrane in the absence of the
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secretin or the MS rings, supports this bipolar model (Diepold et al., 2011). This
combined model fulfills not only the integration of all data on T3SS assembly to date
but also it shows how quality control of the system can be applied during assembly.
Two starting points for different substructures of the T3SS control two distinct

functions of the system, which are only useful once they are combined.

In the inner membrane, the export apparatus assembles with the inner MS ring protein
and recruits all cytoplasmic components to build a secretion-competent device, but
without a connection to the second starting point of assembly, the secretin ring in the
outer membrane, the system would secrete all substrates into the periplasmic space
and would not be able to form a needle that breaches the outer membrane. Therefore,
the second starting point in the outer membrane ensures penetration of this barrier so
that secreted needle and other substrates can be translocated efficiently. Vice versa, the
outer membrane secretin connected to the outer MS ring protein has to find the

substructures in the inner membrane to gain secretion competence.

Nucleation Point Outer Membrane

In detail, the proposed Salmonella T3SS1 assembly proceeds in the following order: As
described above, there are 15 copies of the secretin protein InvG assembling and
forming a ring structure in the outer membrane. Secretins are dynamic channels in the
outer membrane of Gram-negative bacteria and are amongst others an important part
of several secretion systems like T2SS, T3SS and the type IV pili system (T4PS)
(Korotkov et al., 2011). InvG is translocated across the inner membrane in a Sec-
dependent manner. Additionally, InvG is dependent on the lipoprotein InvH, which
is needed for correct assembly of InvG, as well as its insertion into and anchoring to
the outer membrane (Crago and Koronakis, 1998; Daefler and Russel, 1998). InvH itself
is directed to the inner leaflet of the outer membrane via the Lol pathway (Worrall et
al., 2016). 24 copies of the outer MS ring protein PrgH get recruited to the secretin ring.
This statement is based on observations in Yersinia, where it was shown that YscD
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(PrgH homolog) co-purified with the secretin protein YscC (InvG homolog) in the
absence of the inner MS ring protein YscJ (PrgK homolog), but conversely Ysc] needed

the presence of YscD for co-purification with YscC (Diepold et al., 2010).

Nucleation Point Inner Membrane

Independently, the three minor export apparatus components SpaP, SpaQ and SpaR
make up the second nucleation point and assemble in an unknown hierarchical order
in the inner membrane (Wagner et al., 2010). All T3SS components of the inner
membrane are inserted into the membrane in a Sec-dependent manner (Sukhan et al.,,
2001). The minor export apparatus recruits the two major export apparatus
components SpaS and InvA. As for their flagella associated T3SS homologs, it was
proposed that all components of the export apparatus are located in the membrane
patch surrounded by the MS rings (Minamino and Macnab, 1999; Tampakaki et al.,
2004). The above mentioned observation of an export apparatus assembling

independently of MS ring proteins strengthens this suggestion (Diepold et al., 2011).

Before the nonameric stoichiometry of InvA and its homolog MxiA in Shigella were
determined via an MS-based approach and crystallization of its cytoplasmic domain,
it had been already shown that InvA is forming oligomers and that its YscV homolog
in Yersinia is present in multiple copies in the system (Abrusci et al., 2012; Diepold et
al., 2011; Wagner et al., 2010). The limited space of the membrane patch inside the MS
rings plus the ring structure of the nonameric InvA with its total predicted 72
transmembrane helices suggest that the InvA oligomer surrounds the rest of the export
apparatus components. This assumption is supported by the fact that in Yersinia, the
InvA homolog YscV co-purified with the inner MS ring protein in the absence of the
outer MS ring protein or the secretin (Diepold et al., 2011). This implies that InvA
(YscV) is in direct contact to the inner MS ring and therefore has to surround the rest

of the export apparatus.
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Despite all the progress, which has been made on T3SS assembly, the exact order of
export apparatus assembly, the symmetry mismatch of the export apparatus and the
connection of the two nucleation points still raise a lot of questions. It seems to be
incomprehensible, how the spa operon encoded SpaPQRS subcomplex, with its
asymmetrical 5:1:1:1 stoichiometry, is able to assemble correctly and subsequently fits
into the highly symmetrical InvA nonameric ring. Calculating the approximate space
of the membrane patch inside of the MS ring (about 130 A diameter) shows that about
117 a-helices with an estimated average diameter of 12 A would fit into the membrane
area surrounded by PrgK. The membrane protein topology prediction web server
TOPCONS (http://topcons.cbr.su.se/) predicts for InvA 7-8, for SpaP 4-6, for SpaQ 2,
for SpaR 6 and for SpaS 4 membrane helices, based on the stoichiometry of these
components, resulting in 95-124 membrane helices in total. This shows that the
membrane patch inside the MS ring, as well as inside the InvA ring has to be tightly
packed and does not give much space for structural flexibility. Additionally, there has
to be space for a small pore with a diameter of about 10-15 A which further tightens
the space of the export apparatus components (Radics et al., 2013). Therefore, further
investigations on assembly questions, especially concerning the export apparatus,

seemed to be necessary.

How to Connect the Two Nucleation Points?

Besides the export apparatus assembly several other steps in the build-up of the T3SSs
remain still unclear. One of these other very important open questions is how do both
of the just mentioned intermediate complexes in the inner and outer membrane
integrate together and form one holo-complex. The export apparatus components
surrounded by the 24-mer inner MS ring would not be able to integrate into a fully
and stably assembled outer MS ring connected to the secretin ring. This suggests that,
although PrgH gets recruited to InvG, the completion of the outer MS ring can only

occur if the fully assembled export apparatus plus the surrounding inner MS ring gets
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integrated first. This might be due to the tight interaction of PrgH with PrgK which

has to occur to stabilize both subcomplexes.

Another important question in this context is how and at which point of assembly the
penetration of the peptidoglycan (PG) occurs. For several type Il and type IV secretion
systems specialized lytic transglycosylases (LT) have been found which are directly
associated to the respective secretion system and might facilitate assembly of the
translocation complex through the PG layer (Zahrl et al., 2005). In the Salmonella SPI-1
system this enzyme is termed lagB. The crystal structure of the IagB homolog EtgA
from E. coli showed homologies to other LTs and structural features which were
similar to lysozyme (Burkinshaw et al., 2015). For several of the associated LTs it was
shown in vivo and in vitro that they efficiently cleave PG (Zahrl et al., 2005).
Interestingly, for EtgA it was shown that the enzyme activity was increased when the
T3SS inner rod protein was co-incubated (Burkinshaw et al., 2015). Once the two
subcomplexes have been correctly built, found and fit together, the resulting fully
assembled needle bases are solid and robust structures which can be stably purified

and visualized (Kubori et al., 1998).

What Happens in the Cytoplasm?

The cytoplasmic components were for a long time one of the major blind spots on the
T3SS assembly map. Those components are easily lost during purification and may
have dynamic properties as it was already reported for the C-ring protein SpaO
homolog YscQ in Yersinia (Diepold et al., 2015). The first study focusing on assembly
of the cytoplasmic components was carried out by Diepold et al. in 2010. In this
publication, it was reported for the Yersinia T3SS that the C-ring is only able to
assemble when the membrane rings as well as the accessory protein YscK (OrgA
homolog), the stator YscL (OrgB homolog) and the ATPase YscN (InvC homolog) are
present. Furthermore, it was shown that assembly of the ATPase needed the same

components as the C-ring, as well as the C-ring protein itself. Together these data
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indicated the formation of a huge ATPase-C-ring complex, which needs all of its
components for correct assembly, and a previously finished membrane ring complex
which acts as a scaffold for the cytoplasmic parts. Interestingly and contradictory to
previously mentioned results on needle base assembly, the presence of the export
apparatus components was not needed to detect assembly of the C-ring or the ATPase

(Diepold et al., 2010).

All observations in the study of Diepold et al. from 2010, are based on the detection of
fluorescent spots of green fluorescent protein (GFP) labelled C-ring or ATPase protein
tested in the absence of other T35S components. With this method it is difficult to
analyze the exact structural influence of each cytoplasmic component and therefore to
distinguish between different assembly states. Key advances have been made by using
state-of-the-art cryo-electron microscopy (cryo-EM) and in situ cryo-electron
tomography to elucidate structural and assembly questions concerning T3SSs (Hu et
al.,, 2017; Worrall et al., 2016). In line with the studies above, these state of the art
techniques could confirm that the accessory protein OrgA as well as the stator OrgB
and the C-ring protein SpaO are essential for assembly of the cytoplasmic components
of T35S apparatus. Moreover, it was elucidated that the C-ring protein SpaO together
with OrgA and OrgB are organized in a 6 pod fashion (Hu et al., 2015, 2017).
Interestingly, densities for those pods are also detectable in an ATPase deficient strain,
indicating that assembly of those pods is to some extent independent of the presence
of the ATPase and furthermore the ATPase is one of the last components assembled to
complete the whole system (Hu et al., 2017). A most recent study revealed additionally,
that the cytosolic components assemble into a highly dynamic complex in the cytosol,
which then gets more stable after binding to the injectisome base components (Diepold

et al., 2017).
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The Flagella Associated T3SS Export Apparatus
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Figure 4: Structural comparison of the flagellum with the injectisome. Cartoon models of the structures of the
Salmonella flagellum (A.) and injectisome (B.). Focus is on the highlighted export apparatus components of both
systems.

It was mentioned before that, as the virulence associated injectisome, the bacterial
flagellum uses a T3SS for the secretion of some of its components and is therefore
crucial for its functionality. The overall structural organization, comparing
injectisomes with flagella, is slightly distinct (Fig. 4). Many components of the flagella
system, which would be needed to exert its function as a motility device have been lost
or exchanged during the evolutionary transition into an injectisome (Abby and Rocha,
2012). A detailed discussion on all structural and functional components of the flagella

system would go beyond the scope of this thesis. Only the corresponding fT3SS export

apparatus components were of particular interest.

Similarities and Differences

The export apparatus components, also named as export gate complex in fI3SS, are

among the most conserved in all T3SS (Macnab, 2004). The genetic organization of the

flagella and injectisome export apparatus-encoding genes differ slightly in Salmonella.

The gene encoding for FIhB, the SpaS homolog in the flagella system, is located outside
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the spaPQR operon homolog fliPQR. The exact genetic organization of the genes
encoding for T3SS components varies slightly between different organisms and the
different systems but it is always consistent for the mentioned minor export apparatus

genes spaPQR/fliPOR (Fig. 5).
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flio fliP fliQ flik flhB fThA

Figure 5: Genetic organization of the export apparatus genes. The evolutionary conserved organization of the
fliPQR/spaPQR operon, the additional flagella fliO gene as well as the Sec signal sequence of fliP (blue) are
highlighted.

A more striking difference between the flagella and the injectisome system is the
presence of an additional gene upstream of fliP and also part of the fli operon encoding
for FliO. This protein has no homolog in the injectisome system, shows the least
conservation among all export apparatus proteins and is even absent in some flagella
T3SSs (Barker et al., 2010; Liu and Ochman, 2007). It is a rather small bitopic membrane
protein whose exact function had not been elucidated, but it seems to be involved in
the functionality of the minor export apparatus component FliP (Barker et al., 2010,

2014). Together, all these results indicated that FliO might be a structural component
of the fT3SS.

As mentioned before the degree of conservation between all export apparatus
components present in both systems is very high, but still there are minor noteworthy
differences. One of those differences is the fact that the N-terminus of FliP harbors a
Sec signal peptide, which is essential for the co-translational insertion into the inner
membrane via the Sec system and therefore for the functionality of FliP (Pradel et al.,
2004, 2005). This Sec signal is missing in SpaP, suggesting that in the SPI-1 injectisome
the first transmembrane helix (TMH) of SpaP is recognized by the signal recognition
particle (SRP) and by this integrated into the inner membrane in a Sec-dependent

manner.
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Besides small differences, there have been a lot of similarities observed for the flagella
and the injectisome export apparatus. Interestingly, for the fT3SS InvA homolog FIhA
a stoichiometry of nine was determined using a fluorescence recovery after
photobleaching (FRAP) approach (Morimoto et al., 2014). This result is in line with the
observed nonameric crystal structure for the InvA homolog MxiA in Shigella (Abrusci
et al., 2012). These studies, together with the high degree of conservation between
fT3SS and injectisome export apparatus proteins, suggest that overall organization and

function might be similar.
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Aim of this Work

Aim of this Work

Despite recent high-resolution structural studies on the injectisome and flagella
associated fT35Ss, many aspects concerning architecture, organization and function of
these highly complex nanomachines are still blurry. One of these blind spots is the
export apparatus, which is located in the inner membrane of every T3SS. Due to the
components properties as membrane proteins, structural analyses have been very
limited so far. This was particularly the case for the minor export apparatus
components. These three proteins are predominantly composed of trans-membrane
domains (TMDs) and thus buried inside of the inner membrane. This substructure was
the major focus of this thesis. Although these highly conserved proteins are crucial for
assembly and secretion competence, still nothing was known about their exact

function.

The goal was to analyze different minor export apparatus subcomplexes with focus on
their composition and organization. Various purification and interaction studies were
designed to investigate the interplay with other T3SS structural components. With this
knowledge, it was aimed to obtain detailed insights into the assembly of the export
apparatus subcomplexes and subsequently of the whole T3SS. In order to link the
components of the minor export apparatus to a specific function, their proposed role

as pore-forming unit was of special interest.

The Salmonella SPI-1 injectisome as well as the Salmonella flagella-associated fT3SS
export apparatus components were simultaneously objectives of this thesis. This gave
the opportunity to compare these highly conserved and evolutionary related proteins
and subcomplexes directly with regard to their structural organization and assembly
properties. Furthermore, in this context the outstanding role of FliO in the Salmonella

fT3SS was of particular interest.

The aim was a detailed hierarchical picture of injectisome, as well as fI3SS, export

apparatus assembly.
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Results

Results

Publication 1: “Structural and Functional Characterization of the Bacterial

Type Il Secretion Export Apparatus”

This study focused on the characterization of the minor export apparatus components
SpaP and SpaR. Structure and function of these two core components of all T3SSs are
still poorly understood. SpaP and SpaR both are essential for needle complex assembly
and have been reported to be associated with each other (Wagner et al., 2010). With
respect to these results, it was discussed that both components make up one nucleation

point of T3SS assembly (Diepold and Wagner, 2014).

Here it was shown that when the spaPQRS operon was expressed in the absence of all
other structural T3SS components, a stable complex consisting of SpaP’ and SpaR could
be purified. Multi angle laser light scattering (MALLS) combined with size exclusion
chromatography (SEC) revealed a complex size of about 160 kDa. In line with this,
native mass spectrometry (native MS) analysis of the purified complex determined an
exact complex mass of 157.882 kDa. This measurement led to a stoichiometry of 5 SpaP

and 1 SpaR (including an additional bound phospholipid) for the purified complex.

Further analyses of both proteins were performed using in vivo photocrosslinking. For
this, base triplets of choice were mutated to an amber stop codon in order to get
incorporation of the artificial photoreactive amino acid para-benzoyl-phenylalanine
(pBpa) by a plasmid based suppressor system (Chin and Schultz, 2002; Farrell et al.,
2005; Ryu and Schultz, 2006). With this site specific-approach, several amino acid
positions in SpaP were identified, which resulted in a five-fold crosslink ladder after
UV irradiation. Combining this observed crosslink pattern with the solved
stoichiometry led to the assumption that the observed crosslinks might resemble SpaP-
SpaP intermolecular interactions. To identify and verify these positions as SpaP-SpaP
interaction sites, the photocrosslinking experiment was repeated in E. coli BL21

expressing selected Spal® pBpa mutants, which showed ladder crosslinks in Salmonella.
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In this approach, where all other structural components of the T3SS are absent, the
crosslink pattern of the selected SpaP pBpa mutants was unaltered and thereby
strengthened the hypothesis of a crosslink identification of several SpaP-SpalP
interaction surfaces. To prove this intermolecular interaction, a FLAG-tagged version
of wildtype SpaP was expressed from its chromosomal locus and the previous selected
pBpa mutants were expressed from plasmid. Probing against the wildtype SpaP
version after UV irradiation showed a dimer band, proving a direct SpaP-SpaP

interaction.

The SpaPR subcomplex can be detected via blue native polyacrylamide gel
electrophoresis (BN PAGE) analysis to considerable amounts, when either both of the
components are overexpressed or the needle base assembly is defective (Wagner et al.,
2010). This indicates that in these cases there are excessive amounts of SpaPR
subcomplexes which accumulate and do not get incorporated into needle complexes.
Because of this, it was speculated that the identified SpaP-SpaP interactions might be
SpaP or SpaPR subcomplex artifacts. Therefore, 2D BN PAGE analysis of selected
SpaP-SpaP crosslinked mutants was performed. With this, it was proven that the
observed crosslinks can be detected in the SpaPR subcomplex as well as in the fully
assembled needle complex and therefore resemble the functional state of SpaP.
Additionally to this, almost all of the initially detected SpaP-SpaP’ interaction positions
were consistent with bioinformatics protein-protein interaction predictions for SpalP

based on sequence co-variation analysis.

Besides the observed ladder crosslinks, several other site-specific interactions of Spal
could be detected. Some of these other crosslinks suggested an interaction partner of
SpaP, which is slightly bigger than SpaP itself. The possibility that SpaP interacts, as a
central component of the export apparatus, with SpaQ, SpaR, SpaS and InvA is high,
due to the tight packaging of the export apparatus and the stoichiometry of 5 SpaP.
Based on the size of these components, only SpaR and the cleaved membrane inserted

part of SpaS were the two possible interaction partners with the highest probability.
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Since SpaP was purified in a complex together with SpaR, a possible interaction of
these two proteins verified via in vivo photocrosslinking was of particular interest.
Therefore, to verify possible SpaP-SpaR interactions, a FLAG-tagged version of SpaR
was co-expressed with the respective SpaP pBpa mutants. Probing against the prey
protein SpaR after UV irradiation confirmed several positions of SpaP, which interact
with SpaR. In vivo photocrosslinking experiments were expanded and further
positions in SpaP as well as SpaR were tested. In the same approach described above,
additional interactions of SpaP-SpaS and SpaR-SpaP have been identified.
Furthermore MS analysis of crosslink bands revealed SpaQ as interaction partner of

SpaP’ and SpaR.

Surprisingly, additional interactions of SpaP as well as SpaR to the inner rod protein
Prg] were identified via MS. For at least one of these positions, the identified
interaction was confirmed by co-detection with a specific antibody against Prg] in an
immunoblot. The inner rod protein Prg]J is a T3SS-secreted early substrate. Due to this,
it was checked whether the interaction of SpaP and SpaR with Prg] is secretion
dependent. Therefore, an ATPase hydrolase mutant of InvC was used in a follow up
experiment. The InvC K165E point mutation at the active center of the ATPase has
been reported to cause a non-secreting phenotype without affecting the proper
assembly of T3SS needle complexes (Akeda and Galdn, 2005). In this setup, the
interaction of Prg] with SpaP as well as SpaR was abolished, indicating that the SpaPR
complex interacts with the inner rod protein after its secretion. Furthermore, it was
shown for a SpaR-Prg] crosslink, using 2D BN PAGE analysis, that this interaction

takes place in fully assembled needle complexes.

Due to its location in the inner membrane, it was hypothesized that the export
apparatus is involved in pore formation and therefore in the translocation of secreted
proteins through the inner membrane. First hints for the correctness of this hypothesis
were already derived from preliminary experiments. It was shown that

overexpression of the spaPQRS operon in E. coli was toxic for the cells and mild
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expression of the same construct plus addition of several different sized PEGs led to
cell lysis (data not shown). In this work, the assumption of a pore formed by the export
apparatus was tested with a sophisticated maleimide labelling assay. Furthermore, the
goal was to specifically identify the component which acts as pore forming unit in the

system.

In this approach, either SpaP alone, SpaPQRS or a vector without insert was expressed
in Salmonella needle base-deficient cells. After addition of a maleimide-biotin fusion
molecule, the cytoplasmic, periplasmic and supernatant fractions were separated and
checked via anti-streptavidin immunoblotting for maleimide labeling of free thiol
groups from accessible cysteines. In the periplasmic fraction, free thiol groups of every
sample including the empty vector control were labeled in the same fashion.
Interestingly, the cytoplasmic fractions of cells expressing SpaP or SpaPQRS were
labeled similarly, whereas there was no labelling for the vector control without insert.
This indicated that already SpalP’ alone has the ability to form a pore in the inner
membrane. Secondary effects, like cell lysis, were excluded because the supernatant
fractions showed no labeling at all. Furthermore, there was no altered protein
expression pattern when the whole cell contents were separated via SDS PAGE and
stained with Coomassie. Additionally, all samples were analyzed via Western Blot
against the cytoplasmic enzyme RNA polymerase, showing neither altered protein

expression in the cytoplasm, nor secretion into the periplasm.

In line with the results of the labelling experiment, electron microscopy (EM) analysis
of negative stained purified SpaPR complexes revealed a ring density with a hole in
the middle. In contrast to the EM results, where only SpaPR complexes were analyzed,
the maleimide labelling assay indicated that SpaP> has the properties to function alone
as the pore forming unit. Although the SpaP pentamer is very unstable and refuses to
be stably purified on its own, it was shown via BN PAGE analysis of an EPEA tagged
version of SpaP, that a homo-SpaP subcomplex can be detected. Deeper analysis of the

particles visualized by EM revealed two distinct populations of complexes. One
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population, already described above, showed a highly symmetrical donut shaped
complex, while there were further complexes visible with an additional density at one
side of the ring structure. Therefore, it was speculated that this additional density
might in fact represent SpaR, thus the two observed populations were the SpaP

pentamer alone and the Spal® pentamer with one associated SpaR molecule.
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Figure 6: Graphic summary of publication 1. (A.) Assembly of the SPI-1 T3SS export apparatus of Salmonella
enterica serovar Typhimurium. SpaP assembles independently to a pentameric ring. This subcomplex is very
unstable and needs stabilization via SpaR. One molecule of SpaR associates with the pentameric ring, forming a
stable SpaPR subcomplex. One molecule of SpaQ and subsequently one molecule of SpaS get recruited. Export
apparatus assembly is completed with recruitment of the major export apparatus component InvA, forming a
nonameric ring encompassing all other components. (B.) SpaP is the pore forming unit in the inner membrane.
Biotin-maleimide (BM) labelling assay using cells expressing either SpaP or an empty control. The BM is ony able
to lable free thiol groups of cytoplasmic proteins in cells expressing SpaP, proofing a SpaP dependent pore
formation. P: SpaP; Q: SpaQ; R: SpaR; S: SpaS; A: InvA; BM: biotin-maleimide.
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Publication 2: “A Flagellum-specific chaperone facilitates assembly of the

core type lll export apparatus of the bacterial flagellum”

In order to corroborate the importance of FliO on flagella assembly and function,
extensive phylogenetic analyses of FliO distribution were performed. Pallen et al.
noticed before that in several cases FliO might be wrongly annotated as FliZ (Pallen et
al., 2005). In line with this report, in depth phylogenetic analysis revealed that FliO is
more widespread than expected in organisms harboring a flagella system. In fact, it
was found that FliO homologs are present in approximately 83% of all flagellated
bacteria with a reference genome in the NCBI database. De novo predictions of FliO
showed that this protein was wrongly annotated in more than half of all genomes

harboring a flagella system.

To further analyze the link between FliO and FliP, an experiment was conducted to
complement the non-motile phenotype of a AfliO mutant by overexpression of any
other component of the export apparatus. Interestingly, only overexpression of FliP
restored motility and secretion. Furthermore, overexpression of neither FliO nor FliP
increased motility or secretion in a WT background. This underlined previous
observations of the direct connection between FliO and FliP (Barker et al., 2010, 2014).
Since extensive amounts of FliP led to a phenotype which compensated the lack of
FliO, it was hypothesized that FIiO might affect the stability of FliP. Consequentially,
higher amounts of FliP’ could counteract the missing effect of FliO on FliP. In order to
test this hypothesis, FliP protein levels were measured after arrest of de novo protein
synthesis. For the detection time window of 3h the protein level of FliP in the WT
background stayed constant, whereas it decreased drastically in a AfliO mutant strain.
To exclude any polar effects of the fliO mutation on FliP expression, the same
experiment was repeated using a AfliP strain and a AfliOP strain, both complemented
with a plasmid expressing FliP. The results showed the same effect, protein levels of

FliP decreased drastically when FliO was missing. Furthermore, also non-functional

43



Results

point mutations in FliO decreased FliP levels, indicating that only small contacts of

FliO to FIiP are needed for FliP stability.

In Salmonella, a big difference of the injectisome SpaP protein to the flagella FliP is the
presence of a Sec signal peptide harbored at the N-terminus of FliP. This observation
raised the question if F1liO does not only have an effect on FliP stability but also on the
co-translational membrane insertion of FliP. For this, the effect of a AfliO strain on F1iP
membrane insertion was tested. Purified membranes were treated with urea, in order
to discriminate between properly inserted proteins and aggregated proteins which are
only slightly associated to the membrane. As expected, FliP was only detected in the
membrane fraction and was unaffected by urea treatment. Comparison of inserted F1iP

levels showed that deletion of fliO had no effect on FliP membrane integration.

Next the degradation of FliP in the absence of FliO was further examined. To gain
insights which protein degradation pathway is responsible for FliP degradation, FliP
protein levels were measured in a similar approach as before but this time the effect of
the absence of several proteases was tested additionally in the presence or absence of
FliO. The tested proteases were FtsH, ClpP and Lon. Due to the fact that FtsH, a
protease involved in quality control of membrane complexes like the SecYEG
translocase, is essential for the cells, using a AftsH strain was not an option. For this a
strain was used which overexpressed STM1085, a FtsH inhibitor in Salmonella (YccA
in E. coli) (van Stelten et al., 2009). YccA functionality was verified in an experiment,
using LamB-LacZ hybrids for displaying FtsH dependent suicidal Sec translocon
complex degradation after jamming. For this assay described by van Stelten et al., the
Sec signal sequence of the outer membrane protein LamB is fused to LacZ. The
presence of maltose leads to the expression of large amounts of hybrid protein and

rapid folding of LacZ causes jamming of the Sec complex.

The functional YccA expression construct was now used to test the effect of FtsH on

FliO dependent FliP degradation. In this strain no differences in FliP stability were

observed in the absence of FliO indicating that FliP is not degraded via the FtsH
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protease. Similar results were obtained when FliP stability was analyzed in a AfliO
strain additionally lacking the genes for the protein degradation machinery clpXP.
Interestingly, in the Alon mutant, FliP was more stable in the absence of FliO compared
to a WT strain lacking fliO. This indicates that the Lon protease might be the primary

protease responsible for FliP degradation.

As all export apparatus components, FliO is a membrane protein. Due to this and its
genetic localization, it was suggested that FliO is also a structural component of the
export apparatus and thus located inside of the basal body (Minamino and Macnab,
1999). To test this hypothesis, single molecule super-resolution microscopy was
performed to determine the sub-cellular localization of FliO. For this, localization of
Halo tagged versions of F1iO and FliN protein was revealed by structured illumination
microscopy. As reported before, the C-ring protein FliN localized in clusters and it
could be shown that this cluster-formation is dependent on MS-ring assembly. F1iO
was also found to be localized in clusters, however they were smaller and more evenly
distributed when compared to those of FliN. Interestingly, in contrast to FliN, the
formation of FliO clusters was not affected in MS-ring or fT3SS assembly-defective

strains.

Furthermore, single molecule tracking of Halo-tagged FliO and FliN was performed,
using direct stochastic optical resolution microscopy (dSTORM). FliN remained stable
at the same location in the cell envelope with a diffusion coefficient of 0.03. Compared
to this, FliO revealed a much higher movement in the membrane. The measured
diffusion coefficient of 0.2 is in the same range of previously reported diffusion rates
for freely diffusing proteins in the inner membrane (Dajkovic et al., 2016; Kumar et al.,
2010). This result suggests that FliO is not associated with the basal body and exerts its
function before basal body assembly is completed. To corroborate this assumption, co-
localization studies of the hook protein FIgE and a Halo-tagged version of FliO were
performed. An anti-hook immunostaining showed that FIgE is located in big clusters

which resemble fully assembled and functional flagella basal bodies, because FIgE
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itself has to be secreted via the fT3SS. Staining of FliO with an anti-Halo antibody
showed that FliO did not co-localize with the FIgE clusters and therefore not with the

assembled basal bodies.

Due to the influence of FliO on FliP stability and the crucial role of FliP on basal body
assembly, the effect of FliO on basal body and precursor subcomplex assembly was
extensively tested via BN PAGE analysis. It was shown that FliO is required for basal
body formation and the assembly of a FliPR precursor complex. Furthermore, an
accumulation of FliP monomers and high MW FliP complexes was detected when FliO
was absent. It was speculated that these high MW complexes might resemble
aggregated FliP-protease complexes, which are formed when FliP monomers are not
efficiently assembled into FliP/FliPR subcomplexes. The BN PAGE results were
supported by liquid chromatography tandem mass spectrometry (LC/MS) analysis. 2D
BN PAGE analyses confirmed the FliO dependent formation of a FliPR precursor
complex and additionally showed that FliO itself is not directly associated with this

subcomplex.

For the Salmonella injectisome SPI-1 system it was shown that the SpaPR complex is
the first stable export apparatus assembly subcomplex (publication 1). To investigate
the assembly of the flagella export apparatus in more detail, the formation of the FIiPR
precursor complex was followed in several export apparatus mutants. As shown
before, the assembly of this subcomplex was unaffected in an MS-ring-deficient AfliF
mutant, because the formation of the MS-ring occurs upstream of export apparatus
assembly. Furthermore, it was also already discussed before that the FliPR complex is
unable to assemble without FliO because it is needed to stabilize FliP and therefore
initiates the assembly. Deletion of fIiR led as expected to the loss of the FliPR complex,
but interestingly faint bands with distinct sizes were detectable. In contrast to this, a

fliQ deletion did not have any effect on FliPR precursor complex formation.
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Figure 7: Graphic summary of publication 2. FliO is a flagella specific chaperone, stabilizing the export apparatus
component FliP and preventing its Lon dependent degradation. FliR gets recruited and subsequently FliO

dissociates form the newly formed FliPR subcomplex. This subcomplex is the basis for further export apparatus
and basal body assembly. P: FliP; O: FliO; R: FliR; Lon: Lon protease.
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Publication 3: “Assembly and stoichiometry of the core structure of the

bacterial flagellar type Il export gate complex”

To further analyze the export apparatus assembly in the flagella system, the formation
of distinct export apparatus subcomplexes was studied more extensively. The main
focus of this study was again on the two proteins FliO and FliP. Purification of FliP
complexes resulted in two peaks after SEC. EM analysis of the higher MW complex
showed that this protein forms a hexameric ring/donut shaped complex with a
diameter of about 10 nm. The latter smaller peak did not show any ring structure at
all. When FliO was co-expressed with FliP, a complex consisting of both proteins could
be purified besides the FliP hexamer complex. In these FIliOP complexes several FliP
rings could be detected associated with several FliO molecules. The bitopic membrane
protein FliO seems to oligomerize and forms smaller ring-like structures with a
diameter of about 5 nm and flexible clamp domains, which then are able to bind the
FliP rings. The small MW peak which has been observed when only FliP was expressed
and which did not show ring structures was not detectable anymore in this setup. It
was noticeable that the purified FliP amounts were significantly increased when FliO
was co-expressed. This observation was in line with the results reported in publication

2.

Additionally, three FliP point mutants were included in the purification experiments.
These three point mutations were all localized in the big periplasmic loop of FliP and
resulted in a FliP loss-of-function phenotype. FliP expression levels of all mutants were
comparable to the WT but the secretion of flagella substrates was severely impaired
and they all had a non-motile phenotype. When FliO was co-expressed with these
three FliP loss of function point mutations, each of the three elution profiles after
purification of FliP showed the same peak pattern. Two distinct peaks were detectable,
of which the latter one was similar to the small MW peak observed before, when only
FliP was expressed. In line with that, this fraction only contained FliP and as

mentioned above, there were no ring structures detectable for this peak after EM
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analysis. The higher MW peak contained FliO and FliP to less amounts compared to
the high MW complex when WT FliP was co-expressed with FliO. EM analysis of this
peak showed no detectable FliP hexamers associated to the FliO oligomers. All in all,

these results indicated a role in ring formation of all three positions in the FliP loop.

To gain further insights into FliP structure and its hexameric formation, the
periplasmic domain of FliP (FliPp) from Thermotoga maritima (Tm-FliPp) was purified
and its crystal structure determined. The FliPp structure was solved to a resolution of
2.4 A and found to form a homo-tetramer in the crystal (molecules A-D), showing a
pseudo D2 symmetry. Two tetramers, whose structures are essentially identical, are
organized in an asymmetric unit. All eight Tm-FliPp molecules in one asymmetric unit
did not show any differences in their structure. The monomers are organized in three
a-helices (al, a2 and a3) with a small unstructured stretch between a2 and a3. Due to
the pseudo D2 symmetry of the FliPp tetramer, three different inter-molecular
interactions were possible. In order to gain further insights into FliP organization,
these three possible interaction interfaces were the focus of deeper analysis. The
interface of molecules A to B is hydrophobic, whereas the interactions of molecule A
to C were of hydrophobic as well as hydrophilic nature. In contrast, there was no direct

contact detectable for the interaction interface of molecule A with molecule D.

The detection of Salmonella FliP (St-FliP) hexameric rings by EM analysis was
inconsistent with the observation of Tm-FliPp homo-tetramers from the crystal
structure analysis. These contradicting results raised questions concerning the
relevance and trustworthiness of these results. Interestingly, stoichiometry analysis of
Tm-FliPp using sedimentation equilibrium analytical ultracentrifugation
measurements already revealed a homo-tetramer formation in solution (Fukumura et
al., 2014). Furthermore, it was tested whether dimer units in the observed homo-
tetramers might be involved in the hexameric FliP structure by forming trimers of
dimers. In the Tm-FliPp crystal two distinct dimers are present A-B and A-C which

both shared, as described above, hydrophobic as well as hydrophilic interaction
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interfaces. The periplasmic domain of St-FliP share about 30% sequence identity with
Tm-FliP, but a homology model of both periplasmic domains based on the tetramer
crystal structure of Tm-FliPp revealed that although the residues at the interfaces of A
to B as well as from A to C are not well conserved, the interface properties remained

similar.

When the dimer formation of FliPp is analyzed with respect to the structure of full
length FliP and its location in the inner membrane, FliPp dimer formation with an A
to C interface can be excluded. The N-terminal part, as well as the C-terminal part of
the periplasmic domain both have to be located in close proximity to the membrane,
because they are in between TMH2 and TMH3. Based on this, the interaction interface
of a possible A-C dimer would be located buried inside the membrane, which is highly
improbable. There were no comparable steric hindrances conceivable for the A-B
dimer, favoring the suggestion that FliP is organized in trimers of dimers, which lead
at the periplasmic interface to intermolecular interactions as described for an A to B

dimer.

In order to further determine and verify which FliP dimer is actually present in
assembled FliP hexamers, in vivo photocrosslinking was used to test FliP-FliP
interactions at several positions of both interaction surfaces. Based on previous studies
with the injectisome homolog SpaP, two positions were chosen as positive controls for
St-FliP-FliP interactions (publication 1). As expected, due to the high sequence identity
between St-FliP and St-SpaP, these two designated positive controls for FliP-FliP
crosslinks both showed strong additional bands after UV irradiation which
correspond to the expected size of a FliP-FliP dimer. Out of the eight additionally
tested positions two led to an interaction resulting in a band at the same height as in
the FliP-FliP interaction positive controls. Interestingly, both of those positions are
located at the A-B interface and therefore strengthens this proposed dimer structure,

which occurs in the trimer of dimers formation in FliP hexamers. In line with this, it
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was already shown in the FliP purification experiments for one of these positions that

this residue was important for FliP hexamer formation.

Extensive photocrosslinking experiments proved that several positions located in the
FliP periplasmic loop are interacting with FliO. Additionally, the FliO-FliP
crosslinking bands seemed to be weaker when FliQ as well as FliR were co-expressed.
From this, it was proposed that the stabilizing effect of FliO on FliP, which has been
shown in publication 2, might only be needed until FliR and FliQ bind to this flagella

export apparatus assembly nucleation complex.

To study export apparatus subcomplex formation in more detail, several different
components were co-expressed and purified. With this, it could be shown that FliR
binds to the FliOP complex as expected and furthermore a FliPR complex could be
purified to some extent even in the absence of FliO. Additionally, it was shown that
the switch protein FIhB can be recruited to a FliOPR subcomplex and that the other
major export apparatus protein FIhA forms ring structures together with the MS ring
protein FliF, which was stabilized by the C-ring protein FliG. For this, co-expression
of the C-ring protein FliG was necessary in order to achieve stabilization of FliF by
FliG, which has been reported before (Morimoto et al., 2014). Interestingly, in this
setup no other export apparatus component co-purified with FIhA. The loss of FliQ
and FIhA during export apparatus purification has been observed before for the
corresponding injectisome components SpaQ and InvA (Zilkenat et al., 2016).
Adjusting the complex purification protocol by exchanging the detergent n-dodecyl
beta-D-maltopyranoside (DDM) with the even milder alternative lauryl maltose-
neopentyl glycol (LMNG) changed the elution profile. With this setup, it was shown
that FIhA as well as FIhB associate with FliP and FIiP itself forms tight complex with

FliO as well as with FliR and FliQ.
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Figure 8: Graphic summary of publication 3. Flagella export apparatus assembly is initiated with the binding of
FliP complexes to FliO complexes. FliP is organized in hexameric rings composed of trimers of dimers. FliO forms
also smaller ring structures with flexible clamps onto which the FliP complexes are able to bind. FliR gets recruited
to FliP, leading to the dissociation of FliO. FliQ and subequently FIhB associates to the FliPR complex. Export
apparatus assembly is completed with recruitment of the major export apparatus component FIhA, forming a
nonameric ring, which encompasses all other components. P: FIiP; O: FliO; R: FliR; Q: FliQ; B: FIhB; A: FIhA.
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Discussion

Part I: Injectisome Export Apparatus

Bacterial multi protein complexes are fascinating in many ways. Analogous to
clockworks, many different parts of various shapes and sizes with distinct features
have to fit perfectly into each other in order to exert one or many specialized functions.
The correct assembly of such highly sophisticated complexes is crucial and follows
some strict hierarchical rules. In the three featured publications of this thesis one
common major focus point was the assembly of the T3SS export apparatus. These
papers address the export apparatus of the virulence associated injectisome as well as
of the flagella system. With different intentions all three studies directed its focus at
export apparatus subcomplexes and particularly on its central key component, the

minor export apparatus protein SpaP/FIiP.

In publication 1 “Structural and Functional Characterization of the Bacterial Type
III Secretion Export Apparatus” it was shown that five SpaP molecules form a
complex with one SpaR molecule. This result was consistent with a previous study,
where it was shown that the two export apparatus components are present in five and
respectively one copies in fully assembled needle complexes (Zilkenat et al., 2016).
Furthermore, this showed that the purified complex resembles the assembly states of
SpaP as well as SpaR as they are present in the fully functional system. Until now,
protein-protein interaction studies of proteins of the export apparatus were performed
using overexpressed purified components in pull-down assays and therefore might

not reflect the native situation in vivo (Feria et al., 2012; Kinoshita et al., 2013).

In this study, the pentameric conformation of SpaP was confirmed via in vivo
photocrosslinking experiments. It was shown, that these interactions take place in the
fully assembled and functional needle complex. Interestingly, it was shown that
positions in SpaP, which were verified as SpaP-Spal’ interaction sites, led to crosslink

ladders with up to 5 crosslinked proteins after UV irradiation. Exactly the same
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crosslinking pattern was detected when SpaP was expressed in the absence of all other
structural T3SS components. With this several conclusions can be drawn. First, SpaP
has to assemble in a symmetrical ring-like fashion otherwise a crosslink ladder would
be impossible to detect. Additionally, this SpalP subcomplex was able to assemble in
the absence of all other T35S components, proving that SpaP has to be the nucleation

point of T3SS assembly in the inner membrane.

The method of in vivo photocrosslinking was recently used extensively in various
studies. For example, with this approach new insight into the multi-protein complex,
which mediates biogenesis of 3-barrel outer membrane proteins, were gained (Wang
et al,, 2016). Or it was used to identify interactions in E. coli between the ferric
enterobactin outer membrane transporter FepA with TonB, an inner membrane
protein, which is needed to energize and gate this transporter (Gresock and Postle,
2017). Moreover, this technique helped to determine and verify the stoichiometry of a
voltage-gated ion channel to its 3-subunit in human tsA201 cells (Murray et al., 2016).
Here, it was shown that the technique can be used as a powerful tool for the analysis
of structure and assembly intermediates of multi-protein complexes. In this particular
case, every attempt to purify a complex composed of only SpaP failed due to missing
stabilizing effect of SpaR. Nevertheless, with this method it could be shown that a SpaP
pentamer formation can be detected even in the absence of all other T35S components,
indicating that a complex consisting of only SpaP is existent. This result revealed the
strength of this method, by combining a very sensitive crosslinking technique with the

advantage of not needing any prior purification steps.

Additionally, different structural states of protein in complex can be analyzed. This is
supported by the observations that are made when comparing SpalP pentamer
crosslink patterns. This ladder pattern can be detected for many different positions but
mainly in TMH1 and TMH4. Interestingly, when Spal> was expressed in the absence
of SpaR or any other T3SS components it seemed like only the identified positions in

TMHI1 are forming SpaP-SpaP interactions. In this setup the Spal’ ladder pattern at the
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identified positions in TMH4 are almost completely lost. This shows that without

SpaR, the SpaP subcomplex is in a different structural and maybe more flexible state.

The structural organization of the fully assembled needle complex already indicated a
central role for the export apparatus, due to its location in the core of the system. In
this thesis the SpaPR subcomplex was identified as the central substructure. It could
be shown that both proteins have various connections to several other structural
components of the system. Furthermore, both proteins are interacting with the
secreted inner rod protein, which is located in the periplasmic space inside the needle
base and therefore has to be centrally located. This central status is reflected in the
importance of this subcomplex for the assembly of the complete injectisome. The
assembly of T3SSs and more precisely of virulence associated T35SSs was the focus of
several previous studies (Diepold and Wiesand, 2012; Diepold et al., 2010, 2011;
Wagner et al., 2010). In this work, the established crosslinking method was used to
monitor subcomplex and respectively assembly intermediate formation in more depth

than before.

It was shown that after formation of the SpaPR complex the third minor export
apparatus protein SpaQ and the switch protein SpaS get recruited and assemble
independently of the needle base. Interactions of SpaP with SpaQ as well as SpaS were
unaffected in a background, where the gene encoding for the inner MS ring protein
prgK was deleted. In contrast to this, it was found that the same interactions were not
detectable when spaPQRS was expressed in the absence of any other structural
components in E. coli BL21 cells. This puzzling result seemed to be contradicting to the
previous result, which led to the idea that SpaQ as well as SpaS assemble to the SpaPR
complex independently of the needle base structure. It seems like export apparatus
assembly is more complex than expected and another factor or element is involved in
export apparatus intermediate assembly. The most prominent candidate InvA can be
excluded, because subsequent analysis revealed that deletion of invA did not lead to a

loss of either of the two interactions (data not shown). Further explanations might be
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the structural flexibility of SpaP and the stability of this intermediate complex. As
described above, it has been shown that SpaP - SpaP interactions in TMH4 were lost
when the other components of the spa operon were not expressed. The detected SpaP
- SpaQ and SpaP - SpaS signature crosslinks were at position 203 in SpaP, hence in the
mentioned TMH4. In the tested setup all spa operon encoded proteins were present, it
might be possible that the recruitment of SpaR to the SpaP pentamer leads to the
stabilization of SpaP - SpaP interaction surfaces in TMH4. Nevertheless, the SpaQ and
SpaS binding site at position 203 is still in a conformational state, where binding of
these two proteins is impossible without further stabilization by other structural
components. To prove this, it would be interesting to test further SpaP - SpaQ/SpaS
interaction positions outside of TMH4 for their dependence on other T3SS
components. Therefore, candidates for future further analysis of the assembly of T3SS
export apparatus could be position 170 in SpaP® or 209 in SpaR. At these positions SpaQ
was identified as interaction partner of both proteins via MS analysis. Another
approach would be to test the SpaP - SpaQ and SpaP - SpaS crosslinks in a AinvA AprgK
double mutant, in order to check if these components are able to take over the structure
stabilizing role of each other. Additionally, there might be a difference in complex
assembly or stability between Salmonella and E. coli which could explain this
discrepancy. Despite of this open question, the study was able to deepen the current

understanding concerning export apparatus assembly in T3SS.

The identification of PrgJ as interaction partner of SpaP and SpaR was of special
interest. Cryo-EM data of mutants lacking all export apparatus components already
suggested that these components lead to the absence of a cup structure in the
periplasmic space surrounded by the needle base (Wagner et al., 2010). Based on the
SpaPR crosslinking it could be shown, as described above, that this subcomplex has to
be located in the very center of the inner membrane patch. Therefore, it was assumed
that the cup structure might be made up by the SpaPR complex and this acts as a

scaffold for the inner rod protein Prg]. The verification that SpaP and SpaR only
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interact with Prg] when this early substrate is secreted increased the relevance of these
interactions. These results indicated indirectly a continuous connection of the inner
membrane located SpaPR complex to the needle filament through the inner rod
protein Prg]. This assumption is supported by findings that the inner rod protein needs
to interact directly with the needle filament in order to build functional T3SSs (Cao et

al.,, 2017).

If the SpaPR complex builds a continuous conduit with the inner rod proteins and the
needle filament, it is highly likely that this subcomplex has to form a pore in the inner
membrane. In this work, the SpaPR, and to be more precise the SpaP complex, was
identified as the pore forming unit in T3SSs using a biotin-maleimide labelling essay.
Based on the size of the conjugated molecule, the SpaP pore was estimated to a
diameter size of approximately 15 A. In line with this, previous cryo-EM studies using
a trapped translocation substrate suggested a similar pore size (Radics et al., 2013).
This was the first time that the function of protein translocation through the inner

membrane was associated with any specific T3SS component.

Although the SpaP pentamer is very unstable and refused to be stably purified on its
own, it was shown by BN PAGE using an EPEA-tagged version of SpaP that a homo-
SpaP subcomplex exists to some extent. In vivo photocrosslinking detection of SpaP
pentamers independently of all other components, as described and discussed above,
strengthened this statement. Moreover, based on the results of the EM analysis it was
speculated that SpaR gets somehow dissociated from the SpaPR complex.
Unfortunately the resolution of the pictures derived from the EM analysis was too low
for further analysis. To follow up on this hypothesis will be one aspect of future
experiments. A promising approach could be a combined experiment of in vivo
photocrosslinking, complex purification and electron microscopy. The tested
hypothesis in this case would be that purification of a SpaPR complex with prior
crosslinking of SpaP to SpaR or vice versa would shift the population analyzed by EM

towards donut shaped complexes with the additional density on one side.

57



Discussion

Additionally, the same approach could be repeated with the identified crosslinks of
SpaP or SpaR to SpaQ or SpaP to SpaS. Furthermore, sufficient amounts of SpaPR
complex were purified to continue with further and deeper structural elucidation by
crystallization and cryo-EM studies. This upcoming work will shed light onto many
open questions concerning the structure and function of the SpaPR complex and

hopefully the entire export apparatus.

Part Il: Flagella Export Apparatus

The results reported in publication 1 were the first ever to link any of the minor export
apparatus proteins to a specific functional aspect. The high degree of conservation
between injectisome and fT3SS associated export apparatus implies the same or at least
similar function for the equivalent protein of the respective other system.
Nevertheless, it has to be investigated whether there are structural and organizational
differences between the two systems. A major blind spot in this context was the protein
FliO. As mentioned above this protein is only present in fT3SS and its encoding gene
is organized in an operon together with fliPOR. FliO was reported and identified as a
bitopic membrane protein and is therefore a structural component of the export
apparatus. Furthermore, it has been shown that FliO is not per se essential for export
apparatus and thus for flagella functionality (Barker et al., 2010, 2014). Concurrent
point mutations of FliP restored motility of a AfliO strain and therefore suggested a

direct link between the two proteins (Barker et al., 2010, 2014).

The outstanding role of SpaP as the pore forming unit and the nucleation point of
injectisome T35Ss assembly was extensively discussed in the first part of this thesis.
Focusing on the flagella system, these results raised the question whether similar
findings could be observed for FliP. Additionally, the effect of FliO on export
apparatus assembly and FliP functionality was assessed in order to shed light onto the
question why this component is missing in the injectisome system. In this second part

two studies will shed light into these specific questions. Furthermore, the goal was to
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analyze the flagella FliP in more detail and gain insights into similarities or differences
between the export apparatus of flagella associated T3SS and the injectisome export

apparatus.

In publication 2 “A flagellum-specific chaperone facilitates assembly of the core type
III export apparatus of the bacterial flagellum” it was shown that FliO is more
abundant in organisms harboring a flagella system than previously estimated,
showing that this protein is more widespread and consequently more important for
the system than previously thought. With the quickly increasing amount of data
derived from whole genome sequencing, the risk of misannotations of genes and
proteins rose simultaneously. A study comparing different annotations of several
enzyme superfamily proteins from different protein sequence databases revealed for
10 out of 37 examined families misannotations of above 80% for various databases
(Schnoes et al., 2009). Similarly, the results of the FliO analysis showed that this protein
was wrongly annotated in more than 50% of all genomes encoding a flagella system.
Furthermore, de novo predictions of FliO, FliP, FliQ and FliR found some interesting
new insights. There were 48 species which were found to express a FliO homolog but
no flagellin protein, thus indicating that there might exist FliO homologs which are
associated to an injectisome system. From an evolutionary point of view this might
indicate an intermediate stage during the transition from flagella evolving to the

injectisome system.

With these new findings on the importance of FliO, the influence and function on F1iP
was further examined. The fact that overexpression of FliP restored a AfliO phenotype
partially suggested that FliO might have a stabilizing effect on FliP. Indeed, it was
found that FliO prevents FliP degradation and this effect seemed to be exclusively
targeting FliP. This was the first time that such a direct effect of a protein on a T3SS
component was described. Furthermore, it was shown that the Lon pathway is
responsible for FliO directed FliP degradation. This result was highly unexpected, due

to the fact that Lon is a protease that targets cytoplasmic proteins. However, there have
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been previous reports that LonB of B. subtilis is membrane localized and furthermore
it has been shown that the Lon homolog in Yeast degrades mitochondrial membrane
proteins (Rep et al., 1996, Simmons et al., 2008). Until now only the ATP-dependent
protease ClpXP was reported to be associated with the regulation of flagella synthesis
(Tomoyasu et al., 2002). Interestingly, for the Lon protease it was shown that this
protease is responsible for down regulation of Salmonella SPI-1 genes after invasion of

host cells via down regulation of hilA (Boddicker and Jones, 2004; Takaya et al., 2002).

Recently single molecule super-resolution microscopy was extensively used to
determine exact localization and stoichiometries of several T3SS components or to gain
insights into assembly pathways (Diepold et al., 2015, 2017; Zhang et al., 2017). In this
work the method helped to reveal that FliO behaves like a freely diffusing protein in
the inner membrane and thus is no structural part of the fully assembled basal body.
This result underlines the stabilizing function of FliO on FliP, which might only be
needed for nucleation of export apparatus assembly and subsequently gets dissociated
when this assembly proceeds. Additionally, this indicates that the structure of the fully
assembled export apparatus of flagella and injectisome systems might be highly alike.
FliO was the major unknown factor, which raised questions on the similarity of export

apparatus organization of both structures due to its absence in the injectisome.

Due to these results, the assembly of export apparatus subcomplexes was investigated.
It was shown that FliP and FliR form a stable subcomplex whose formation is
dependent on FliO. Interestingly, FliO was not directly associated to this subcomplex
indicating that the interaction of FliR with FliP is sufficient to stabilize the complex
and FliO can dissociate from FliP. The interaction of FliP with FliR and the formation
of this subcomplex on which subsequently all other export apparatus components
assemble were in line with the results reported in publication 1. Here, FliO was
identified as a FliP-specific chaperone which stabilized FliP and prevented its Lon

dependent degradation until it associates with FliR. The reason why FliO is not present
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in the injectisome system and why SpaP does not get degraded to the same extend as

FlIiP is still puzzling.

The results of this study were backed and expanded in publication 3 “Assembly and
stoichiometry of the core structure of the bacterial flagellar type III export gate
complex”. Extensive structural work on FliP provided deepened insights into this
export apparatus core component. In EM analysis of FliP complexes, it was shown that
FliP forms a hexamer with a donut like shape. This result was slightly different
concerning the determined SpaP stoichiometry, but the donut like shape indicated a
similar function for both proteins. Purification of the FliP periplasmic loop of T.
maritima revealed a dimerization of FliP, several identified interaction surfaces were
verified by in vivo photocrosslinking, leading to a proposed trimer of dimers formation
of FliP to obtain the observed hexamers. Although these results were conclusive, the
fact that the hypothesis of a trimer of dimers is based on a crystal structure obtained
from only a small domain of FliP has to be kept in mind. For example, when a 169
amino acid stretch of the over 350 amino acid long C-terminus of the Salmonella
injectisome component InvA was crystallized, it was found that this fragment was
present as noncrystallographic dimers in the crystals and forms a tetramer in crystal
packing (Lilic et al., 2010). Nevertheless, structural analysis of the full C-terminal part
of the InvA homolog MxiA in Shigella flexneri revealed a nonameric organization of
this protein (Abrusci et al., 2012). Furthermore, it is noteworthy that a decent amount
of FliP complex particles showed a five-fold or even other symmetries. This could be
an indication for FliP flexibility in the absence of FliR, which has been already

discussed above for SpaP in the injectisome system.

Comparison of the FliP in vivo photocrosslinking results reported in this study with
the SpaP interaction picture described above gives insights into similarities but also
discrepancies between the structural organizations of both homologs. As already
mentioned, two positions in FliP corresponding to proven SpaP-SpaP interacting

positions were chosen as positive controls for FliP-FliP interactions. Indeed UV
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irradiation of these mutants resulted in crosslink bands with the expected size of a
FliP-FliP dimer. This indicates that SpaP-SpaP and FliP-FliP interaction sites are at
least partially similar. On the other hand it has to be mentioned that for SpaP-SpaP
crosslinked positions in most cases a five-fold crosslink ladder was observed,
including both positions used as basis for the FliP-FliP interaction positive controls. In
contrast to this, for none of the tested positions in FliP a comparable ladder pattern
was detectable. This supports the hypothesized trimer of dimer formation for FliP but
at the same time shows a general discrepancy in FliP multimer organization compared
to SpaP. Despite of their high sequence degree of conservation, the varying reported

stoichiometries for SpaP and FliP are puzzling and require further investigations.

Analysis of different export apparatus protein subcomplexes supported the results of
both previously discussed studies. After FliP ring formation is stabilized by FliO, FliR
gets recruited and both proteins form the core export apparatus subcomplex.
Subsequently FliQ, FIhB and FIhA associate to this core complex. In studies on the
injectisome system, like in publication 1, these components get easily dissociated
during any purification process. In this work and also in publication 1 and 2, the mild
detergent DDM was used for protein purification. LMNG has been recently reported
to be a promising alternative detergent for purification of integral membrane proteins
(Chae et al.,, 2010). By using LMNG instead of DDM, it was shown that even
supposedly loosely associated components like FliQ and FIhA could be purified
together with FliP. These results showed that FliQ co-elutes in a complex with FliP’ and
FliR and therefore proves that all minor export apparatus components assemble to one
complex. Furthermore, this experiment revealed explicitly the influence of different
detergents on protein purification, which was extensively reported and discussed

before (Seddon et al., 2004).
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Concluding Remarks

In summary, the combined results of this thesis deepened the current knowledge of
T3SS export apparatus assembly. The focus on assembly of the flagella, as well as the
injectisome, revealed similarities but also one striking difference between both
systems. A combined picture of assembly is depicted in figure 9. In detail, it has been
shown that one nucleation point of complex assembly has to be SpaP/FliP. This protein
oligomerizes and forms a ring complex in the inner membrane through which
substrates can be translocated. The multimeric form of this protein is very unstable
and gets easily dissociated. Once one SpaR/FliR molecule gets recruited to the
SpaP/FliP multimers, this nucleation complex gets stabilized and builds together with
the bound SpaR/FliR a solid platform, where all other components can assemble step
by step. In the flagella system, the initiation of export apparatus assembly needs an
additional factor. Here, the core component FIiP is not only unstable in its multimer
state, but also it gets degraded in its monomer form via the Lon pathway as long as its
specific chaperone FliO is not present. FliO binds directly to the FliP complex and
dissociates after recruitment of FliR. The next step of assembly is the recruitment of
one SpaQ/FliQ molecule to the SpaPR/FIiPR base. The correct assembly of all three
minor export apparatus proteins is crucial for correct assembly of the whole system.
Next, the one copy of the switch protein SpaS/FIhB associates and subsequently the
biggest component InvA/FIhA builds a nonameric ring, encompassing the whole
export apparatus. This ring constitutes the connection between export apparatus with
the needle base/basal body. Although both major export apparatus components
contribute 10 molecules with at least 70 transmembrane helices in total, it seems like
these proteins are not as important for complex assembly as the minor export

apparatus components.
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Figure 9: Graphic summary of all publications and comparison of flagella and injectisome export apparatus
assembly. The multimerization of FliP/SpaP is the nucleation point of export apparatus assembly in both systems.
In the flagella system this protein needs the specific chaperone FliO to prevent its degradation via the Lon pathway.
FliR/SpaR gets recruited to the FliP/SpaP multimer and a stable FliPR/SpaPR subcomplex is formed. This
recruitment leads to the dissociation of FliO in the flagella system. The subsequent assembly of FliQ/SpaQ,
FIhB/Spa$S and FIhA/InvA occurs in both systems in the same stepwise fashion. Flagella column: P: FliP; O: FliO; R:
FliR; Q: FliQ; B: FIhB; A: FIhA; Lon: Lon protease. Injectisome column: P: SpaP; R: SpaR; Q: SpaQ); S: SpaS; A: InvA.
This work will not only help to complete the assembly pathway of flagella and
injectisome systems, moreover it may generally facilitate upcoming studies on
membrane complex assemblies. Due to the enormous difficulties in analyzing large
heteromeric membrane complexes and their assembly in vivo, this topic is strongly
underrepresented in the current literature. The method of in vivo photocrosslinking
and especially a combined approach with 2D BN PAGE might help to analyze various
membrane protein complexes and their intermediates. The strength of investigating

even faint protein-protein interactions in complexes without any necessary

purification step can be a huge improvement in the field.

Besides this, the characterization of the specific function for FliO and FliP/SpaP in this
work could be the basis for further anti-T3SS drug development studies. Both proteins,
with their crucial role for flagella as well as injectisome function are promising targets
for new potential anti-infectives. Until now, T3SS inhibitor development focused
mainly on the transcriptional activators or the ATPase as targets (Duncan et al., 2012).
With the identification of Spal® as pore forming unit, this structure might especially
become more and more important for targeted screens. For various applications and
diseases, specific pore blocking molecules have been successfully developed and used
(Bezrukov and Nestorovich, 2016; Linsdell, 2014). With the emerging problem of
antibiotic resistant bacteria, the result of this work could help to find effective

alternatives to treat pathogenic bacteria.
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Abstract

Bacterial type Ill protein secretion systems inject effector proteins into eukaryotic host cells
in order to promote survival and colonization of Gram-negative pathogens and symbionts.
Secretion across the bacterial cell envelope and injection into host cells is facilitated by a so-
called injectisome. Its small hydrophobic export apparatus components SpaP and SpaR
were shown to nucleate assembly of the needle complex and to form the central “cup” sub-
structure of a Salmonella Typhimurium secretion system. However, the in vivo placement of
these components in the needle complex and their function during the secretion process
remained poorly defined. Here we present evidence that a SpaP pentamer forms a 15 A
wide pore and provide a detailed map of SpaP interactions with the export apparatus com-
ponents SpaQ, SpaR, and SpaS. We further refine the current view of export apparatus
assembly, consolidate transmembrane topology models for SpaP and SpaR, and present
intimate interactions of the periplasmic domains of SpaP and SpaR with the inner rod protein
PrgJ, indicating how export apparatus and needle filament are connected to create a contin-
uous conduit for substrate translocation.
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Author Summary

Many Gram-negative bacteria use type III secretion systems to inject bacterial proteins
into eukaryotic host cells in order to promote their own survival and colonization. These
systems are large molecular machines with the ability to transport proteins across three
cell membranes in one step. It is believed that the only gated barrier of these systems lies
in the bacterial cytoplasmic membrane but it was unclear so far how this gate looks like
and of which components it is composed. Here we present evidence based on in depth
biochemical and genetic characterization that an assembly of five SpaP proteins forms this
gate in the cytoplasmic membrane of the type III secretion system of Salmonella pathoge-
nicity island 1. We further show that one subunit each of the proteins SpaQ, SpaR, and
SpaS$ are closely associated to the SpaP gate and may function in the gating mechanism,
and that the protein Prg]J is attached to this gate on the outside to connect it to the hollow
needle filament projecting towards the host cell. Our findings elucidate a hitherto ill-
defined aspect of type III secretion systems and may help to develop novel antiinfective
therapies targeting these virulence-associated molecular devices.

Introduction

Type III secretion systems (T3SSs) are used by many Gram-negative bacterial pathogens and
symbionts to translocate effector proteins in one step across the bacterial envelope and into
eukaryotic host cells [1] where they modulate host cell physiology to promote bacterial survival
and colonization [2]. The core of T3SSs is formed by the so-called injectisome, a macromolec-
ular machine composed of up to 20 different proteins [1]. The base of the injectisome, consist-
ing of an outer membrane secretin ring and two inner membrane ring components, anchors
the system to the bacterial cell envelope [3]. A filamentous needle projects away from the base
towards the host cell and serves as conduit for translocated effectors [4,5]. Five cytoplasmic
proteins select and unfold the substrates, which are then handed over to the actual export
apparatus [6,7] housed in a membrane patch at the center of the inner ring [8,9]. The five
export apparatus components are thought to facilitate the actual secretion function of T3SSs,
including energy coupling, membrane translocation, and substrate specificity switching [1].
Base, needle filament, and export apparatus are together also termed needle complex.

While analyses by X-ray crystallography and cryo electron microscopy have revealed the
structure of most soluble components of injectisomes or of the related flagellar system [10,11],
the structure and in particular the function of the hydrophobic transmembrane (TM) domains
of the export apparatus components remain poorly defined. In the T3SS encoded within the
pathogenicity island 1 (SPI-1) of Salmonella enterica serovar Typhimurium (S. Typhimurium),
the export apparatus is composed of the proteins SpaP, SpaQ, SpaR, SpaS, and InvA in a
5:1:1:1:9 stoichiometry [12]. Of these components, InvA and Spas$ are structurally and func-
tionally best characterized: the atomic structures of their soluble cytoplasmic domains have
been solved [13,14]. The large cytoplasmic domain of InvA (or its homologs) forms a nona-
meric ring with a central pore of about 50 A in diameter [15] and has been proposed to play a
role in substrate switching and translocation [16,17] while its 8 predicted TM helices have
been proposed to serve in utilization of the proton motive force for secretion [18]. Spa$S and its
homologs play a role in switching of specificity from secretion of early to intermediate and late
substrates [19]. Autocleavage of a highly conserved NPTH motif in the cytoplasmic domain of
SpasS is required for this function, possibly to facilitate a high conformational flexibility of this
domain for secretion of later substrates [20].
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The substantially hydrophobic export apparatus components SpaP, SpaQ, and SpaR and
their homologs were shown to be critical for assembly of the needle complex [9,21-23] and
essential for secretion function [9,24] but their precise role in secretion is still unknown. It was
suggested that SpaP and SpaR form the cup substructure of the needle complex [9]. Given the
presumed central location of SpaP and SpaR at the center of the membrane patch of the needle
complex and their substantial hydrophobicity, we hypothesized that these two proteins may
constitute the actual substrate translocation pore of T3SSs in the bacterial inner membrane, a
function that as yet has not been assigned to any T3SS component.

In this study, we have biochemically characterized a stable subcomplex formed by SpaP and
SpaR, and mapped its place within the needle complex using in vivo photocrosslinking and
complementary techniques. We show that an isolated complex of five SpaP and one SpaR
forms a donut-shaped structure with an approximately 154 wide recession at its center. Sole
expression of the SpaP pentamer in the bacterial membrane allowed the permeation of com-
pounds of 500 Da into the cytoplasm, suggesting that these proteins form a channel large
enough for translocation of secondary structures. We further show that a complex of SpaP,
SpaQ, SpaR, and SpaS$ assembles in vivo before incorporation into the needle complex base,
and that these four export apparatus components form a compact assembly with multiple
reciprocal interactions at TM helices three and four of the SpaP pentamer. We also present evi-
dence that SpaP and SpaR interact on their periplasmic side with the inner rod protein Prg],
which provides a basis to explain how the substrate translocation conduit is continuous from
the export apparatus through the inner rod into the needle filament and suggests that the hith-
erto unaccounted electron density of the socket substructure is made of the periplasmic
domains of SpaP and SpaR, together with Prg]. In summary, we describe physical interactions
among export apparatus components of bacterial T3SSs and identify the components that
form its substrate translocation pore. This work will facilitate further structural and functional
work on these machines and may help to develop novel antiinfective therapies targeting these
virulence-associated molecular devices.

Results
SpaP and SpaR form a stable subcomplex of SpaPsR; stoichiometry

We previously showed that a stable complex of SpaP and SpaR can be isolated from S. Typhi-
murium lacking the inner ring components PrgH and PrgK [9]. For further characterization,
we expressed the spaPQRS operon in Escherichia coli and purified the SpaPR complex by
immunoprecipitation of epitope-tagged SpaR. The isolated complex eluted as a sharp peak
from a size exclusion chromatography column at an apparent size of 400 kDa (Fig 1A). Separa-
tion of the protein complex by SDS PAGE followed by Coomassie staining or Western blotting
and immunodetection of SpaP and SpaR*™"*%, respectively, showed that the complex contained
more SpaP than SpaR (1B). Since the masses of membrane protein complexes deduced from
analysis by size exclusion chromatography are skewed by the presence of bound detergent, we
analyzed the fraction of protein and detergent contained in the isolated SpaPR complexes by
size exclusion chromatography-multi angle laser light scattering. This analysis determined that
the SpaPR peak was monodisperse, corresponding to a size of 311 kDa with a calculated pro-
tein content of 160 kDa (Fig 1C, S1 Table, S1 File), suggesting a total of 6 molecules of SpaP
(25.2 kDa) and SpaR (31.7 kDa including C-terminal 3xFLAG tag). Given a mean error of 7%
(S1 Fig), these data did not allow to distinguish whether the complex composition was 4

SpaP +2 SpaRFLAG (calc. 164 kDa) or 5 SpaP + 1 SpaRFLAG (calc. 158 kDa). Native mass spec-
trometry was then performed to assess the exact stoichiometry of a purified SpaPR®™ ¥ com-
plex. A major species of complex produced peaks of 157.882 kDa and a minor species of
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Fig 1. Isolation and stoichiometry analysis of the SpaPR subcomplex of the needle complex. (A) Elution profile of the
purified SpaPR™ "€ complex run on a Superdex 200 10/300 GL column. The peaks corresponding to the SpaPR™® complex
and 3xFLAG peptide are indicated. (B) Coomassie-stained SDS PAGE gel of purified SpaPR™A% complex and of its FLAG-
deficient control (left). Immunodetection of SpaP (green) and SpaR™"® (red) on Western blot from purified SpaPR™*® complex
separated by SDS PAGE (right). (C) Traces of indicated detector signals from size exclusion chromatography—multi angle laser
light scattering of purified SpaPR™'® complex (left). ASTRA-calculated mass profile of total components of peak of purified
SpaPR™ "€ complex (polypeptides and detergent, middle). ASTRA-calculated mass profile polypeptide components of peak of
purified SpaPRF® complex (right). (D) Native mass spectrum of the SpaPRST"E” complex. Peak series corresponding to the
SpaP:SpaRSTREP complex ina 5:1 ratio is marked in red, with the most abundant charge state (14+) indicated. The peak series
marked in blue corresponds to the same SpaPR complex bound to a ligand with a mass of approximately 710 Da, indicative of
an associated phospholipid. Note that the measured mass for SpaPR heterohexamer (157.882 kDa) is heavier than the
theoretically calculated mass (157.280 kDa). Abbreviations: Coo: Coomassie stained, WB: Western blot, RI: refractive index,
LS: light scattering.

doi:10.1371/journal.ppat.1006071.9001
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158.595 kDa. These masses are consistent with a stoichiometry of 5 SpaP and 1 SpaRS"™**” (cal-
culated molecular mass of 157.280 kDa) with bound phospholipids. In summary, these results
show that the isolated SpaPR complex obtained from overexpression in the absence of other
needle complex components has the same stoichiometry as SpaP and SpaR assembled into
complete needle complexes [12] and indicates that the isolated SpaPR complex is a relevant
functional module of the needle complex.

Probing the placement of SpaP and SpaR in the needle complex by in
vivo photocrosslinking

To further validate the stoichiometry of SpaP and SpaR and to characterize the placing of this
module within the assembled needle complex, we employed an in vivo photocrosslinking
approach based on the genetically encoded UV-reactive amino acid para-benzophenylalanine
(pBpa) [25]. pBpa was built into the predicted TM helices of SpaP and SpaR, respectively, so
that possible interactions at every face of the predicted TM helices were sampled (Fig 2A and
2B). spaP or spaPQRS deletion mutants of S. Typhimurium were complemented with
SpaP™*% or SpaPQR"*S containing pBpa at selected positions and expressed from a low
copy number plasmid. Complementation of T3SS function of these mutants was assessed by
analyzing type III-dependent secretion of substrate proteins into the culture supernatant (S2
Fig). Crosslinking of pBpa to nearby interactors was induced by UV irradiation of intact bacte-
rial cells immediately after harvesting. Subsequently, crude membranes were isolated and
crosslinking patterns were analyzed by SDS PAGE and immunodetection of the FLAG-tagged
bait protein. Crosslinked adducts of different sizes were identified at various positions of SpaP
and SpaR (Fig 2C and 2D). To exclude crosslinking artifacts resulting from plasmid-based
complementation, pBpa positions that produced representative crosslinking patterns were also
introduced into the chromosome-encoded genes, and crosslinking was performed accord-
ingly. Notably, for all tested chromosomal positions the quality of previously identified cross-
links could be confirmed while the efficiency of crosslinking improved in some cases, possibly
due to a more efficient complex assembly achieved by expression of pBpa-containing proteins
from its native context (Fig 2E and 2F). To identify the nature of crosslinked adducts, needle
complexes with pBpa-containing SpaP™ € or SpaR™*“ were purified, UV-irradiated,
resolved by SDS PAGE, and gel slices of the positions of the crosslinks were analyzed by mass
spectrometry (53 Fig). This analysis identified crosslinks between SpaP and the export appara-
tus components SpaS and SpaQ, and between SpaP and the inner rod protein Prg]. Further-
more, crosslinks between SpaR and SpaP, SpaQ, and Prg] were also identified (S2 Table, Fig
2C and 2D). The detailed validation and interpretation of the crosslinking analysis is presented
in the following three sections.

Crosslinking of the SpaP pentamer

UV-irradiation of SpaP*"*“-containing pBpa at positions L7, L10, A12, F13, S14, T15, M187,
$189, 1193, and T195 showed a ladder of crosslinks at 40 kDa, 70 kDa, 120 kDa, and 200 kDa
(Fig 2C and 2E). We reasoned that this crosslink ladder might correspond to a homo-oligo-
meric crosslinking of the SpaP pentamer. Two further experimental results supported this
hypothesis: First, crosslinking of SpaPry5x* % expressed in E. coli in the absence of other
T3SS components showed the same crosslink ladder (Fig 3A); and second, crosslinking plas-
mid-complemented SpaPr;sx in an S. Typhimurium strain with chromosome-encoded
SpaPFLAG also produced the 40 kDa FLAG-containing crosslink, which proved at least a bipar-
tite SpaPTlSX-SpaPFLAG interaction (Fig 3B). Several of the SpaP pBpa mutants that produced a
ladder upon crosslinking (A12X, T15X, M187X, S189X, 1193X) were non-functional (S2 Fig).
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Fig 2. Screen of protein-protein interactions of SpaP and SpaR by in vivo photocrosslinking. (A) Protter visualization of SpaP
presenting predicted TM topology, positions analyzed by in vivo photocrosslinking (thick stroke), and identity of interactions (colored). (B) As in
(A) but showing SpaR. (C) Immunodetection of SpaPFLAG on Western blots of crude membrane samples of S. Typhimurium expressing
indicated plasmid-complemented SpaP-pBpa mutants separated by SDS PAGE. pBpa mutations are denoted as “X”. Each sample is shown
with and without UV-irradiation to induce photocrosslinking of pBpa to neighboring interaction partners. Since the running behavior of
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crosslinked proteins often deviates from the calculated mass due to incomplete unfolding and since membrane proteins like SpaP often show
an aberrant running behavior, the position of a crosslink on a gel does not easily allow drawing direct conclusions on the size of the crosslinked
adduct. Crosslinked proteins identified by mass spectrometry or Western blotting are indicated. Other highlighted interactions shown in A and B
were based on comparable SDS PAGE band pattern. (D) As in (C) but showing SpaR complemented from a low-copy number plasmid
expressing SpaPQ RFLAGS (E) As in (C) but expression of SpaP-pBpa mutants from their chromosomal location. (F) As in (D) but expression of
SpaR-pBpa mutants from their chromosomal location. Abbreviations: J—PrgJ, P—SpaP, Q—SpaQ, S—SpaS.

doi:10.1371/journal.ppat.1006071.9002

Analysis of two of these pBpa mutants (T15X and M187X) by 2-dimensional blue native/SDS
PAGE indicated that the observed SpaP-SpaP interaction occurred between SpaP assembled
into the complete needle complex as well as between SpaP molecules that had not yet been yet
incorporated into this structure (Fig 3C). These results suggest that the loss of function of
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Fig 3. SpaP-SpaP interactions analyzed by in vivo photocrosslinking and sequence co-variation. (A) Immunodetection of SpaP™*® on Western
blots of crude membrane samples of E. coliBL21 (DE3) expressing SpaPr1sx” - in the absence of all other T3SS components. The sample is shown
with and without UV-irradiation to induce photocrosslinking of pBpa to neighboring interaction partners. (B) Immunodetection of chromosome-encoded
SpaP™AC on Western blots of crude membrane samples of S. Typhimurium expressing plasmid-encoded SpaPrsx. (C) Immunodetection of SpaP™A¢
and the inner MS ring protein PrgK on Western blots of crude membrane samples of S. Typhimurium expressing indicated SpaP-pBpa mutants separated
by 2-dimensional blue native/SDS PAGE. Full 2D gels are only shown for SpaP™AC scanned in the 800 nm channel. The 2D gel showing SpaPygzx’ “A¢
+UV has been re-probed with antibody for PrgK and scanned in the 700 nm channel. PrgK indicates the position of the assembled needle complex. An
overlay of FLAG and PrgK signals is shown on the right. The relevant slice of the 700 nm image showing PrgK at 25 kDa and the overlay of both channels
showing the needle complex-associated bands have been aligned to the corresponding 2D image. (D) Interaction map of SpaP. Lines indicate predicted
interactions with a normalized coupling score > 0.8 (S3 Table) at positions with experimentally identified SpaP-SpaP crosslinks (at least from one side).
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these mutants is unlikely due to improper folding or assembly but rather due to subtle confor-
mational changes that alter their function.

Overall, these results indicate that TM helix one and to a smaller extent the cytoplasmic
face of TM helix three and four are involved in protomer contacts in the SpaP homopentamer
while only few homotypic interactions were observed at positions of TM helices two and three.

To cross-validate the experimental findings, we performed an independent prediction of
SpaP-SpaP interactions based on analysis of sequence co-variation using the software EV cou-
plings [26-28]. 27 of the experimentally tested SpaP positions were predicted to be involved in
SpaP-SpaP interactions with a normalized coupling score >0.80 (S3 Table). 18 of the 27 exper-
imentally tested positions yielded indications of SpaP-SpaP interactions, 2 positions were
experimentally ambiguous because of very low expression levels of the mutated proteins, and 7
positions showed no signs of SpaP-SpaP interactions. As used, EV couplings does not distin-
guish between intra and intermolecular interactions. 6 of the predicted but experimentally
negative positions are likely to be involved in intramolecular interactions, which are not
detectable by the in vivo photocrosslinking approach used (Fig 3D). Many intermolecular
interactions at experimentally tested SpaP positions were predicted to connect two TM helices
1 or TM helix 1 and 3 in a parallel fashion, and TM helices 1 and 2 or TM helices 3 and 4 in an
antiparallel fashion (Fig 3D), supporting a SpaP topology as depicted in Fig 2A, while only the
coupling prediction of SpaPg;g9 (to L11) opposed this model. Overall, the bioinformatic analy-
sis supports our experimental results, strengthens the topology model of SpaP, and provides a
first picture of the buildup of the SpaP pentamer.

SpaQ, SpaR, and Spa$S assemble independently of other T3SS
components onto the SpaP pentamer and closely interact with each
other

Mass spectrometry analysis of crosslinked SpaP and SpaR adducts produced evidence for mul-
tiple interactions among the export apparatus components SpaP, SpaQ, SpaR, and Spa$ (Fig 2,
S$3 Fig, S2 Table). To validate these results by immunoblotting, we assayed the SpaP-SpaR as
well as the SpaP-Spas$ interactions by FLAG-tagging the target instead of the pBpa-containing
bait protein. We found that SpaP interacts with SpaR™* through its residues V170 and L210
but not through V203 and A204 (Fig 4A) and that SpaR contacts SpaP™*“ via its residue
N151 (Fig 4B). Using an autocleavage-deficient FLAG-tagged variant of the switch protein
Spa$, we could further validate interactions between Spa$ and SpaPyoex/SpaPyapax (Fig 4C).
In summary, these crosslinking data indicate that, consistent with our previous report [12], 1
SpaQ, 1 SpaR, and 1 Spa$ form a closely interconnected assembly that contacts SpaP at TM
helix three (V170: SpaQ, SpaR) and TM helix four (V200/203: SpaQ, SpaS). The interaction of
these four proteins seems to be integrated by SpaQ as this small protein makes contacts to all
other three proteins (in vivo photocrosslinking-identified SpaS-SpaQ contacts communicated
results of J. Monjaras Feria).

Previous results showed that SpaQ is critical for efficient formation of the needle complex
base but due to technical limitations of the blue native PAGE approach used at the time, it was
not clear whether assembly proceeds through a pre-assembled complex of all four minor
export apparatus components before integration into the base or whether these components
only interact upon base integration [9]. To examine the early events of the assembly of the
T3SS export apparatus components, we probed the SpaP-SpaQ, SpaP-Spa$, and SpaR-SpaQ
interactions identified by the crosslinking studies in strains deficient in the inner ring protein
PrgK. These mutants are deffective for base assembly thus allowing to prove the requirement
of a fully assembled base for the assembly of the export apparatus. Indeed, we detected
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Fig 4. Interactions among the export apparatus components SpaP, SpaQ, SpaR, and SpaS. (A) Immunodetection of SpaR™ ¢ on
Western blots of SDS PAGE-separated crude membrane samples of AspaPQRS S. Typhimurium expressing indicated SpaP-pBpa
mutants from a pT10-spaPQR™-A%S plasmid. (B) Inmunodetection of SpaP™ % on Western blots of SDS PAGE-separated crude
membrane samples of AspaPQRS S. Typhimurium expressing indicated SpaR-pBpa mutants from a pT1 0-spaPc"AGQRS plasmid. (C)
Immunodetection of SpaSyzssa”™® on Western blots of SDS PAGE-separated crude membrane samples of S. Typhimurium expressing
indicated plasmid-complemented SpaP-pBpa mutants. (D) As in (C) but assessing the SpaP-SpaS interaction in absence of the inner
ring protein PrgK. (E) Immunodetection of SpaP™ on Western blots of SDS PAGE-separated crude membrane samples of S.
Typhimurium expressing chromosome-encoded indicated SpaP-pBpa mutants in the presence or absence of the inner ring protein PrgK.
(F) As in (E) but showing SpaRzoex” “*€. (G) Immunodetection of SpaP™ 4@ on Western blots of crude membrane samples of E. coli
BL21 (DE3) expressing indicated SpaP-pBpa mutants together with SpaQRS to form the SpaPR complex. (H) As in (F) but expressing
SpaPy170xQRM S to reveal the SpaP-SpaR interaction in E. coli.

doi:10.1371/journal.ppat.1006071.9004

SpaP-SpaQ and SpaP-Spas$ interactions at SpaPx,; in the absence of PrgK (Fig 4D and 4E),
and SpaR-SpaQ interactions at SpaRxaqo (Fig 4F). SpaP-SpaP and SpaPy179x-SpaR crosslinks
were also identified when plasmid-encoded SpaPQRS were expressed in E. coli BL21, lacking
all other T3SS components (Fig 4G and 4H). Altogether, these results indicate that assembly of
the export apparatus precedes and is independent of base assembly.
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The inner rod protein PrgJ locates close to the inner membrane and
directly contacts the periplasmic domains of SpaP and SpaR

FLAG FLAG

UV-irradiation of SpaP with pBpa at position L7 or SpaR with pBpa at positions F20,
N44, and A45 resulted in an 8 kDa mobility shift of these proteins in SDS-PAGE (Fig 2C, 2D
and 2E). Mass spectrometry analysis of the shifted bands identified PrgJ in both cases (S3 Fig,
§$2 Table). In an effort to characterize the extent of the SpaP-PrgJ interaction in more detail, we
also noted the same mobility shift of SpaP after UV-irradiation of SpaP™ < with pBpa at posi-
tions G2, N3, D4, I5, and S6, where crosslinked Prg] was confirmed by immunodetection (Fig
5A). To rule out potential artifacts due to overexpression of the plasmid-borne constructs, we
confirmed the crosslinks of SpaPszFLAG and SpaPSBXFLAG after expression from their native
chromosomal context (Fig 5B). 2-dimensional blue native/SDS PAGE analysis of the crosslinks
resulting from UV-irradiation of SpaRMSXFI’AG showed that the observed SpaR-Prg] interac-
tion is only observed when SpaR is incorporated into the needle complex (Fig 5C). Further-
more, SpaP-PrgJ as well as SpaR-Prg]J interactions were not observed in an ATPase activity-
deficient InvCg g5 mutant, demonstrating that the detected interactions dependent on active
type III secretion, which is consistent with the observation that incorporation of PrgJ into the
needle complex and inner rod assembly require a functional type III secretion system (Fig

5D). Taken together, these results indicate that the periplasmic domains of SpaP and SpaR
serve to anchor the inner rod protein PrgJ to the export apparatus, thus creating a continuous
conduit for substrate translocation from the export apparatus to the needle filament.
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Fig 5. Interactions of SpaP and SpaR with the inner rod protein Prgd. (A) Immunodetection of SpaP™ % on Western blots of crude membrane
samples of S. Typhimurium expressing indicated plasmid-complemented SpaP-pBpa mutants separated by SDS PAGE. The Western blot of
SpaPNSxF"AG was re-probed with PrgJ antibody to show the presence of SpaP and PrgJ in the same band. (B) Immunodetection as in (A) but detailing
chromosome-encoded pBpa-containing mutants of SpaP™ . (C) Immunodetection of SpaR™ "% on Western blots of crude membrane samples of S.
Typhiumurium expressing SpaRaqsx’ -C separated by 2-dimensional blue native/SDS PAGE. (D) Immunodetection of SpaP™A® or SpaRF-*C on

Western blots of SDS PAGE-separated crude membrane samples of S. Typhimurium expressing SpaPgax" - or SpaRyasx’ - in wild type or in InvC
ATP-hydrolysis mutants, which are unable to secrete.
doi:10.1371/journal ppat.1006071.9005
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SpaP forms a donut-shaped structure with a pore conducive to
molecules of 500 Da

The location of the SpaPsR, complex at the center of the needle complex base, right under-
neath and connected to the filamentous conduit formed by the inner rod and needle proteins,
suggests that this complex forms the T3SS’s substrate translocation pore in the bacterial inner
membrane.

To obtain structural evidence for its putative pore-forming function, we analyzed the puri-
fied, negative-stained SpaPR™ < complex by electron microscopy. 11202 individual particles
were classified and aligned into 91 class averages (54 Fig). A number of class averages showed
a symmetric, donut-shaped complex with an iconic recession at its center (Fig 6A). The diame-
ter of these particles was about 80 A and the diameter of the recession was about 15 A. Other
class averages showed a more asymmetric shape with an extra density outside of the ring-struc-
ture or a mushroom-like shape (Fig 6A). Even though the sample analyzed consisted of a
homogeneous population of SpaPRF4¢ complexes, it cannot be ruled out that SpaP and
SpaRFLAS
SpaPsR; complexes was imaged, explaining the diversity of observed classes. It is therefore pos-

partly dissociated during sample preparation so that a mixture of SpaP5 and

sible that the donut-shaped particles represent SpaPs complexes and the asymmetric extension
the SpaP-bound SpaR*™ 4. Overall, the particles’ shape and dimensions conformed well with
the structure of the cup region of assembled bases reported previously (3).

We reasoned that the recession at the center of the observed particles might represent the
protein translocation pore of the T3SS. To probe the conducting properties of the SpaPR com-
plex, we assessed its ability to allow the access of biotin maleimide (BM, molecular mass = 500
Da) into the bacterial cytoplasm, an approach that has been used previously to test the gating
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Fig 6. Visualization and characterization of the pore formed by SpaP and SpaR. (A) Six selected class averages (4, 23, 29, 36, 55, 82) of
negative-stained isolated SpaPR complexes imaged by electron microscopy. The length of the scale bar represents 50 A. The two class averages at
the top represent the SpaP5; complex. Arrowheads in the class averages in the middle and at the bottom represent the anticipated position of SpaR
on the SpaPs ring. The complete picture of all class averages can be seen in S4 Fig. (B) Fluorescent streptavidin detection of SDS PAGE-separated
biotin maleimide-labeled proteins of whole cell lysates, cell culture supernatant, periplasmic fraction, or cytoplasmic fraction of S. Typhimurium
AprgHIJK, fihD::tet moderately overexpressing indicated proteins from a medium copy number plasmid (pT12). (C) Blue native PAGE and
immunodetection of a high molecular weight complex formed by EPEA-tagged SpaP alone.

doi:10.1371/journal.ppat.1006071.g006
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of the Sec-translocon [29]. The maleimide moiety of BM can only react with and biotinylate
free thiol groups of cysteine residues of cytoplasmic proteins if BM can penetrate the inner
bacterial membrane through a sufficiently large pore. The extent of biotinylation can then be
detected on a Western blot by utilizing streptavidin. Strong BM labeling of proteins was
observed in whole cell lysates when SpaPR or SpaP alone were overexpressed from a medium
copy plasmid (Fig 6B). Cell fractionation of the expression host showed that only cytoplasmic
proteins were differentially labeled by BM upon expression of SpaPR and SpaP, labeling of
periplasmic proteins, however, was almost indistinguishable in control and expressing bacteria
(Fig 6B). General lysis of the expression host could be ruled out to cause the observed pheno-
type as neither the cytoplasmic protein RNA polymerase nor the periplasmic maltose binding
protein were observed in the culture supernatant of SpaPR or SpaP expressing bacteria (S5A
and S5B Fig). Formation of a sizable, ungated pore by these complexes was also indicated by
the strong impact even modest overexpression of SpaP and SpaPR had on the viability of the
expression host (S5C Fig). Altogether, these results suggest that BM accessed the cytoplasm of
the expression host through a pore formed by the expressed proteins. Since SpaP expression
alone led to BM labeling of cytoplasmic proteins, it is conceivable that SpaP alone is sufficient
to form the actual substrate translocation pore. In line with this idea, overexpressed SpaP®’E4
was observed to assemble into high molecular weight complexes when analyzed by blue native
PAGE (Fig 6C), however, we were not able to isolate and investigate stable SpaP-only com-
plexes. The access of 500 Da BM to the cytoplasm through the pore of the SpaP pentamer sug-
gests a pore diameter of about 15 A, which is consistent with the diameter of the recession
observed by electron microscopy of the isolated SpaPsR; complexes.

Discussion

The export apparatus of bacterial T3SSs is its central unit that facilitates translocation of sub-
strates across the bacterial inner membrane and likely the only gated barrier of these one-step
secretion devices. While functions have been proposed for some export apparatus compo-
nents, the components forming the actual substrate translocation pore in the bacterial inner
membrane have not been defined.

In this study we present evidence that a homopentamer of the minor hydrophobic export
apparatus component SpaP is a central component of the translocation pore in the inner mem-
brane of the injectisome T3SS encoded by Salmonella pathogenicity island 1. We purified a sta-
ble complex of 5 SpaP and 1 SpaR that under electron microscopy exhibited a donut-like
shape of about 80 A in diameter and a 15 A wide central recession. Expression of the compo-
nents of this complex in E. coli rendered the bacterial cells permeable to 500 Da compounds,
supporting the notion that it may work as translocation channel. Extensive mapping of pro-
tein-protein interactions of the TM domains of SpaP and SpaR by i vivo photocrosslinking
revealed that SpaQ, SpaR, and Spa$ form a compact assembly connected to the central penta-
mer formed by SpaP. We further demonstrated that assembly of this complex does not require
its incorporation into the needle complex. We also detected crosslinks between SpaP and SpaR
and the inner rod protein Prg] showing that the inner rod makes direct contact with the export
apparatus.

Previous analysis by blue native PAGE showed that SpaP and SpaR form stable complexes
in an S. Typhimurium mutant unable to assemble the needle complex [9]. We now present evi-
dence based on size-exclusion chromatography-multi angle laser light scattering and native
mass spectrometry that this complex is composed of 5 SpaP and 1 SpaR. The stoichiometry of
the isolated SpaPs;R; complex is consistent with the stoichiometry of SpaP and SpaR in the
context of a fully assembled needle complex [12], which indicates that the isolated complex
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represents a relevant intermediate of needle complex assembly. This notion is further sup-
ported by the good match of the dimensions of the observed SpaPR complex with the dimen-
sions of the cup substructure of the needle complex [30], which we previously showed to be
composed of SpaP and SpaR [9]. Electron micrographs of the isolated SpaPsR; complex and
BM permeation experiments suggested a pore size of the substrate translocation channel of
about 15 A. Within the range of uncertainty, this diameter conforms with the 10 A that were
reported for the dimensions of the channel of an assembled S. Typhimurium SPI-1 needle
complex containing a trapped translocation intermediate [5]. A tight seal during substrate
translocation is expected to be important for T3SS to avoid leakage of ions through the open
pore, so it is conceivable that the pore diameter closely resembles the dimensions of extended
polypeptides or alpha helices. However, a larger pore diameter in its fully open state cannot be
excluded given that the herein investigated isolated SpaPsR; complex most certainly lacks the
necessary elements for gating of the pore.

We detected extensive crosslinks of up to five consecutive SpaP at TM helix one and at the
cytoplasmic face of TM helices three and four, suggesting that these regions form the major
contact area between protomers of the SpaP pentamer. This notion was supported by results of
a sequence co-variation-based prediction of residue-residue interactions of SpaP. The forma-
tion of these crosslinks was independent of the presence of other needle complex components,
supporting the notion that the SpaP pentamer nucleates assembly of the needle complex. Inter-
estingly, the presence of SpaP pentamer crosslinks at TM helices three and four correlated
with secretion defects of the respective pBpa mutants, a phenomenon also seen for SpaP,;,x
and SpaPy5x. The secretion defect was not due to defects in their incorporation into assem-
bled needle complexes, suggesting that these residues may play a critical role in protein
translocation.

The recently reported stoichiometry of SpaP, SpaQ, SpaR, and SpaS$ of 5:1:1:1 [12] suggests
that these export apparatus components form an asymmetric assembly within the needle com-
plex. We show here that SpaQ, SpaR, and Spa$ contact the SpaP pentamer at its TM helices
three and four. We further demonstrate that SpaQ interacts with SpaP and SpaR. These obser-
vations, together with the observation that a fusion of SpaR and SpaS homologs retains func-
tion [31], suggest that SpaQ, SpaR, and Spa$ are not wrapped around the SpaP pentamer but
form a compact assembly at one side of SpaP, with SpaQ as the central component that makes
contacts to all other components (Fig 7A and 7B). Besides SpaR’s contribution in anchoring
the inner rod protein Prg], the assembly formed by SpaQ, SpaR, and Spa$ might also facilitate
gating of the SpaP pore, a critical aspect to prevent detrimental effects of nutrient and ion leak-
age across the bacterial inner membrane.

The assessment of the dependence of crosslinks between SpaP, SpaQ, SpaR, and Spa$ on
the presence of the inner ring protein PrgK allowed us to refine a model for the early steps of
export apparatus assembly (Fig 7C). We propose that assembly starts with the formation of the
SpaP pentamer. This initially unstable complex is stabilized upon binding SpaR. The high sta-
bility of the resulting SpaPsR, intermediate suggests that this complex is the major nucleus of
further needle complex assembly. Next, SpaQ and SpaS associate with the SpaPsR; complex
but presumably with weaker affinity since this complex could only be captured after in vivo
crosslinking. InvA would then be recruited to the SpaPRQS complex although it is not clear
whether its recruitment occurs prior or after this complex initiates the assembly of the needle
complex rings. Subsequently, association of the outer membrane secretin InvG and the inner
ring protein PrgH would lead to formation of the completed base-export apparatus holo-com-
plex [21,23].

Beyond interactions among the export apparatus components, we also identified crosslinks
between the periplasmic domains of SpaP and SpaR and the inner rod protein Prg]. The close
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Fig 7. Models of SpaP, SpaR, SpaQ, Spas, and PrgJ in the T3SS needle complex and its assembly. (A)
Model of the central SpaP complex with surrounding export apparatus components SpaQ, SpaR, and Spas,
and direct connection to the inner rod formed by PrgJ. These results suggest that SpaP, SpaR, and PrgJ form
the socket structure on the periplasmic side of the inner membrane patch of the base. (B) Model of a view of
the membrane patch of the needle complex from the cytoplasmic side highlighting SpaP, SpaQ, SpaR, and
SpaS. (C) Model of needle complex assembly. The unified Sct nomenclature [23] is shown in parenthesis.

doi:10.1371/journal.ppat.1006071.9007
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interaction of SpaP, SpaR, and PrgJ is likely to create a continuous conduit for substrate trans-
location, where Prg] might serve as an adapter to connect the flat translocation pore of the
inner membrane with the helical needle filament. Analysis of the needle complex by cryo-elec-
tron microscopy revealed a central juxtamembrane structure at the periplasmic interior of the
base, which was termed socket [30], however, no protein could be assigned to contribute to
this density. Our results suggest that the socket is composed of the periplasmic parts of SpaP
and SpaR, together with the inner rod protein Prg]. The mass of six PrgJ [12] and the periplas-
mic domains of five SpaP and one SpaR could well account for the observed density of the
socket structure. Our observation now opens the door for further investigations of the rele-
vance of the export apparatus-Prg] interaction for needle length control, substrate specificity
switching, and host cells sensing, functional roles that were suggested for PrgJ [32,33].

The positions of SpaP and SpaR that interact with PrgJ also help to consolidate the TM
topology models of these two export apparatus proteins. SpaP is predicted to contain four TM
helices (Fig 2A) and the presence of a cleavable signal sequence in flagellar homologs suggests
an N-out/C-out TM orientation [34]. This model is supported by the interaction between the
N-terminus of SpaP and the periplasmic inner rod detected in this study. Further support for
this topology model comes from the presented sequence co-variation-based analysis of SpaP
residue-residue interactions, which strongly predicted antiparallel interactions between TM 1
and 2, and between TM 3 and 4 (Fig 3D). The TM topology predictions of SpaR and its homo-
logs are very uncertain, ranging from five to eight TM helices with mostly N-out orientation
(Fig 2B, S6 Fig) [34,35]. A C-in orientation, on the other hand, was suggested based on the
report of a functional protein fusion of the flagellar SpaR and Spa$S homologs of Clostridium,
given that the N-terminus of SpaS and its homologs is strongly predicted to reside in the cyto-
plasm [31,35,36]. Here we presented interactions of SpaR F20, N44, and A45 with the periplas-
mic protein PrgJ. These residues are predicted to be located within SpaR’s first two TM
helices, however, our results rather suggest a periplasmic localization of this part of SpaR. This
notion is supported by rather high AG values for membrane partitioning of the predicted TM
helices one, two, and four (S6B Fig), so that a SpaR model comprising an N-out/C-in topology
with only three TM helices is conceivable (S6C Fig).

In summary, we have presented evidence that a pentamer of SpaP forms the substrate trans-
location pore of T3SSs in the bacterial inner membrane. We show that this pentamer closely
interacts with the export apparatus components SpaQ, SpaR, and SpaS$ in the plane of the
membrane, an accessory assembly that may facilitate gating of the export pore. We further
show that SpaP and SpaR intimately contact the periplasmic inner rod protein PrgJ and pro-
pose that the inner rod serves as an adapter to connect the flat export pore and the helical nee-
dle filament, thus creating a continuous conduit for substrate translocation from the bacterial
cytoplasm into the host cell.

Materials and Methods
Materials

Chemicals were from Sigma-Aldrich unless otherwise specified. Detergent n-dodecyl-malto-
side (DDM) was from Affimetrix-Anatrace. para-benzophenylalanine was from Bachem.
SERVA Blue G and SERVAGel TG PRIME 8-16% precast gels were from Serva. NativePAGE
Novex Bis-Tris 3-12% gels were from Life Technologies. Primers are listed in S5 Table and
were synthetized by Eurofins and Integrated DNA Technologies. Polyclonal rabbit anti-MBP
antibody were from New England Biolabs. Monoclonal mouse anti-RNApol antibody was
from BioLegend. Monoclonal M2 anti-FLAG antibody, M2 anti-FLAG agarose beads, and
3xFLAG peptide were from Sigma-Aldrich. CaptureSelect-biotin, Streptavidin DyLight 800,
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and secondary antibodies goat anti-mouse 1gG DyLight 800 conjugate and goat anti-rabbit
1gG DyLight 680 conjugate were from Thermo-Fisher.

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in S4 Table. Primers for construction
of strains and plasmids ere listed in S5 Table. The position and sequence of epitope tags intro-
duced into SpaP, SpaR, and Spa$ is shown in S7 Fig. All Salmonella strains were derived from
S. Typhimurium strain SL1344 [37]. Bacterial cultures were supplemented as required with
streptomycin (50 pg/mL), tetracycline (12.5 pg/mL), ampicillin (100pg/mL), kanamycin

(25 pg/mL), or chloramphenicol (10 ug/mL).

Expression and purification of SpaPR complex

The SpaP, and SpaPR complexes were expressed in E. coli BL21 (DE3) from rhamnose-induc-
ible medium copy number plasmids encoding SpaP***4, SpaPQRFAYS, or SpaPQRSTREF,
respectively. Expression was autoinduced by over night growth at 37°C in TB medium. Bacte-
rial cells were harvested, crude membranes purified as described previously [9], and mem-
brane proteins were extracted with 1% DDM in PBS. After removal of unsolubilized material
by ultracentrifugation for 30 min at 100.000 x g, complexes were immunoprecipitated accord-
ing to the manufacturers instructions using CaptureSelect affinity gel for SpaP***4, M2 anti-
FLAG agarose beads for SpaPR™%, and Strep-Tactin sepharose (IBA) for SpaPR™* P, Com-
plexes were natively eluted with 150 ng/ml SEPEA or 3xFLAG peptides, respectively, or with
2.5 mM desthiobiotin, each in PBS/0.04% DDM. The SpaPEP]ZA and the SpaPQRFLAGS, com-
plexes were subsequently purified by anion exchange (Mono Q 5/50 GL, GE), while this step
was omitted for the SpaPQRS™REP complex. Samples were further purified by size exclusion
(Superdex 200 10/300 GL, GE) chromatography, and concentrated to 1 mg/ml using Amicon
Ultra 100 k cutoff spin concentrators (Merck Millipore). Purified SpaP and SpaPR complexes
were stored in liquid nitrogen until further use.

Size exclusion chromatography—multi angle laser light scattering
analysis

The detergent and polypeptide content of the purified SpaPR™*< complex in PBS/0.04%
DDM was determined by size exclusion chromatography—multi angle laser light scattering
and analysis by the ASTRA software (Wyatt, Santa Barbara, CA) as previously described [38].

Native mass spectrometry of isolated native SpaPR complex

Purified SpaPR®"™™** complex was concentrated to 20 uM in PBS/0.04% DDM, and buffer
exchanged to 250 mM ammonium acetate, pH 7.5, complemented with 0.01% polyoxyethy-
lene(9)dodecyl ether (C12E9) prior to native mass spectrometry analysis. Buffer exchange was
carried out using Amicon Ultra 0.5 ml centrifugal filters with a 100-kDa cut-off (Millipore UK
Ltd, Watford UK). Mass measurements were carried out on a Synapt G1 HDMS (Waters
Corp., Manchester, UK) Q-ToF mass spectrometer [39]. The instrument was mass calibrated
using a solution of 10 mg/ml cesium iodide in 250 mM ammonium acetate. 2.5 uL aliquots of
samples were delivered to the mass spectrometer by means of nano-electrospray ionization via
gold-coated capillaries, prepared in house [40]. Instrumental parameters were as follows:
source pressure 6.0 mbar, capillary voltage 1.40 kV, cone voltage 150 V, trap energy 200 V,
transfer energy 10 V, bias voltage 5 V, and trap pressure 1.63x10-2 mbar.
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Membrane protein topology prediction

SpaP and SpaR TM topology was predicted using TOPCONS (http://topcons.cbr.su.se) [41].
The extent of the hydrophobic regions constituting TM helices was predicted using dGpred
full portein scan (http://dgpred.cbr.su.se) [42] setting the minimal helix length to 18 and the
maximal helix length to 31 aa. For visualization, the online tool PROTTER (http://wlab.ethz.
ch/protter/start/) was used [43].

Secretion assay

Analysis of type III-dependend secretion of proteins into the culture medium was carried out
as described previously [20].

Immunoblotting

For protein detection, samples were subjected to SDS PAGE using SERVAGel TG PRIME
8-16% precast gels, transferred onto a PVDF membrane (Bio-Rad), and probed with primary
antibodies anti-SipB, anti-Inv], anti-Prg], anti-SpaP, anti-MBP, anti—RNApol, and M2 anti-
FLAG. Secondary antibodies were goat anti-mouse IgG DyLight 800 conjugate and goat anti-
rabbit IgG DyLight 680. EPEA-tagged SpaP was visualized using CaptureSelect-biotin anti
C-Tag conjugate and Streptavidin DyLight 800. Scanning of the PYDF membrane and image
analysis was performed with a Li-Cor Odyssey system and image Studio 2.1.10 (Li-Cor).

In vivo photocrosslinking

S. Typhimurium strains were grown at 37°C in LB broth supplemented with 0.3 M NaCl with
low aeration to enhance expression of genes of SPI-1. For in vivo photocrosslinking of SpaP*A¢
in Escherichia coli BL21 (DE3), bacteria were cultured at 37°C in LB broth. Cultures were sup-
plemented with 500 uM rhamnose to induce expression of SpaP™*S, SpaPTACQRS or
SpaPQR"™ S from low copy number pTACO10 plasmids [9]. To boost general SPI-1 expres-
sion, 8. Typhimurium strains were transformed with pBAD24-hilA. Expression of the SPI-1
master regulator HilA was induced by addition of 0,05% arabinose to the cultures. Additionally
the cultures were supplemented with the artificial amino acid para-benzoyl phenyl alanine
(pBpa) to a final concentration of 1 mM and afterwards incubated for 5.5 h. 2 ODU of bacterial
cells were harvested and washed once with 1 mL cold PBS. Cells were resuspended in 1 mL PBS
and transferred into 6-well cell culture dishes. UV irradiation with A = 365 nm was done on a
UV transilluminator table (UVP) for 30 min.

Crude membrane preparation

10 OD units of bacterial lysates of S. Typhimurium or E. coli, respectively, were resuspended in
750 ul buffer K (50 mM triethanolamine, pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM
MgCl,, 10 pg/ml DNAse, 2 mg/mL lysozyme, 1:100 protease inhibitor cocktail), and incubated
for 30 min on ice. Samples were bead milled and beads, unbroken cells and debris were
removed by centrifugation for 10 min at 10.000 x g and 4°C. Crude membranes contained in
the supernatant were precipitated by centrifugation for 45 min at 55,000 rpm and 4°Cin a
Beckman TLA 55 rotor. Pellets containing crude membranes were frozen until use.

Blue native PAGE

1-dimensional blue native PAGE and 2-dimensional blue native/SDS PAGE of crude mem-
branes was carried out as previously described [9].
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Needle complex purification

S. Typhimurium AspaP or AspaPQRS mutants, respectively, transformed with pSUP, pSB3292,
and pSB3398-based rhamnose-inducible low copy number plasmids containing SpaPF LAG
amber mutants or SpaPQRS with SpaRF LAG amber mutants, respectively, were grown in 200
ml LB broth supplemented with 0.3M NaCl, 1 mM pBpa, 500 uM rhamnose, 0.02% arabinose,
and appropriate antibiotics for 5 h at low aeration to express SPI-1 and assemble needle com-
plexes, Purification of needle complexes was carried out as published previously [4,20,12] but
LDAO was replaced by DDM (0.7% for lysis/extraction, 0.1% for maintenance) for lysis of
cells and extraction of needle complexes throughout the protocol. Furthermore, an initial con-
centration of 35% (wt/vol) of CsCl was used to prepare the gradient. Purified needle complexes
containing SpaP™*% or SpaR™*“ with pBpa at desired positions were irradiated with UV
light (365 nm) for 30 min to induce photocrosslinking to nearby proteins. Samples were subse-
quently analyzed by SDS PAGE, Western blotting, and immunodetection with M2 anti-FLAG
antibodies. For MS analysis of crosslinked adducts, gel pieces at positions of observed cross-
links of pBpa-containing and control samples were cut out of Coomassie-stained SDS PAGE
gels and subjected to in gel digestion.

Protein in-gel digestion for analysis of crosslinked interaction partners

For identification of crosslinked proteins, the area of a Coomassie-stained gel corresponding
the position of the crosslinked band detected by Western blotting were excised and in-gel
digested with trypsin [44]. For a better recovery, remaining proteins in the gel were again sub-
jected to another tryptic digestion step. After each step extracted peptides were desalted using
Cg StageTips [45]. Corresponding eluates were combined and subjected to LC-MS/MS
analysis.

Mass spectrometry for analysis of crosslinked interaction partners

LC-MS/MS analyses were performed on an EasyLC II nano-HPLC (Proxeon Biosystems) cou-
pled to an LTQ Orbitrap Elite mass spectrometer (Thermo Scientific) as decribed elsewhere
[46] with slight modifications: The peptide mixtures were injected onto the column in HPLC
solvent A (0.5% acetic acid) at a flow rate of 500 nl/min and subsequently eluted with a 106
min gradient of 5-33% HPLC solvent B (80% ACN in 0.5% acetic acid). During peptide elu-
tion the flow rate was kept constant at 200 nl/min. For proteome analysis, the 20 (Orbitrap
Elite) most intense precursor ions were sequentially fragmented in each scan cycle using colli-
sion-induced dissociation (CID). In all measurements, sequenced precursor masses were
excluded from further selection for 90 s. The target values for MS/MS fragmentation were
5000 charges and 10° charges for the MS scan.

Mass spectrometry data processing for analysis of crosslinked
interaction partners

The MS data were processed with MaxQuant software suite v.1.2.2.9 as described previously
[47-49] with slight modifications. Database search was performed using the Andromeda
search engine [48], which is part of MaxQuant. MS/MS spectra were searched against a target
database consisting of 10,152 protein entries from S. Typhimurium and 248 commonly
observed contaminants. In database search, full tryptic specificity was required and up to two
missed cleavages were allowed. Carbamidomethylation of cysteine was set as fixed modifica-
tion, protein N-terminal acetylation, and oxidation of methionine were set as variable modifi-
cations. Initial precursor mass tolerance was set to 6 parts per million (ppm) and at the
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fragment ion level 0.5 dalton (Da) was set for CID fragmentation. The MS data have been
deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.
org) via the PRIDE partner repository with the data set identifier PXD005028.

EVfold coupling analysis

Sequence co-variation analysis was performed using EVcouplings [26-28] with pseudo-maxi-
mum likelihood approximation [50-52]. The multiple sequence alignment used as input for
the model inference was created by jackhmmer 3.1 [53] (5 iterations) using the full sequence
of Salmonella SpaP (UniProt: SPAP_SALTY, residues 1-224) as query against the November
2015 release of the UniProt Reference Cluster database (UniRef100) [54]. Sequences with
more than 30% gaps are subsequently removed from the alignment. We then excluded align-
ment columns that contained 50% or more gaps from model inference and subsequent cou-
plings predictions. Lastly, sequences were clustered at 80% sequence identity and then
downweighted according to the cluster size to reduce redundancy. This resulted in an align-
ment of 5663 unique sequences with an effective number of 1080.4 non-redundant sequences
(sequences/alignment length = 4.8) included in model inference and coupling prediction. The
coupling scores of residue pairs were further normalized by estimating the background noise
analogously to the procedure described in Hopf et al., 2014 [28]. Evaluation of the co-evolution
prediction was done in the light of topology predictions obtained from deltaG, resulting in
four predicted TM segments: (7, 38), (50, 75), (163, 193), (194, 211). Python (Python Software
Foundation, http://www.python.org) and Ipython/Jupyter notebooks [55] were used for data
analysis. The multiple sequence alignment, EC scores file, a contact map of the strongest cou-
plings and an Ipython notebook of the analysis are available as supplement (S3 Table, S8 Fig,
S2 and S3 Files).

Electron microscopy and image analysis

Tsolated SpaPR™ ™ complexes were deposited on glow-discharged carbon coated copper-pal-
ladium grids and stained with 0.75% uranyl formate. Micrograph acquisition was performed
on a FEI Tecnai F30 Polara at 300 kV, equipped with a Gatan Ultrascan 4000 UHS CCD (4k x
4k pixels, physical pixel size of 15 um), using the LEGINON automated image acquisition sys-
tem [56]. The corrected magnification was 71950x, resulting in a pixel size of 2.08 A/pixel.
11202 particles were picked from the micrographs with EMAN?2 boxer [57]. Particle images
were first subjected to a maximum-likelihood classification and alignment (ML2D) in XMIPP
[58] and then further processed in IMAGIC-5 (Image Science Software GmbH) through
multi-reference alignment and classification by multi-variate statistical analysis.

SpaPR pore assessment by biotin maleimide labeling

SpaP or SpaPQR"*% were moderately overexpressed in S. Typhimurium strain SB1770
(AprgHIJK, flnD::tet) from a rhamnose-inducible medium copy number plasmid by induction
with 20 pM rhamnose. BM labeling was performed essentially as previously described [29],
with minor modifications: After 3 h of induction, 0.2 ODU of bacterial cells were transferred
to a fresh reaction tube and brought to the same volume by addition of fresh LB broth. Cells
were labeled by addition of BM (EZ-link maleimide-PEG2-biotin, Thermo Pierce, final con-
centration 0.4 mM) for 30 min at room temperature with gentle agitation. The reaction was
quenched by addition 2M B-mercaptoethanol to a final concentration of 10 mM. Cells were
pelleted, re-suspended in SB buffer and incubated at 70°C for 10 min. BM labeling of proteins
was analyzed by SDS PAGE, Western blotting, and detection of BM with streptavidin DyLight
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800 dye (Thermo pierce). Scanning of the PVDF membrane and image analysis was performed
with a Li-Cor Odyssey system and image Studio 2.1.10 (Li-Cor).

For subcellular fractionation, BM-labeled bacterial cells were pelleted by centrifugation.
The culture supernatant was harvested and TCA precipitated. The bacterial cell pellet was
resuspended and used to prepare the periplasmic and cytoplasmic fractions as described else-
where. Briefly, pellets were resuspended by pipetting gently in ice-cold spheroplast buffer (40%
sucrose, 33 mM Tris-HCI, pH 8.0) with freshly prepared lysozyme to a final concentration of
200 pg/ml, 50 ug/ml DNAse and 1.5 mM EDTA. The mixture was left on ice for 30 min with
gentle stirring. Spheroplasts were stabilized by adding 20 mM MgCl, and centrifuged at
3000 x g for 10 min at 4°C. The supernatant was transferred to ultracentrifugation tubes and
centrifuged at 30 krpm for 30 min at 4°C in a Beckman TLA55 rotor to remove insoluble
material. The supernatant (periplasmic fraction) was collected into fresh tube. The cytoplasmic
fraction was prepared by resuspending the pellet of spheroplasts in 1 ml of 20 mM Tris-HCI,
pH 8.0 and subsequent lysis by bead milling as described above. Lysates were transferred to
ultracentrifugation tubes and centrifuged at 55 krpm for 45 min at 4°C in a Beckman TLA55
rotor. The supernatant (cytoplasmic fraction) was collected into fresh tubes.

Supporting Information

S1 Table. Raw data of the size exclusion chromatography-multi angle laser light scattering
analysis of the purified SpaPR complex.
(XLSX)

$2 Table. Crosslinked adducts identified by mass spectrometry.
(XLSX)

S$3 Table. EC scores of coupling prediction.
(XLSX)

$4 Table. Strains and plasmids.
(XLSX)

S5 Table. Oligonucleotides.
(XLSX)

S1 Fig. Three detector calibration of the SEC-MALLS equipment and error calculation.
(PDF)

S2 Fig. Functional analysis of SpaP and SpaR pBpa mutants. (A) Type III dependent secre-
tion into the culture supernatant of indicated pBpa mutants of SpaP and SpaR, respectively,
was assayed by SDS PAGE and immunodetection of the early substrate Inv] and the intermedi-
ate substrate SipB. For two of the secretion-deficient SpaP mutants (T15X, M187X), assembly
of SpaP into the needle complex was confirmed by 2-dimensional blue native/SDS PAGE (Fig
3C). Further, many secretion-defective pBpa mutants showed productive crosslinks to other
needle complex components. These results suggest that secretion-deficiency was not due to
gross structural defects but rather the result of subtle conformational changes. (B) As in (A)
but detailing secretion profiles of chromosome-encoded SpaP-pBpa mutants.

(TIF)

S3 Fig. SDS PAGE analysis of isolated needle complexes of SpaP and SpaR pBpa mutants
with and without UV photocrosslinking for mass spectrometrical identification of cross-
linking partners. (A) Immunodetection of SpaP™*¢ and SpaR™¢
blots of purified needle complexes of S. Typhimurium expressing indicated SpaP or SpaR pBpa

, respectively, on Western
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mutants separated by SDS PAGE. Each sample is shown with and without UV-irradiation to
induce photocrosslinking of the pBpa to neighboring interaction partners. Identified interac-
tion partners are indicated at the respective bands. A summary of the MS identifications is
shown in S2 Table. (B) Coomassie stained SDS PAGE gels of the UV-irradiated samples
shown in (A). Gel pieces were cut out at positions of crosslinking adducts identified by West-
ern blotting and immunodetection for subsequent in gel Trypsin digestion and MS analysis.
(TIF)

$4 Fig. Class averages of negative-stained isolated SpaPR complexes imaged by electron
microscopy. 91 classes are shown. The length of the scale bar in the upper left corner repre-
sents 50 A.

(TIF)

S5 Fig. Controls for general bacterial lysis for biotin maleimide labeling experiments.

(A) Coomassie-stained gel (left) and immunodetection (cytoplasmic marker RNA polymerase
(RNApol), periplasmic marker maltose binding protein (MBP), right) of SDS PAGE-separated
whole cell lysates and cell culture supernatants, respectively, of S. Typhimurium AprgHIJK,
fIhD::tet moderately overexpressing indicated proteins from a medium copy number plasmid
(pT12). Equal culture volumes were loaded in each well. (B) Immunodetection of SDS PAGE-
separated cell culture supernatants, periplasmic fractions, and cytoplasmic fractions, respec-
tively, of S. Typhimurium AprgHIJK, flhD::tet moderately overexpressing indicated proteins
from a medium copy number plasmid (pT12). Equal culture volumes were loaded in each
well. RNApol serves as a marker protein for cytoplasmic proteins, MBP serves as a marker pro-
tein for periplasmic proteins. (C) Growth curves of S. Typhimurium AprgHIJK, flhD::tet over-
expressing indicated proteins from a medium copy number plasmid (pT12) with the indicated
concentrations of rhamnose.

(TIF)

$6 Fig. Prediction of topology and of the propensity of membrane integration of SpaR.
(A) Topcons prediction of SpaR (topcons.cbr.su.se). (B) Prediction of AG for membrane inte-
gration propensity of SpaR using a sliding window between 18 and 31 amino acids (dgpred.
cbr.su.se). (C) Protter visualization of the topology model of SpaR comprising 3 TM helices
and an N-out/C-in orientation. Positions of detected crosslinks of SpaR to other T3SS compo-
nents are indicated in color.

(TIF)

S7 Fig. Position and sequence of epitope tags used in SpaP, SpaR, and SpaS.
(PDF)

S8 Fig. Contact map of top 291 residue couplings. Abbreviations: norm. normalized, exp.
experimentally.
(PNG)

$1 File. SEC-MALLS ASTRA calculations.
(PDF)

S2 File. Input alignment in fasta format.
(A2M)

S3 File. Notebook containing couplings analysis.
(HTML)
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Abstract

Many bacteria move using a complex, self-assembling nanomachine, the bacterial flagellum.
Biosynthesis of the flagellum depends on a flagellar-specific type Ill secretion system
(T3SS), a protein export machine homologous to the export machinery of the virulence-asso-
ciated injectisome. Six cytoplasmic (FliH/I/J/G/M/N) and seven integral-membrane proteins
(FIhA/B FIliF/O/P/Q/R) form the flagellar basal body and are involved in the transport of flagel-
lar building blocks across the inner membrane in a proton motive force-dependent manner.
However, how the large, multi-component transmembrane export gate complex assembles
in a coordinated manner remains enigmatic. Specific for most flagellar T3SSs is the presence
of FliO, a small bitopic membrane protein with a large cytoplasmic domain. The function of
FliO is unknown, but homologs of FliO are found in >80% of all flagellated bacteria. Here, we
demonstrate that FliO protects FIiP from proteolytic degradation and promotes the formation
of a stable FliP-FIiR complex required for the assembly of a functional core export apparatus.
We further reveal the subcellular localization of FliO by super-resolution microscopy and
show that FIiO is not part of the assembled flagellar basal body. In summary, our results sug-
gest that FliO functions as a novel, flagellar T3SS-specific chaperone, which facilitates quality
control and productive assembly of the core T3SS export machinery.

Author summary

Many bacteria use the bacterial flagellum for directed movement in various environments.
The assembly and function of the bacterial flagellum and the related virulence-associated
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injectisome relies on protein export via a conserved type III secretion system (T3SS). The
multicomponent transmembrane core export apparatus of the flagellar T3SS consists of
FlhA/B and FliP/Q/R and must assemble in a highly coordinated manner. In the present
study, we determined the role of the transmembrane protein FliO in the maturation of the
flagellar core protein export apparatus. We show that FliO functions as a flagellum-spe-
cific chaperone during the initial step of export apparatus assembly. FliO facilitates the
efficient formation of a stable FliP-FliR core complex and is thus required for quality
management and productive assembly of the flagellar export apparatus. Our results sug-
gest a coordinated assembly process of the flagellar core export apparatus that nucleates
with the FliO-dependent formation of a FliP-FliR complex. Subsequent incorporation of
FliQ, FIhB, and FIhA leads to the assembly of a secretion-competent flagellar T3SS.

Introduction

The ability of many bacteria to move on surfaces and swim through liquid environments
depends on the function of a rotating nanomachine, the bacterial flagellum. The flagellum is
highly conserved among bacterial species and is best characterized in Salmonella enterica sero-
var Typhimurium. The structure of the flagellum can be divided into 3 main parts: a basal
body, a flexible hook, and a long rigid filament [1,2]. The basal body itself is composed of sev-
eral substructures located in the cytosol or spanning the bacterial cell envelope. The inner
membrane MS ring, the periplasmic P ring, and the outer membrane L ring assemble using
the Sec-pathway. The self-assembly of all other axial parts of the flagellum is dependent on
protein export through the flagellar-specific type III secretion system (fT'3SS) [3]. The core
integral-membrane components of the flagellar export apparatus (FIhA/B and FliP/Q/R) are
closely related to the virulence-associated T3SS (vT3SS) of the injectisome device used by
many gram-negative bacteria to inject toxins into host cells [4]. Protein export via both fT3SS
and vT3SS is primarily dependent on the proton motive force (pmf) [5-9]. How the bacterial
cell coordinates the self-assembly of the multicomponent export apparatus complex in the
inner membrane remains elusive.

Six cytoplasmic and seven membrane proteins are essential for the export of the majority of
the extra-cytoplasmic building blocks of the flagellum. The MS ring is made of 26 subunits of
FIiF and likely assembles after the completion of the core integral membrane export apparatus,
similar to the injectisome system [10-13]. Tightly associated with the MS ring is a cytoplasmic
ring (C ring) made of FiG/M/N. The C ring functions as a rotor/switch complex and serves
also as a docking platform for cargo [14] and the FliH/1/] ATPase complex [15,16], which facil-
itates export via ATP hydrolysis [7,17]. Within the MS ring, the integral membrane proteins
FIhB/A and FliO/P/Q/R are thought to form the export gate. FlhA was reported to form a
nonameric ring and presumably energizes export using the pmf [11,18-20]. FIhB is involved
in the switch of secretion specificity between late and early substrates [21]. FliO (17.5 kDa),
FliP (25 kDa), FliQ (9 kDa), and FliR (26 kDa) are integral membrane proteins and essential
for the export of flagellar substrates [22]. FliP/Q/R are highly conserved in all fT3SS and have
homologs in the vT3SS [23]. Interestingly, FliO homologs are apparently absent in the vT3SS,
suggesting an important fI3SS-specific role [24]. FliO is a bitopic membrane protein with a
large cytosolic C-terminal domain. While FliO is required for flagella formation and motility
under physiological conditions, upregulation of flagellar secretion substrates and a secondary-
site suppressor mutation in FliP restored partial motility of a AfliO strain, indicating a func-
tional link between FliO and FliP [25-27].
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Here, we determined the molecular function of FliO in maturation of the flagellar type I1I
secretion system (T3SS). We propose that FliO functions as a flagellum-specific, integral mem-
brane chaperone that stabilizes FliP protein and facilitates the formation of a stable FliP-FliR
core complex, which is essential for the productive assembly of a functional flagellar basal
body.

Results
Phylogenetic distribution of FliO reveals widespread conservation

Homologs of FliO are absent in vI3SS of the injectisome and were also thought to be absent in
many flagellated species. However, Pallen et al. [28] suggested that FliO homologs are misan-
notated as FliZ in some bacterial species and identified several potential FIiO homologs
through PSI-BLAST searches: Cj0352 in Campylobacter jejuni, LA2612 in Leptospira interro-
gans, RB9276 in Rhodopirellula baltica, and TP0719 in Treponema pallidum.

This suggested that FliO homologs are more widespread than previously thought, and we
thus performed a detailed phylogenetic analysis of the distribution of FliO proteins across dif-
ferent bacterial phyla (Fig 1). We retrieved the full collection of representative genomes from
the refseq NCBI repository (n = 4771) and queried the genomes for the presence of flagellin,
FliO, FliP, FliQ, and FliR homologs using regular annotations. We found that FliO homologs
in particular were poorly annotated and in fact sometimes misannotated as FliZ, as previously
noted by Pallen et al. [28]. This suggested that a large proportion of FliO homologs are missed
by the automated annotation algorithms.

We next performed a de novo prediction of flagellin, F1iO, FliP, FliQ, and FliR homologs
using Hidden Markov Models (HMMs) based on curated Pfam (protein family) database
models (Fig 1, S1 Fig). We screened all genomes using the HMM and identified a large number
of FliO homologs in genomes in which also FliP and other flagella components were predicted.
The majority of predicted FIiO hits corresponded to hypothetical proteins, and we identified
possible FliO homologs in >80% of flagellated bacteria across most bacterial phyla (Fig 1).

FliO protects FliP from proteolytic degradation

The gene encoding for FliP is frequently encoded in an operon with fliO, and a previous study
suggested a functional link between FliO and FliP based on genetic evidence [26]. FliP is
strongly conserved in both fT3SS and vT3SS (S2 Fig) and essential for protein export [22].
Accordingly, we hypothesized that the flagellum-specific protein FliO evolved to facilitate effi-
cient production or assembly of FliP, a core component of the fT'3SS. In an attempt to validate
the presumed functional link between FliO and FliP, we analyzed the effect of excess FIiP and
FliO in wild-type (WT) and AfliO backgrounds. In the WT background, neither expression of
FliP nor FliO increased motility compared to the empty vector control (VC) (Fig 2 + S3 Fig).
In the fliO deletion background, overproduction of FliP but not of any other fI3SS integral
membrane protein restored motility (S4 Fig). These results confirmed that FliO is functionally
related to FliP.

The dispensability of FliO upon FliP overexpression led us to speculate that FliO was
involved in maintaining FliP stability. To follow this idea, we monitored FliP protein levels
after the arrest of de novo protein synthesis. We replaced the native fliP gene with epitope-
tagged FliP variants to facilitate the detection of FIiP protein. The 3xhemagglutinin (HA)- or
3xFLAG-tagged FliP proteins were expressed from the physiological fliP locus and retained
WT function in a swimming plate motility assay (S5 Fig).

In a WT background, FliP remained stable after synthesis inhibition during the duration of
the experiment. In a AfliO mutant, however, FliP protein levels degraded rapidly (Fig 3A). This
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Fig 1. Computational prediction and phylogenetic distribution of FliO, FliP, FliQ, FliR, and flagellin
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Biotechnology Information (NCBI) reference genomes (n=4771) was analyzed according to NCBI annotation
and de novo prediction using a Hidden Markov Model (HMM) based on curated Pfam (protein family)
database models. (A) Phylogenetic tree based on NCBI taxonomy—outer rings indicate the presence/
absence of flagellin, FliO, FliP, FliQ, and FliR. Each colored branch highlights a bacterial phylum. The number
of retrieved genomes is indicated for the major phyla; C = Cyanobacteria (119), T = Tenericutes (116),

S = Spirochaetes (60), D = Deinococcus-Thermus (39), A = Acidobacteria (24). (B) Gene set representation
of de novo predicted FliO, FliP, FIiQ, FliR, and flagellin. Left bars show the total number of predicted proteins
including previously annotated (dark color) and newly predicted ones (light color) across the NCBI reference
genomes. The top bars represent the number of genomes for each combination of predicted FliO, FliP, FIiQ,
FliR, and flagellin. The pie chart highlights the improved annotation of FliO through the HMM de novo
prediction.

https://doi.org/10.1371/journal pbio.2002267.9001

suggested that FliO was involved in stabilizing FliP protein. To exclude polar effects of the fliO
deletion, we monitored protein stability of episomally expressed FliP in AfliP and AfliOP
mutant backgrounds and observed a similar degradation pattern of FliP in the absence of FliO
(Fig 3B). Reminiscent of the FliP degradation pattern in a AfliO mutant, we observed rapid
degradation of FIiP in nonfunctional FliO point mutants (V72G, L91R, and AL91-L94) (S6
Fig). Similar FliO point mutations (L91A, AL91) were previously shown to be expressed but
not able to complement a fIliO null mutant [26].

As mentioned above, FliP harbors a signal peptide of the Sec-system, and this raised the
possibility that FliO participated in efficient cotranslational membrane integration of FliP.
We thus assessed the effects of a fliO deletion in respect to the level of membrane-integrated
FliP. Crude membranes were collected by ultracentrifugation and washed with urea to
discriminate properly integrated proteins from aggregated proteins associated with the

A WT + VC AfliO + VC AfliO + pfliP
Nadal 0 1 5 0 1 5 0 1 5
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Fig 2. Excess FliP bypasses the requirement of FliO for flagellar-specific type Ill secretion system
(fT3SS) function and motility. (A) Flagellin secretion in the wild-type (WT) (EM2320) and the AfiO mutant
(EM2323, EM2324) harboring an empty (vector control [VC]) or fliP (pfliP)-expressing vector.
Complementation was induced by the addition of 0 uM, 1 uM, and 5 pM sodium salicylate (NaSal). Secreted
flagellin was detected by Western blot using anti-FliC antibodies. DnaK was used as loading control. (B)
Motility of the WT and the AfliO mutant complemented with the empty (VC) or fliP (pfliP)-expressing vector in
0.3% swim agar plates after 5 h at 37°C. Expression of fliP was induced using 5 uM NaSal. Relative motility
reports the mean + SD, n=4.

https://doi.org/10.1371/journal.pbio.2002267.9002
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expressed FliP-3%xFLAG were monitored at 0, 60, 120, and 180 min after arrest of de novo protein synthesis. Wild-type (WT) (EM2225), AfliO (EM3201).
FliP protein levels were normalized to DnakK, and relative FliP levels report the mean + SD, n= 6. (B) Stability of episomally expressed FliP-3xHA protein in
AffiPand AffiOP mutants after arrest of de novo protein synthesis. AffiP+ pfliP (TH17448), AfliOP + pfliP (EM1610). Relative FliP levels report the
mean £ SD, n= 3. (C) Protein stability of chromosomally expressed FliP-3xHA in presence or absence of FliO in the WT (TH17323), AfliO (EM1274),
AclpXP (EM4018), AclpXP AfliO (EM4019), Alon (EM4478), and Alon AfliO (EM4479) mutants.
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cytoplasmic membrane. FliP protein levels were determined in both the presence and absence
of FliO (S7 Fig). As expected for a polytopic integral membrane protein, we detected FliP only
in the membrane fractions but not in the cytosol. FliP steady-state protein levels were compa-
rable in the presence and absence of FliO, indicating that FliO did not influence FliP incorpo-
ration into the inner membrane.

In order to understand the mechanisms underlying FIiO stabilization of FliP, we aimed to
identify the protease responsible for FliP degradation. We first analyzed the contribution of
the integral membrane protease FtsH, which is involved in quality control of membrane pro-
tein complexes, such as the SecYEG translocase [29]. As a deletion of FtsH is lethal, we moni-
tored FliP protein stability under conditions overproducing an inhibitor of FtsH, STM1085
(YccA in Escherichia coli) [30,31]. YccA has been shown to limit the suicidal degradation of
jammed Sec-translocon complexes by inhibiting FtsH activity [31]. LamB-LacZ hybrids are
commonly used to study jammed Sec-translocons. In order to verify the functionality of our
YccA expression construct, we thus monitored bacterial growth after jamming of the Sec-
translocon using a LamB-LacZ hybrid in the presence or absence of excess YccA. Expression
of YccA from a medium-copy plasmid rescued the lethal growth defect after induction of the
LamB-LacZ hybrid (S8A Fig). We next analyzed FliP protein stability in the absence of FliO in
the presence or absence of YccA, the inhibitor of FtsH. As shown in S8B Fig, the FliP degrada-
tion pattern did not change, which suggested that FtsH might not be primarily responsible for
the observed proteolytic degradation of FliP in the absence of FliO. We therefore analyzed FliP
stability in the absence of FliO in mutants defective for the cytoplasmic ClpP and Lon prote-
ases. In the AclpXP mutant, the presence of FliO was required to maintain FIiP stability. In the
Alon mutant, however, FliP was also significantly more stable in the absence of FliO, suggesting
that Lon is the primary protease responsible for FliP degradation (Fig 3C).

FliO is not located in the basal body of the flagellum

Previous studies suggested that FliO, FliP, FliQ, and FliR were integral parts of the basal body
complex [22,32]. However, the subcellular localization of the fT3SS components has only been
experimentally determined for FliP and FliR [23]. As we demonstrated above, overproduction
of FliP readily bypassed the requirement of FliO for the formation of functional flagella, which
suggested that FliO might not be part of the completed fI3SS. To determine the subcellular
localization of FliO, we performed single-molecule super-resolution microscopy of FliO-Halo-
Tag and FliN-HaloTag protein fusions using structured illumination microscopy (SIM) and
direct stochastic optical reconstruction microscopy (dASTORM) [27,33]. The chromosomal
HaloTag fusions to FliO and FliN did not impair the protein export function of the fT3SS (59
Fig), and the FliN-HaloTag construct has previously been shown to display normal flagellation
patterns [27]. The C ring protein FliN was localized in clusters corresponding to the C rings of
flagellar basal bodies, as previously reported [14,34], but not in the absence of the MS ring
needed for C ring assembly (Fig 4, Fig 5A). FliO, however, was evenly distributed in smaller
clusters in the cytoplasmic membrane, and the observed FliO-HaloTag clusters were not
affected in mutant strains defective in MS-ring or fT3SS assembly (Fig 4, Fig 5A). Single-mole-
cule tracking (SMT) revealed that FliN remained stably attached in the cell envelope with an
apparent diffusion coefficient of 0.03 ym? s™". FliO followed long trajectories in the cell enve-
lope with a 6-fold higher apparent diffusion coefficient of 0.2 pmz-{] (Fig 5B and 5C), which
is consistent with previous reports ranging from 0.02 to 0.2 um?s~* for freely diffusing inner-
membrane proteins [35,36]. We next performed colocalization studies of FliO-HaloTag and
the C ring protein FliM-mEos (S10 Fig) and FliO-HaloTag or FliN-HaloTag with the flagellar
hook (S10 Fig, Fig 5D). The hook-basal-body (HBB) components FliM, FliN, and epitope-
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Fig 4. Subcellular localization of FliO revealed by structured illumination microscopy. The subcellular localization of FliO-HaloTag (A) or
FliN-HaloTag (B) fusions expressed from their native chromosomal locus was analyzed in the wild-type (WT) and mutant backgrounds defective in MS-
ring assembly (AfiiF) or flagellar-specific type |ll secretion system (fT3SS) function (AflhBAE). WT FliO-HaloTag (EM1077), WT FliN-HaloTag (EM1081),
AfliF FliO-HaloTag (EM6254), AfiiF FliN-HaloTag (EM2640), AflhBAE FliO-HaloTag (EM6256), and AflhBAE FliN-HaloTag (EM6258). Strains were
treated with 20 nM HaloTag ligands (HTL tetramethylrhodamine [TMR]) and observed using structured illumination microscopy (SIM). The
autofluorescence of bacteria upon excitation with a 488 nm laser is shown in the middle panels. Scale bar 2 pm.

https://doi.org/10.1371/journal pbio.2002267.9004

tagged hook protein FIgE localized in discrete spots similar to FliN-HaloTag as described
above, and, consistently, FliN-HaloTag complexes were readily identified in the vicinity of
extracellular hook structures (S10 Fig). In contrast, we did not observe colocalization of FliO-
HaloTag with HBB components (S10 Fig, Fig 5D). These results indicated that FliO is not part
of the final assembled fT3SS within the basal body complex. We thus hypothesized that FliO
does not actively participate in the protein export process but acts as an accessory protein dur-
ing the assembly of the core export apparatus.

FliO is required for FliP complex formation and basal body assembly

In order to study the effect of the absence of FliO on core fI'3SS export apparatus formation
and basal body assembly, we performed blue native PAGE (BN-PAGE) on crude membrane
extracts solubilized in n-dodecyl-B-D-maltoside (DDM) (Fig 6). In a WT background, we
detected 3xFLAG epitope-tagged FliP expressed from its native chromosomal locus in several
low, intermediate, and high-molecular-weight complexes. We additionally performed liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis of selected bands corre-
sponding to FliP-containing complexes, as detected by BN-PAGE Western blotting (S11 Fig).
According to the BN-PAGE migration pattern and mass spectrometry analysis, FliP is present
in several complexes in the WT: in a high-molecular-weight complex (complex 1), which pre-
sumably corresponds to finished, completed HBB complexes; in a minor (less abundant),
intermediate molecular weight precursor complex (complex 3); and in a major (more abun-
dant), intermediate molecular weight precursor complex (complex 4) (Fig 6A). LC-MS/MS
analysis of the intermediate-molecular-weight FliP-containing complexes 3 and 4 further sug-
gested the presence of FliO (in complex 3 and 4) and FliR (in complex 4). We note that we did
not detect FliP in complex 4 by LC-MS/MS analysis, which is likely explained by well-known
difficulties in detecting hydrophobic membrane proteins by LC-MS/MS (S11A Fig).

PLOS Biology | https://doi.org/10.1371/journal.pbio.2002267  August 3,2017
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Fig 5. Single-particle tracking of FliO and colocalization with the flagellar basal body. (A) Strains expressing chromosomal FliN-HaloTag (EM1081)
or FliO-HaloTag (EM1077) fusions were treated with 20 nM HaloTag ligands (HTL tetramethylrhodamine [TMR]) and analyzed by total internal reflection
fluorescence (TIRF) microscopy. As described before, 500 frames were acquired with 5 mW laser power at the focal plane. The autofluorescence of
bacteria upon excitation with a 488 nm laser is shown in the upper left comer. Scale bar 1 ym. (B) Single-molecule tracking (SMT) of TMR-labeled FliN and
FliO. Selected frames from a series of 500 frames are shown, and frame numbers are indicated. (C) Mean square displacement (MSD) plots of pooled
trajectories of at least 25 bacteria recorded under the same conditions. The diffusion coefficient Dwas calculated using the Jagaman algorithm. (D) Dual-
color direct stochastic optical reconstruction microscopy (dSTORM) of fixed bacteria expressing chromosomal FIgE-3xHA and FliO-HaloTag fusions

(EM1214). Scale bar 1 pm.
https://doi.org/10.1371/journal.pbio.2002267.g005

In a mutant strain deficient for FliO, however, we neither detected FliP in complex 1 corre-
sponding to the completed HBB, nor at the molecular weight of the intermediate-molecular-
weight FliP precursor complexes 3 and 4. However, monomeric FliP was substantially more
abundant in the AfliO mutant than in the WT. We also observed the formation of another
FliP-containing high-molecular-weight complex in the AfliO mutant, which apparently
migrated slightly below the completed basal body complexes of the WT and could correspond
to aggregated FliP subassemblies (complex 2) (Fig 6A).

We next analyzed the assembly of FliP complexes in a mutant strain defective in MS-ring
assembly (AfIiF). Interestingly, the formation of the intermediate-molecular-weight FliP-con-
taining subcomplexes 3 and 4 was not dependent on the presence of the MS ring, in contrast
to the presence of FliP in the high-molecular-weight basal body complex (complex 1) (Fig 6A).
Importantly, in a AfliO AfliF double mutant, we observed the formation of a FliP-containing
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Fig 6. FliP subcomplex formation revealed by blue native PAGE (BN-PAGE). A. Anti-FLAG Western blot
of BN-PAGE of crude membrane extracts prepared from the wild-type (WT) (EM2225), AfliO (EM3201), AfliF
(EM4909), and AfliO AfliF (EM4910) mutant strains encoding for chromosomal FliP-3xFLAG. (B) Anti-FLAG
Western blot of BN-PAGE of crude membrane extracts prepared from the WT (EM2269) and AfliF (EM3910)
mutant strains encoding for chromosomal FliO-3xFLAG.

https://doi.org/10.1371/journal phio.2002267.9006

aggregation complex (complex 2) but not the intermediate-molecular-weight FliP precursor
complexes 3 and 4. This suggested that complex 2 corresponds to aggregated FliP and demon-
strates that the complex 2 is not related to the completed basal body complex observed in the
WT (complex 1). In summary, these results suggested a sequence of assembly of the flagellar
core export apparatus, which nucleates with the formation of a FliP-containing subcomplex,
followed by subsequent assembly of additional transmembrane export apparatus components,
and concluded by the assembly of the MS ring. Similar to the assembly of FliP, the formation
of a FlhA-containing high-molecular-weight complex, which presumably corresponds to the
finished HBB, was dependent on the presence of FliO and FIiF (512 Fig).

‘We next performed BN-PAGE of crude membrane extracts of a strain encoding for a func-
tional FliO-FLAG fusion protein to corroborate the mass spectrometry and subcellular locali-
zation results. FliO showed a very heterogeneous size distribution in the BN-PAGE analysis,
indicating complexes of different compositions (Fig 6B). The presence of FliO in intermedi-
ate-molecular-weight FliP-containing complexes—but not in completed HBB complexes—
was also supported by LC-MS/MS analysis (S11A Fig) and is consistent with the super-resolu-
tion subcellular localization studies of FliO-HaloTag described above.

To validate the presence of FliO in FliP precursor complexes, we performed a FLAG-pull
down of chromosomally encoded FliP-3xFLAG in a rod™ background (AflgBC) under native
conditions, followed by BN-PAGE protein separation and LC-MS/MS analysis (S11B Fig,
S13A Fig). A rod™ background was used to facilitate access of the 3xFLAG-tag located in the
periplasmic domain of FliP. We observed several high-molecular-weight complexes, which
corresponded to different FliP-containing subassemblies of the export gate and the basal body.
Mass spectrometry analysis of the FliP-containing complexes suggested the presence of basal
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body components (FliF, FliG, FIhA) in the high-molecular-weight complexes A and B, and of
FlhA, FliO, and FliR in the intermediate-molecular-weight complexes C and D that copurified
with FliP. In support, a pull down of chromosomally encoded FliO-3XFLAG using crude
membrane extracts of a rod” background copurified chromosomally encoded FliP-3xHA
(S13B Fig). We further expressed a plasmid-based FliO Hise-FliP construct in E. coli and per-
formed Hise-FIiP affinity purification followed by size exclusion chromatography. High
molecular weight, pore-like FliP-containing complexes copurified with FliO, suggesting a
direct or indirect interaction between these proteins (S13C Fig).

We next followed up on the presumed presence of the core integral membrane fT3SS com-
ponent FliR in FliP-containing intermediate-molecular-weight complexes. We purified crude
membrane extracts of rod” strains expressing FliP-3xFLAG and FliR-3xFLAG constructs
from their native chromosomal locus and performed 2D BN-PAGE analysis (Fig 7). In the
WT, we detected FliP and FliR in a high-molecular-weight complex corresponding to the fla-
gellar basal body and in similar intermediate-molecular-weight complexes, which presumably
corresponded to FliP-FliR subassemblies. Consistent with the 1D BN-PAGE results of Fig 6,
the formation of FliP- and FliR-containing basal body complexes, but not the assembly of the
intermediate-molecular-weight FliP-FliR complex (complex 4, Fig 6A), was dependent on the
MS-ring protein FliF. We also note that the formation of stable FliP-FliR subassemblies is
reminiscent to the previously observed SpaP-SpaR complex of the vI3SS [13,37].

Our results, presented above, suggested that the observed major, intermediate-molecular-
weight FliP precursor complex (complex 4, Fig 6A) contained FliR and that the formation of a
stable FliP-FliR complex was dependent on FliO. To test whether formation of the major FliP-
containing precursor complex also involves FliQ, whose gene is encoded between fIiP and fliR,
we next analyzed formation of the major FliP precursor complex in mutants of the core fT3SS.
As shown in Fig 8, the assembly of stable FliP-containing subassemblies was dependent on the
presence of FliO and FliR but not on FliQ or FliF. These observations corroborate the hypothe-
sis that FliO facilitates the assembly of a stable FliP-FliR intermediate-molecular-weight com-
plex, which subsequently recruits FliQ and other components of the fT3SS for the assembly of
a functional protein export apparatus.

Discussion

In Salmonella and other gram-negative bacteria, the flagellum and virulence-associated injecti-
some complexes play a crucial role during the infection process. The injectisome is believed to
have evolved from the flagellum [39], and both nanomachines share many structural and func-
tional similarities. In particular, the proteins forming the core T3SS protein export apparatus
are highly conserved. One of the most striking differences is the absence of a FliO homolog in
the injectisome vT3SS. Assembly of the flagellum and bacterial motility is dramatically
impaired in the absence of FliO [26]; however, the molecular function of FliO remained elu-
sive. Mutations in fIiP have been shown to partially restore motility of a AfliO strain, and over-
expression of FliO increased FliP expression, suggesting a functional relationship between
these 2 proteins [26]. Here, we show that the nonmotile phenotype of a fliO deletion mutant
was readily bypassed by moderate overproduction of FliP, which indicated that FliO was
involved in FliP stability or complex assembly. To test this hypothesis, we monitored FIiP pro-
tein stability after arrest of de novo protein synthesis and showed that the presence of FliO pre-
vented FliP degradation. We demonstrate that Lon is the primary protease responsible for FliP
degradation. The degradation of FIiP as an integral membrane protein by a cytosolic protease
is surprising, but LonB of B. subtilis is membrane-localized, and in yeast, the respective Lon
homolog has been shown to degrade proteins of the mitochondrial membrane [40,41]. This
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Fig 7. Evidence for FIiP-FIiR complex formation revealed by 2D blue native PAGE (BN-PAGE). (A)
Anti-FLAG Western blot of a 2D BN-PAGE of crude membrane extracts prepared from rod™ (AfigBC) strains
encoding for chromosomal FliO-3xFLAG and FliP-3xFLAG. The strains additionally harbored a deletion of
rflP, a negative regulator of the flagellar master regulator FInDC and responsible for the phenotypic
heterogeneity of flagellar gene expression in lysogeny broth (LB) medium [38]. The deletion of rfIP results in
homogeneous flagella production for cultures grown in LB and thus facilitates detection of the chromosomally
encoded epitope-tagged transmembrane export apparatus components, which are expressed at low levels.
Wild-type (WT) (EM6229) and AfliF (EM6195). (B) Anti-FLAG Western blot of a 2D BN-PAGE of crude
membrane extracts prepared from AflgBC ArfIP strains encoding for chromosomal FliO-3xFLAG and FliR-
3xFLAG. WT (EM6228) and AfliF (EM6196).

https://doi.org/10.1371/journal.pbio.2002267.9007
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Fig 8. Assembly of FliP subassemblies in core export apparatus mutants and model of the
coordinated assembly of the flagellar-specific type lll secretion system (fT3SS). Left: The assembly of
stable FliP subassemblies is dependent on FliO and FIiR but not on FliQ or FliF. Anti-FLAG Western blot of
blue native PAGE (BN-PAGE) of crude membrane extracts prepared from the wild-type (WT) harboring
untagged FliP (LT2, TH437) and mutant strains encoding for chromosomal FliP-3xFLAG: WT (EM6221),
AfliO (EM6222), AfliQ (EM6223), AfliR (EM6224), AfliF (EM4859). Strains EM6221, EM6222, EM6223, and
EMB6224 additionally harbored a deletion of the proximal rod components figBC in order to arrest flagellar
synthesis after assembly of the core export apparatus. Right: Model of the coordinated assembly of the core
flagellar export apparatus. Upon initiation of flagellum assembly, the flagellar type 11l secretion system
(T3SS)-specific chaperone FliO facilitates formation of an oligomeric complex containing FIiP and FIiR. FliO
then presumably dissociates from the stable FliP—FIiR core complex. The FliP-FliR core complex forms the
nucleus for the assembly of FliQ, FIhB, and FIhA [11], followed by MS-ring (FliF) polymerization and formation
of the completed protein export-competent flagellar T3SS.

https://doi.org/10.1371/journal.pbio.2002267.9008

result suggests that Lon is able to tightly interact with the cytoplasmic membrane in order
degrade misassembled FliP.

It has been thought that FliO was part of the fT3SS within the basal body complex
[22,23,32], and we performed super-resolution microscopy analyses to determine the subcellu-
lar localization of FlLiO. FliO did not colocalize with components of the basal body, and single-
molecule analysis revealed that FliO complexes are evenly distributed and freely diffusing in
the cytoplasmic membrane. We thus hypothesized that FliO is not part of the fT3SS in the
assembled basal body and does not actively participate in the export process but rather has a
function as an accessory protein during assembly of the core export apparatus.

We tested this hypothesis by performing 1D and 2D BN-PAGE and LC-MS/MS analyses of
crude membrane extracts to determine the composition of the basal body complex under
native conditions. We did not detect FliO in completed basal body complexes, but FliO was
associated with FliP and FliR-containing subcomplexes. The formation of stable FliP-FliR sub-
assemblies required the presence of FliO, but not the MS-ring protein FliF. These observations
indicate that precursors of the flagellar export gate assemble prior and independently from
the MS ring, as previously shown for vI'3SS assembly of the injectisome [37,42]. Finally, FliP
monomers detected using BN-PAGE analysis were strikingly more abundant in the absence of
FliO, which was consistent with the absence of FliP-containing higher-molecular-weight com-
plexes in the fliO mutant.

In summary, we propose that FliO functions as a flagellum-specific chaperone required for
productive assembly of the core flagellar export apparatus. We suggest that assembly of the
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flagellar core T3SS initiates with the formation of FliP-FliR oligomers, which is facilitated by
FliO. Upon assembly of a stable FliP-FliR core complex, FliO is released and possibly replaced
with other export gate components. The FliP-FliR core complex might subsequently serve as
platform for the recruitment of FliQ, FlhB, and the FIhA nonamer, resulting in the formation
of a secretion-competent export apparatus needed for flagellar assembly (Fig 8). Both the bac-
terial flagellum and the homologous vI3SS of the injectisome device are important virulence
factors of many pathogenic bacteria. Thus, understanding the principles and molecular mech-
anisms of the assembly of large, multicomponent transmembrane protein complexes might
have important implications for the rational design of novel anti-infectives that interfere with
the assembly and function of these nanomachines.

Materials and methods
Bacterial strains, plasmids, and growth conditions

Bacterial strains and plasmids used in this study are listed in S1 Table. All strains were deriva-
tives of S. enterica serovar Typhimurium LT2. Cultures were grown in lysogeny broth (LB) at
37°C under continuous shaking to mid-log phase except when stated otherwise.

Strain constructions

Chromosomal fusions or clean deletions of genes were created using A-Red recombination
either by fefRA cassette replacement using pKD46 plasmid [43] or by aph-I-Scel cassette
replacement using pWRG730. One-step gene inactivation was performed as described by Dat-
senko and Wanner [44]. Insertion of a chromosomal LacZ-Frt-aminoglycoside phosphotrans-
ferase (Kanamycin resistance)-Frt (FKF) through homologous recombination was performed
as described [45]. Mutations, fusions, and deletions were transferred between strains using
P22 phage transduction. For STM1085 (yccA) cloning, the gene was amplified by PCR from
genomic DNA and subcloned blunt end into pBR322 before cloning with Dralll and BstEIT
into the IPTG-inducible expression plasmid pTr99FFA.

Phylogenetic analysis and de novo prediction of FliO, FliP, FliQ, FIiR,
and flagellin homologs

In order to characterize the distribution of FliO, FliP, FliQ, FliR, and flagellin proteins across
different bacterial phyla, proteomes (.faa files) of representative genomes were downloaded
from refseq NCBI: https://www.ncbi.nlm.nih.gov/refseq/about/prokaryotes/.

A total of 4,771 genomes (date: 01.05.2017) were retrieved, and the proteomes were queried
based on regular NCBI annotations for the presence of FliO, FliP, FliQ, FliR, and flagellin pro-
teins. For the de novo prediction of homologs of FliO, FliP, FliQ, FliR, and flagellin proteins,
HMMs were generated using the curated Pfam database models for FliO (PF04347), FliP
(PF00813), FliQ (PF01313), FliR (PF01311), and flagellin (PF00669+PF00700), and all repre-
sentative genomes were screened using the hmmsearch function in HMMER3 [46] with the
default Pfam database gathering cutoff (GA) per domain. This HMM approach identified a
large number of FliO proteins for genomes in which FliP and the other flagella components
have been predicted. The majority of novel FliO proteins corresponded to hypothetical genes.
Results from the annotated FliO, FliP, FliQ, FliR, and flagellin proteins and the de novo predic-
tion were integrated using custom Python scripts. For the phylogenetic representation, the
NCBI taxonomy IDs were extracted using ETEtools [47], and the tree topology was obtained
for a given list of TaxIDs. For tree visualization and rendering, iTOL [48] was used, and set
comparison was visualized using the UpSet tool [49].
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Motility assay

Equal amounts of an overnight culture were inoculated in 0.3% swim agar plates supplemented
with appropriate additives. Plates were incubated at 37°C and scanned after 4 h to 7 h. The
sizes of the motility halos were measured using Image].

Protein secretion assay

Cells were grown in LB at 37°C until ODgqp reached 0.8—0.9, and 1.9 ml of culture was har-
vested and cooled down on ice. Cells and supernatant were separated by 3 x 3 min centrifuga-
tion at 18,000 x g at 4°C. The pellet and 1.5-ml supernatant of each strain were precipitated
with 10% TCA. After normalization to the OD gy, samples were loaded on a 15% SDS-PAGE
and analyzed by Western blot.

Protein stability assay

Overnight cultures of chromosomally encoded FliP q5,3xHA/FliPg,5;3XFLAG were diluted
1:100 into 25 ml of fresh LB and grown at 37°C under shaking until ODgq, reached 0.6. Protein
synthesis was inhibited by the addition of 0.5 mg ml™' spectinomycin and 12.5 pg ml™" chlor-
amphenicol (Cm). The equivalent of 1 ml at ODggg 0.6 was collected at 0, 30, 60, 90, 120, and
180 min after synthesis inhibition. Samples were precipitated in 10% TCA, spun down (30
min at 20,000 x g), washed with ice-cold acetone, and resuspended in 40 pl 2 x SDS loading
buffer (300 mM Tris-HCI pH 6.8, 4% SDS, 20% glycerol, 25 mM EDTA, 0.04% bromophenol
blue, 2% B-mercaptoethanol). 10 pl of each sample was run on 15% SDS-PAGE and analyzed
by Western blot. To assess the effect of STM1085, cultures were grown in LB supplemented
with ampicillin and with 1 mM IPTG. Synthesis was stopped and samples were collected after
0 min and 180 min, as described above. For plasmid-encoded FliP;, 3xHA, overnight cul-
tures of AfliOP and AfliP harboring pKG116-FliP oz, 3xHA were diluted 1/100 into 25-ml LB
containing 12.5 pg ml™' Cm and 2.5 pM sodium salicylate (NaSal) and grown at 37°C for 2.5 h
until ODgy 0.6. Protein synthesis was inhibited by the addition of 0.5 mg ml™" spectinomycin
[50]. Samples were collected and treated as described above.

Western blot

Following SDS-PAGE, proteins were transferred onto a nitrocellulose membrane. Directly
after transfer, membranes were stripped at 60°C for 20 min to enhance signal as described
previously [51]. Blots were then blocked with 5% milk and probed for 1 h with appropriate
antibodies: Anti-HA (Sigma-Aldrich; dilution 1:2,000), Anti-FLAG (Sigma-Aldrich; dilution
1:3,000), Anti-DnaK (Abcam; dilution 1:10,000) mouse monoclonal antibodies, rabbit anti-
FliC serum (dilution 1:10,000), and rabbit anti-FIhA serum (dilution 1:10,000), respectively.
Membranes were then incubated 30 min in Immun-Star Goat anti-mouse HRP and goat
anti-HRP secondary antibodies (1:20,000; BioRad). After washing, membranes were de-
veloped using Clarity Western ECL (BioRad) and imaged with a ChemiDoc imaging system
(BioRad).

TCE staining

Total protein amounts were detected before transfer with 2,2,2-Trichloroethanol (TCE), as
described previously [52]. Gels were imaged with a ChemiDoc imaging system after 1-min
activation.
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Crude and washed membrane preparation for cell fractionation assay

Overnight cultures were diluted 1:50 into fresh LB until ODgg 0.7-0.8. The equivalent of 8
OD units was harvested at 8,000 x g for 10 min, resuspended in 750 pul Buffer K (50 mM TEA,
250 mM sucrose, 2 mM EDTA, 10 pg ml™?t lysozyme, 10 pg ml™! DNase, 1 mM MgCl,, com-
plete protease inhibitors), and incubated for 30 min at 4°C. Cells were lysed using glass beads,
and lysates were spun at 10,000 x g for 10 min to eliminate nonlysed cells. Supernatants were
then spun down at 150,000 x g at 4°C for 50 min. 900 pl of supernatant was collected and pre-
cipitated with 10% TCA, washed, and resuspended in 2 x SDS loading buffer (cytosolic frac-
tion). Pellets were resuspended into 100 pl cold PBS. Half of the suspension was directly mixed
with 50 pl 2 x SDS-loading buffer (unwashed membrane fraction). The rest was washed with 1
ml of urea solution (50 mM TAE, 1 mM EDTA pH 7.5) for 1 h at room temperature and cen-
trifuged at 120,000 x g for 1.5 h at 23°C. The supernatant was discarded, and the pellet was
resuspended in 100 pl of 1 x SDS loading buffer (washed membrane fraction). All fractions
were run on SDS-PAGE and analyzed by Western blots.

Super-resolution microscopy

(i) Sample preparation and microscopy: Bacteria were subcultured from overnight cultures
(1:100) in fresh LB medium and grown for 2.5 h at 30°C. After 1 h 45 min of subculture, fluo-
rescent ligands were added, i.e., 20 nM HTL-TMR (Promega) or 150 nM HTL-Atto655 (self-
synthesized) for HaloTag fusions. At least 5 washing steps were performed with minimal
medium to remove unbound ligand and LB medium by centrifugation at 8,000 x g for 2 min.
Bacteria are diluted to approximately ODgp 0.5, and 15 pl was added to freshly prepared aga-
rose-coated glass cover slips prepared with 1% agarose. Another glass slide was positioned on
the agarose. Total internal reflection fluorescence (TIRF) microscopy was performed using an
inverted microscope (IX71, Olympus) equipped with a motorized 4-line TIRF condenser
(cell"TIRF, Olympus), a 150% oil immersion TIRF objective (UAPON 150x OTIRF, Olym-
pus), and high-power lasers: 488 nm, 150 mW (LuxX, Omicron, Germany); 561 nm, 150 mW
(Jive, Cobolt, Sweden); 640 nm, 140 mW (LuxX, Omicron, Germany). Images were acquired
by an electron-multiplying back-illuminated frame transfer CCD camera (iXon Ultra 897,
Andor). A fluorescence filter cube containing a polychroic beamsplitter (R405/488/561/647,
Semrock), and a quad-band emission/blocking filter (FF01 446/523/600/677, Semrock) was
used. For each cell, 500 frames were recorded with an exposure time of 31 ms for 561 nm and
640 nm laser and laser power of 5 mW. For dual-color dSTORM, bacteria were stained as indi-
cated, washed, and fixed with 3% PFA in PBS for 15 min at RT. After fixation, bacteria were
washed again 3 times and were then immobilized on PLL-coated cover slides. As redox system
100 mM B-mercaptoethylamine, 4.5 mg x 10" ml D-glucose, 40 pg x 10~" ml catalase, and

0.5 pg x 10" ml glucose-oxidase were added in 1-ml PBS. Five hundred frames were recorded
with an exposure time of 31 ms for 561 nm and 640 nm laser, with a laser power of 40 mW
and 50 mW, respectively, and a cycle time of 67. SIM was performed using a Nikon Eclipse T;
N-SIM super-resolution microscope equipped with a 100x SR ApoTIRF objective and 488 nm
and 561 nm lasers. Using an ORCA FLASH 4.0 camera, 100-nm z-stack images were acquired,
and the SIM stacks were reconstructed using the Nikon NIS-Elements 4.5.1 software on auto
settings. The pixel data of individual z-stacks were subsequently projected on a single plane
using maximum intensity settings. (ii) Single molecule localization and tracking: Localization
of single molecules as well as SMT were carried out by a self-written graphical user interface
written in Matlab R2012 (MathWorks). Single-molecule localization is based on the multiple-
target tracing algorithm, and SMT was performed using the utrack algorithm (online available:
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MTT: http://ciml-e12.univ-mrs.fr/ App.Net/mtt/, utrack: http://lccb.hms.harvard.edu/doc/u-
track-2.1.3.zip).

Large-scale crude membrane preparation

In order to perform BN-PAGE, crude membranes were prepared on a large scale as described
by Zilkenat et al. [53]. Overnight cultures were diluted 1:100 into 1 liter of fresh LB, and cells
were grown at 37°C until ODggo 0.8—0.9. All steps were performed at 4°C except when stated
otherwise. Eight hundred OD units of culture were harvested and centrifuged at 6,000 x g for
15 min. The supernatant was discarded, and the pellet was washed with cold PBS and centri-
fuged 10 min at 6,000 x g. Cells were resuspended in 15 ml of buffer K (50 mM TEA, 250 mM
sucrose, 1 mM EDTA, pH 7.5) and supplemented with cOmplete mini EDTA free protease
inhibitors cocktail, 10 g ml ™! DNase, 10 ug ml™! lysozyme, and 1 mM EDTA. After 30-min
incubation, cells were lysed using a French Press at 18,000 psi. After lysis, 1-mM MgCl, was
added, and lysates were centrifuged at 24,000 x g for 20 min to eliminate cell debris. Crude
membranes were pelleted at 200,000 x g for 50 min, resuspended in 500 pl of buffer M (1x),
and homogenized in a 1-ml dounce homogenizer. Membranes were then stored on ice before
separation on sucrose gradient or pull down.

1D and 2D BN-PAGE

Crude membranes or pull-down elations were prepared as described above. An aliquot of solu-
bilized membranes (45 pl) were collected and mixed to 5 pl of 5% coomassie G (Serva) in
250-mM n-amino-caproic-acid, 50% glycerol and 25 pl were loaded on a 3%-12% Native-
PAGE (Thermo Fisher scientific) and run for 50 min at 130 V. The cathode buffer was
exchanged and the gel was run for an additional 1 h 30 min at 250 V at 4°C. Electrotransfer
onto a PVDF membrane was performed at 30 V for 2 h. As previously described [13], 2D BN/
SDS PAGE of crude membranes was carried out.

Sucrose gradient

Previously homogenized crude membrane extracts were carefully deposed at the surface of a
30%—55% sucrose gradient and were centrifuged for 14 h at 150,000 g. All steps were per-
formed at 4°C. Eight fractions of 1 ml were collected and diluted 1:3 with buffer M (50 mM
TEA, 1 mM EDTA at pH 7.5) and centrifuged at 200,000 x g for 45 min. The supernatant was
discarded, and the membranes were resuspended in 200-ul buffer L (50 mM TEA, 250 mM
sucrose at pH 7.5). After SDS-PAGE and Western blot analysis, the purest fractions were
pooled together. Protein concentration was measured using Bradford protein assay (BioRad),
and the concentration of each sample was adjusted to 3.0 mg ml™". Membranes were then solu-
bilized with 1% DDM for 1 h under gentle shaking and centrifuged 20 min at 20,000 x g to
eliminate nonsolubilized membranes. The supernatant was collected, and a 25-pul sample was
loaded on a 3%-12% BN-PAGE as described below.

FliO/FIiP-3xFLAG pull down

A strain lacking the rod proteins (AflgBC) was used to ensure that the FLAG tag was accessible
from the periplasm. Crude membranes were prepared as described above from a 1-L culture.
Membranes were solubilized for 1 h with 0.5% DDM and centrifuged at 20,000 for 20 min to
eliminate cell debris. Solubilized membranes were then incubated for 4 h with 25-pl anti-
FLAG M2 affinity gel (Sigma) at 4°C in PBS with 0.1% DDM, washed with 4 column volumes,
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and eluted by addition of FLAG peptide. After analysis on SDS-PAGE, the purest fractions
were pulled together and loaded on a BN-PAGE as described above.

FliPy;se affinity purification

Purification of FliPyy; expressed from pTrc99a-fliO-fliPyy;,s was performed by Ni-NTA chro-
matography as detailed in Fukumura et al. [54].

Protein in-gel digestion

Coomassie-stained gel bands were excised and in-gel digested using ProteaseMAX Surfactant
(Promega). Sample preparation was done according to the instruction manual with the fol-
lowing modifications: digestions were performed overnight using the enzymes trypsin and
chymotrypsin (12.5 ng pl ™! each in 20 mM ammonium bicarbonate, 0.01% ProteaseMAX Sur-
factant). Extracted peptides were desalted using C18 StageTips [55] and subjected to LC-MS/
MS analysis.

Mass spectrometry

LC-MS/MS analyses were performed on an Easy nano-LC (Thermo Scientific) coupled to an
LTQ Orbitrap XL mass spectrometer (Thermo Scientific) [56]. The peptide mixtures were

injected onto the column in HPLC solvent A (0.1% formic acid) at a flow rate of 500 nl min™~
and subsequently eluted with a 57-min gradient of 5-33-50-90% HPLC solvent B (80% ACN in
0.1% formic acid). During peptide elution, the flow rate was kept constant at 200 nl min !, The

1

10 most intense precursor ions were sequentially fragmented in each scan cycle using colli-
sion-induced dissociation (CID). In all measurements, sequenced precursor masses were
excluded from further selection for 90 s. The target values for MS/MS fragmentation were
5,000 charges and 10° charges for the MS scan.

Mass spectrometry data processing

The mass spectrometry data were processed with MaxQuant software suite v.1.5.2.8 [57]. The
database search was performed using the Andromeda search engine [58], which is a module of
the MaxQuant. MS/MS spectra were searched against a database consisting of 10,152 protein
entries from S. Typhimurium and 285 commonly observed contaminants. In a database
search, full specificity was required for trypsin. Cleavage specificity C-terminal of phenylala-
nine, tryptophan, tyrosine, leucine, and methionine was set for chymotrypsin, and up to 5
missed cleavages were allowed. Carbamidomethylation of cysteine was set as fixed modifica-
tion, protein N-terminal acetylation, and oxidation of methionine were set as variable modifi-
cations. Initial precursor mass tolerance was set to 4.5 parts per million (ppm) and at the
fragment ion level 0.5 dalton (Da) was set for CID fragmentation. Peptide, protein, and modi-
fication site identifications were filtered using a target-decoy approach at a false discovery rate
(FDR) set to 0.01 [59]. The mass spectrometry data have been deposited to the ProteomeX-
change Consortium (http://proteomecentral. proteomexchange.org) via the PRIDE partner
repository with the data set identifier PXD005597.

The numerical data used in all figures are included in S1 Data.

Supporting information

S1 Fig. Quality score assessment of de novo predictions of FliO, FliP, FliQ, and FliR homo-
logs. Hits are sorted by decreasing score on the x-axis. Black dots represent previously anno-
tated proteins, red dots the newly predicted ones. Darker shades of grey indicate increasing
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degree of homology.
(TIFF)

$2 Fig. Fingerprint alignment of FliP homologs of flagellar T3SS and virulence-associated
T388. Increasing shades of grey indicate the degree of amino acid conservation.
(TIFF)

$3 Fig. Effects of excess FliP and FliO on motility and flagellin secretion. A. Motility of
the wild type (WT) and a AfTiO strain carrying pKG116-f1iO (pfliO), pKG116-fliP (pfliP) or
PKG116 empty vector control (VC) was analyzed in the presence or absence of inducer (1 pM
and 10 uM NaSal). Expression of f1iO from pKG116 is leaky also in the absence of inducer.
Halo sizes were measured using ImageJ and expressed relative to the WT + VC in the absence
of inducer. B. Flagellin secretion in the WT and the AfliO mutant harboring pfliO, pfliP or the
empty vector control. Secreted flagellin was detected by Western blot using anti-FliC antibod-
ies.

(TIFF)

$4 Fig. Cross-complementation of a fliO mutant by overproduction of T3SS core integral
membrane proteins. AfliO strains carrying pKG116-fliO/P/Q/R, pKG116-flhB/A or pKG116
empty vector control (VC) were incubated in LB + Cm for 5 h in the presence or absence of
inducer (5 uM—10 puM NaSal). Expression of f1iO from pKG116 is leaky also in the absence of
inducer. Halo sizes were measured using Image] and expressed relative to the WT + VC with-
out inducer.

(TIFF)

S5 Fig. Motility phenotype of epitope tagged mutants. A. Example of motility in 0.3% agar
at 37°C of strain harboring FliP-3XxFLAG (WT, EM2225; AfliO, EM3201; AfliF, EM4909; AfliF
AfliO, EM4910) or FliP-3xHA FliO-3xFLAG (WT, EM2269; AfliF, EM3910) chromosomal
fusions. Relative motility and standard deviation 4 h and 7 h after inoculation are indicated
below (n = 4). B. Shows representative example of motility of episomally encoding FliP-3xHA
strains (WT, TH437; AfliP, TH17448; AfliOP, EM1610) grown 5h at 37°C in LB + Cm + 0.3%
agar non-induced (top row) or induced with 1 uM of NaSal (bottom row). Relative motility
and standard deviation 5 h after inoculation are indicated below (n = 9).

(TIFF)

$6 Fig. FliP degradation in FliO point mutants. Chromosomally encoded FliPq,, 3xHA
protein levels were monitored at 0, 60, 120 and 180 min after protein synthesis arrest in the
wild type (WT, TH17323) and FliO point mutants (FiO"'}, EM2742; FliOV7*%, EM2743;
FliOAM1 191 EM2744). Western blot was performed using anti-HA antibody and DnaK was
used as loading control.

(TIFF)

$7 Fig. The absence of FliO does not affect FliP membrane integration. Membrane and
cytosol fractions of the WT (EM2225) and AfliO mutant (EM3201) were collected 0 min and
120 min after synthesis arrest and separated by ultracentrifugation. Unwashed, solubilized
membranes, urea-washed membranes and precipitated cytosols were separated on a 15%
SDS-PAGE and FliP protein was detected by Western blot using anti-FLAG antibodies. TCE
staining shows total protein levels. DnaK was used as cytosolic protein control.

(TIFF)

S8 Fig. Stability of FIiP upon overproduction of YccA, an inhibitor of FtsH. A. Bacterial
growth analysis to test the functionality of the pTrc99a-YccA(STM1085) aa5-12 eXpression
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plasmid. Expression of YccA from a moderate copy plasmid by addition of 1 mM IPTG res-
cued the lethal growth defect of a LamB,g;,-LacZ hybrid (EM6396, pEM3191 (YccA); EM6399,
pTrc99AFF4 vector control (VC)) in the presence of maltose due to jamming of the Sec-trans-
locon. A short LamB,s-LacZ fusion (EM6394, pEM3191 (YccA); EM6397, pTrc99AFF4 vector
control (VC)) is not targeted to the Sec translocon and bacterial growth is not affected by addi-
tion of maltose (Mal). B. The wild type (WT, TH17323) and AfliO mutant harboring a IPTG-
inducible pTrc99a empty vector control (VC, EM3192) and pTrc99a-YccAaqas.12 (YccA,
EM3193) were grown in LB + Amp. Expression of YccA was induced by addition of 1 mM
IPTG. Samples were taken at 0 and 180 min after synthesis stop and separated on 15%
SDS-PAGE. FliPq,,-3xHA protein was detected by Western blot using anti-HA antibodies.
TCE staining indicates total protein levels.

(TIFF)

S9 Fig. Flagellin secretion in HaloTag fusion strains. FliC locked strains (FliN-HaloTag,
EM1330; FliN-SNAP-tag, EM1331; FliM-HaloTag, EM1328; FliM-SNAP-tag, EM1329; FliO-
HaloTag, EM1326; FliO-SNAP-tag, EM1327; AfliO, EM2272, wild type (WT), TH5861) were
grown in LB at 37°C. Cells (top) and supernatants (bottom) were harvested and separated by
centrifugation. Samples were analyzed by Western blot using anti-FliC antibodies. TCE stain-
ing was used to determine total protein levels.

(TIFF)

$10 Fig. Analysis of co-localization of FliO and flagellar basal body complexes by struc-
tured illumination microscopy (SIM). The sub-cellular co-localization of chromosomal
FliO-HaloTag (EM1204, EM1214) and FliN-HaloTag (EM3202) with hook-basal-body com-
ponents was analyzed using structured illumination microscopy. Strain EM1204 additionally
harbored a chromosomal FliM-mEos fusion. Strains EM1214 and EM3202 additionally har-
bored a chromosomal epitope-tagged variant of the hook protein (FIgE-3xHA). Scale bar

2 um.

(TIFF)

S11 Fig. LC-MS/MS analysis of FliP containing complexes separated by BN-PAGE. A.
LC-MS/MS analysis of prominent FliP-containing complexes revealed after BN-PAGE separa-
tion. The heat map represents the relative abundance of peptides from relevant proteins
detected in the indicated FliP-containing complexes. B. LC-MS/MS analysis of prominent
FliP-containing bands after immunoprecipitation of chromosomal FliP-3xFLAG in a rod™
(AflgBC) strain background. The heat map represents the relative abundance of peptides from
relevant proteins detected in the indicated FliP-containing complexes.

(TIFF)

S12 Fig. BN-PAGE analysis of FIhA-containing complexes. Anti-FlhA (left panel) and anti-
HA (middle panel) Western blot of BN-PAGE of crude membrane extracts prepared from the
WT (TH17323), AfliO (EM1274), AfliF (EM3910), and AfliO AfliF (EM1618) mutant strains
encoding for chromosomal FliP-3xHA. The merged anti-FIhA and anti-HA Western blots are
shown in the right panel.

(TIFF)

S13 Fig. Co-purification of FliO and FliP. A. Immunoprecipitation of chromosomal FliP-
3xFLAG. LC-MS/MS analysis on the indicated FliP-containing bands was performed and the
results are summarized in S11B Fig. B. Inmunoprecipitation of chromosomal FliO-3xFLAG
specifically pulls down FliP. C. Co-purification of FliO and FliP complexes. FliO-FliPy; 6 was
expressed in Escherichia coli and affinity purified after solubilisation of crude membrane
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extracts in DDM. Top: size exclusion chromatography after FliPyy;6 affinity purification and
electron microscopy analysis of indicated elution fractions. Bottom: SDS-PAGE analysis of
input and size exclusion chromatography elution fractions. Proteins were visualized using coo-
massie staining and polyclonal anti-FliP / anti-FliO Western blot analysis.

(TIFF)

S1 Table. List of strains and plasmids used in this study. All strains are derivative of Salmo-
nella enterica servovar Typhimurium LT2 unless noted otherwise.
(DOCX)

S1 Data. Numerical data used in all figures.
(XLSX)
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Abstract

The bacterial flagellar type lll export apparatus, which is required for flagellar assembly
beyond the cell membranes, consists of a transmembrane export gate complex and a cyto-
plasmic ATPase complex. FIhA, FIhB, FliP, FliQ, and FIiR form the gate complex inside the
basal body MS ring, although FIiO is required for efficient export gate formation in Saimo-
nella enterica. However, it remains unknown how they form the gate complex. Here we
report that FliP forms a homohexameric ring with a diameter of 10 nm. Alanine substitutions
of conserved Phe-137, Phe-150, and Glu-178 residues in the periplasmic domain of FIiP
(FliPp) inhibited FliPg ring formation, suppressing flagellar protein export. FliO formed a 5-
nm ring structure with 3 clamp-like structures that bind to the FliP¢ ring. The crystal structure
of FliPp derived from Thermotoga maritia, and structure-based photo-crosslinking experi-
ments revealed that Phe-150 and Ser-156 of FliPg are involved in the FliP—FIiP interactions
and that Phe-150, Arg-152, Ser-156, and Pro-158 are responsible for the FliP—FIiO interac-
tions. Overexpression of FIiP restored motility of a AfiO mutant to the wild-type level, sug-
gesting that the FliP ring is a functional unit in the export gate complex and that FliO is not
part of the final gate structure. Copurification assays revealed that FIhA, FIhB, FliQ, and FliR
are associated with the FIIO/FIiP complex. We propose that the assembly of the export gate
complex begins with FliPg ring formation with the help of the FIiO scaffold, followed by FliQ,
FliR, and FIhB and finally FIhA during MS ring formation.

Author summary

The bacterial flagellar type III export gate complex is a membrane-embedded nanoma-
chine responsible for flagellar protein export and exits in a patch of membrane within
the central pore of the basal body MS ring. In this work, we investigate how formation of
the export gate complex is initiated. The export gate complex is composed of 5 highly
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conserved transmembrane proteins: FIhA, FlhB, FliP, FliQ, and FliR. Each subunit protein
assembles into the gate during MS ring formation in a well-coordinated manner. The
transmembrane protein FliO is required for efficient assembly of the export gate complex
in S. enterica but is not essential for flagellar protein export. Here we carry out biochemi-
cal and structural analyses of FliP and provide direct evidence suggesting that FliP forms a
trimer-of-dimer structure with a diameter of 10 nm. The assembly of the export gate com-
plex begins with FliPg ring formation with the help of the FliO scaffold, followed by FliQ,
FliR, and FIhB and finally FIhA during MS ring formation. Given the structural and func-
tional similarities between the flagellar and the virulence-factor-delivering injectisome
machineries, we propose that the periplasmic domain of FliP homologues of the injecti-
some could be a good target for novel antibiotics.

Introduction

The bacterial flagellum is supramolecular motility machinery consisting of basal body rings
and an axial structure consisting of the rod, the hook, the hook-filament junction, the filament,
and the filament cap. Flagellar axial proteins are translocated across the cytoplasmic mem-
brane by a type III protein export apparatus and assemble at the distal end of the growing
structure. The export apparatus consists of an export gate complex formed by 5 highly con-
served transmembrane proteins (FIhA, FIhB, FliP, FliQ, and FliR) and a cytoplasmic ATPase
complex consisting of FliH, Flil, and Fli] [1-4]. These flagellar proteins are evolutionarily
related to the components of the type III secretion system (T3SS) of pathogenic bacteria, also
known as the injectisome [5]. The transmembrane protein, FliO, which is not conserved in fla-
gellar and virulence-associated T3SS family, is required for efficient assembly of the export
gate complex in S. enterica (hereafter referred to as Salmonella) but is not essential for flagellar
protein export [6-8].

The flagellar type III export apparatus utilizes ATP and proton motive force across the cyto-
plasmic membrane to drive protein export [2,3]. Recently, it has been shown that ATP hydro-
lysis by the Flil ATPase and the following rapid protein translocation by the export gate
complex are both linked to efficient proton translocation through the gate, suggesting that the
export apparatus acts as a proton/protein antiporter to couple the proton flow through the
gate with protein export [9]. Interestingly, the structure of the cytoplasmic ATPase complex
looks similar to those of F- and V-type rotary ATPases [10-12].

The export gate complex is located inside the basal body MS ring formed by a transmem-
brane protein, FliF [13,14]. FlhA forms a homononamer [8,13] and acts as an energy trans-
ducer along with the cytoplasmic ATPase complex [15-19]. The C-terminal cytoplasmic
domains of FIhA and FIhB form a docking platform for the ATPase complex, flagellar type IIT
export chaperones, and export substrates [20-22] and coordinate flagellar protein export with
assembly [23-26]. Genetic analyses have suggested possible interactions of the N-terminal
transmembrane domain of FIhA (FlhA+y) with FIiF [27], FliR [28] and FIhB [29]. Since a
FlhB-FliR fusion protein is partially functional in Salmonella, FIhB presumably associates with
FliR in a 1-to-1 fashion [30]. FliP and FliR are incorporated into the basal body at the earliest
stage of MS ring formation [31,32]. The transmembrane export gate complex of the Salmonella
SPI-1 T3SS is composed of SpaP (FliP homologue), SpaQ (FliQ homologue), SpaR (FliR homo-
logue), Spa$ (FIhB homologue), and InvA (FIhA homologue) in a 5:1:1:1:9 stoichiometry [33].
Recently, it has been shown that 5 copies of SpaP and 1 copy of SpaR form a donut-shaped
structure with a diameter of about 8 nm [34]. Since the assembly of the export apparatus begins
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with SpaP, SpaQ, and SpaR, followed by the assembly of Spa$ and finally of InvA in the Salmo-
nella SPI-1 T3SS [34,35], the assembly of the flagellar export gate complex is postulated to occur
in a way similar to the Salmonella SPI-1 T3SS [8].

FliP is a 25-kDa transmembrane protein that has a cleavable N-terminal signal peptide, 4
transmembrane (TM) helices, and a relatively large periplasmic domain (FliPp) between TM-2
and TM-3 (S1 Fig) [36]. The number of FliP molecules has been estimated to be 4 to 5 per
basal body in Salmonella [32]. FliPp of T. maritia (Tm-FliPp) forms a homotetramer in solution
[37], raising the possibility that Salmonella FliP (St-FliP) forms an oligomer through interac-
tions between FliPp domains. To study the oligomeric structure of FliP, we purified St-FliP
from the membrane fraction by solubilizing it with 1% n-dodecyl B-D-maltoside (DDM) and
analyzed it by electron microscopy (EM) and image analysis. We show that FliP forms a homo-
hexameric ring with a diameter of about 10 nm. We also determined the structure of Tm-FliPp
at 2.4 A resolution and carried out structure-based photo-crosslinking experiments. We will
discuss the assembly mechanism of the transmembrane export gate complex.

Results
Oligomeric state of full-length St-FliP

To study the oligomeric state of mature form of FliP, we expressed, solubilized, and purified St-
FliP. A hexahistidine tag (LHHHHHH) was inserted between Gln-22 and Leu-23 of St-FIiP (His-
St-FliP) for rapid and efficient purification (S1 Fig). The membrane fraction of Salmonella cells
expressing His-St-FIiP was solubilized by 1% DDM, and His-St-FliP was purified by Ni affinity
chromatography (Fig 1A), followed by size exclusion chromatography (SEC) with a Superdex 200
10/300 column (Fig 1B, first row). The SEC elution profile of His-St-FliP showed 2 distinct peaks
(S2A Fig). Many ring-shaped structures were observed by EM of negatively stained particles in
the earlier peak fraction (S2B Fig, Peak 2) but not in the later one (S2B Fig, Peak 4).

An apparent molecular mass of the FliP ring structure was estimated to be about 200 kDa
by SEC (S2A Fig). Since the deduced molecular weight of His-St-FliP is approximately 25 kDa,
the FliP ring structure presumably contains several copies of FliP together with a DDM micelle
covering the transmembrane helices of FliP. To estimate the stoichiometry of the FliP ring
more precisely, we carried out 2D classification EM image analysis of negatively stained FliP
ring particles, followed by autocorrelation analysis for the rotational symmetry (Fig 2 and S3
Fig). The St-FliP rings exhibiting clear blob features were mostly hexameric with a diameter of
about 10 nm (Fig 2 and S3A, S3B and S3C Fig). Autocorrelation analysis also showed that
5,333 of the 11,736 FliP ring particles analyzed were assigned to the 6-fold rotational symmetry
and the rest, which did not show proper ring-shaped structures, were assigned to 5-fold or
other rotational symmetries (S3D and S3E Fig), suggesting either that the ring structure is flex-
ible or that they could be side views or incomplete partial rings.

Interaction between FliP and FliO

Previous genetic analyses of a Saltnonella AfliO mutant have suggested possible interactions
between FliO and FliP [6,7]. To clarify this, we coexpressed FliO with His-FliP and purified
them by Ni affinity chromatography and finally by SEC. In agreement with a previous report
[6], FliO was expressed as 2 forms: FliOy, and FliOg (Fig 1A). Both forms copurified with His-
FliP from a SEC column (Fig 1B, second row). EM observation of the FliO/FliP complex
revealed that 2 to 3 FliP4 rings are connected to each other through an interaction between
FliP and FliO (Fig 2 and S2B and $4 Figs). Since the inner diameter of the M ring of the flagel-
lar basal body is about 20 nm [3] and is too small to accommodate such multiring complexes
of FliO and FliP, it is likely that only 1 FliP¢ ring exists in the final structure of the export gate
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Fig 1. Genetic and biochemical characterization of St-FliP. (A) Ni affinity chromatography. The membrane
fractions were prepared from SJW1368 expressing His-FliP (FIiP), FliO and His-FliP (FIiO/P), FliO and His-FliP
(F137A) [FIIO/P(F137A)], FliO and His-FIiP(F150A) [FIIO/P(F150A)], or FliO and His-FIiP(E178A) [FIIO/P(E178A)],
solubilized by 1% n-dodecy! B-D-maltoside (DDM) and analyzed by immunoblotting with polyclonal anti-FliPe or
anti-FliO¢ antibody (Input). The solubilized membranes were loaded onto a Ni-nitrilotriacetic acid (NTA) column.
After washing the column extensively, proteins were eluted with a 50-400 mM imidazole gradient. Fractions
containing His-FIiP with or without FIiO were analyzed by SDS-PAGE with Coomassie Brilliant Blue (CBB) staining
(Output). Molecular mass markers (kDa) are shown on the left. (B) Size exclusion chromatography (SEC) analysis
with a Superdex 200 10/300 column. Eluted factions were monitored by SDS-PAGE with CBB staining. (C) Motility
of a Salmonella AfliP mutant transformed with pBAD24-based plasmids encoding wild-type FliP and its mutant
variants in soft agar at 30°C for 6 h (upper panel). Immunoblotting, using monoclonal anti-HA antibody, of whole
cell lysates prepared from the AffiP mutant transformed with pUC19-based plasmids encoding wild-type FliP and
its mutant variants. (D) Effect of the F137A, F150A, and E178A mutations on flagellar protein export. Whole cell
proteins (Cell) and culture supernatant fractions (Sup) were prepared from the AfliP mutant transformed with
pBAD24 (indicated as V), pKY041 (indicated as WT), pKY041(F137A) (indicated as F137A), pKY041(F150A)
(indicated as F150A), or pKY014(E178A) (indicated as E178A) and then analyzed by immunoblotting with
polyclonal anti-FIgD (first row), anti-FIgE (second row), anti-FIgK (third row), or anti-FlgL (fourth row) antibody. The
positions of molecular mass markers are indicated on the left.

https://doi.org/10.1371/journal.pbio.2002281.g001

complex. To test this, we investigated whether overexpression of St-FliP restores motility of a
Salmonella AfliO mutant. To monitor the expression level of St-FIiP, we inserted a HA tag
between GIn-22 and Leu-23 of St-FliP (HA-St-FliP). The motility of the AfliO mutant overex-
pressing HA-St-FIiP was essentially the same as that of the AfliO mutant transformed with a
PpTrc99A-based plasmid encoding FiO (S5 Fig). This indicates that FliO is not essential for fla-
gellar protein export.

We next tested whether FliO itself forms an oligomer. We found that the FliP¢ ring dissoci-
ates from FliO during storage of the purified FliO/FliP complexes at 4°C (S6A Fig). Thus, we
ran purified FliO/His-FliP complex samples on a Ni- nitrilotriacetic acid (NTA) column to
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Fig 2. Enlarged views of representative 2D class averages of the FliPg ring, the FliO complex, and the FliO/FliP
complex. Reference-free 2D class average images were calculated by e2refine2d.py. All scale bars show 50 A. The
number of particles for each class is indicated in the top-right corner. FIiP forms a ring structure with a diameter of about
10 nm (first row). The FIiP ring has the 6-fold rotational symmetry as judged by autocorrelation analysis (see S3A, S3B
and S3C Fig). FliO forms a ring structure of 5 nm in diameter with 3 flexible clamp-like structures (second row) that bind
to the FliP ring with their ring axes perpendicular to the axis of the FliO ring (third row). Thus, the FliP rings in the first row
are end-on views, and those in the third row are side views.

https://doi.org/10.1371/journal.pbio.2002281.9002

remove His-FliP¢ rings and the FliO/His-FliP complex, followed by SEC to purify FliO (S6B
Fig). EM observation and image analysis showed that FliO forms a 5-nm ring structure with 3
flexible clamp-like structures (Fig 2 and S2 and S4 Figs). These observations led us to conclude
that the FliO ring complex is not incorporated into the MS ring.

Mutational analysis of St-FliPp

The FliP(R143H) mutation, which is located in St-FliPp, can bypass the FliO defect to some
extent [6,7], raising the possibility that St-FliPp is required for FliP¢ ring formation. To test
this, we selected relatively well-conserved residues of FliP, Pro-115, Glu-125, Phe-137, Phe-
150, Leu-170, Phe-172, Ala-173, Ser-177, Glu-178, Leu-179, Ala-182, and Phe-183 (S1B Fig);
replaced each residue with alanine, except for Ala-173 and Ala-182, which we replaced with
serine; and then analyzed the motility of mutant strains in soft agar (Fig 1C, upper panel).
These substitutions did not significantly affect the steady cellular level of FliP as judged by
immunoblotting with monoclonal HA-tag antibody (Fig 1C, lower panel). HA-St-FLiP fully
restored the motility of a AfliP mutant. The L170A mutant variant complemented the AfliP
mutant to the wild-type level. The P115A, E125A, P172A, A173S, S177A, L179A, A182S, and
F183A mutant variants restored the motility to a considerable degree, although not to the
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wild-type level. The F137A and F150A mutant variants complemented the AfliP mutant to
some degree, and the E178A mutant variant did not at all. In agreement with these results, the
F137A and F150A mutations in FliP significantly reduced the secretion levels of the hook-cap-
ping protein FlgD, the hook protein FIgE, and the hook-filament junction proteins FIgK and
FlgL, and the E178A substitution inhibited the export of these flagellar proteins (Fig 1D).
These results indicate that highly conserved Phe-137, Phe-150, and Glu-178 residues of FliPp
are critical for the protein export activity.

To investigate whether the F137A, F150A, and E178A mutations affect the FliP-FliO inter-
action, we carried out copurification assays by Ni-NTA affinity chromatography. FliO coeluted
with His-FliP(F137A), His-FliP(F150A), and His-FliP(E178A) from a Ni-NTA column (Fig
LA, Output), indicating that they retain the ability to bind to FliO. To test whether these FliP
mutations inhibit FliPs ring formation, we ran FliO/His-FliP(F137A), FliO/His-FliP(F1507A),
and FliO/His-FliP(E178A) complexes on a SEC column and then analyzed the pooled fractions
by EM. His-FliP(F137A), His-FliP(F150A), and His-FliP(E178A) dissociated from the FliO
complex during SEC and eluted at the same position as peak 4 of wild-type FIiP (Fig 1B and
S2A Fig), indicating that these mutations reduced the binding affinity of FIiP for FliO. The
FliO ring structures were seen in their peak 3 fractions, but neither FliP(F137A), FliP(F150A),
nor FliP(E178A) formed the homohexamer ring (S2B Fig, Peak 4). These results suggest that
Phe-137, Phe-150, and Glu-178 in FliPp contribute to the FliP-FliP interactions in the 6-fold
rotational symmetry ring as well as the FliO-FliP interaction.

Crystal structure of Tm-FliPp

To clarify the role of FliPp in FliP¢ ring formation, we determined the crystal structure of FliPp.
Although no St-FliPp crystal was obtained, the Tm-FliPp crystals were grown [37], and its struc-
ture was solved at 2.4 A resolution. Tin-FliPp formed a homotetramer in the crystal (Mol A, Mol
B, Mol C, and Mol D) related by pseudo D2 symmetry (Protein Data Bank [PDB] ID: 5H72)
(Fig 3A). There are 2 tetramers in the asymmetric unit, and their structures are essentially iden-
tical. The 8 Tw-FliP» molecules in the asymmetric unit show no significant structural difference
(root mean square distances for Co, atoms are less than 0.46 A for the 8 molecules). Tm-FliPp
monomer consists of 3 a-helices: o1, 02 and 03 (Fig 3B). The N-terminal 13 residues are invisi-
ble in the electron density map presumably because of their conformational flexibility. There-
fore, the atomic model of Tin-FliPp contains residues from Thr-122 to Lys-188. Since each
subunit of the Tm-FliPp tetramer is related by D2 symmetry, we studied 3 possible intermolecu-
lar interactions: between Mol A and Mol B (Mol C and Mol D), between Mol A and Mol C (Mol
B and Mol D), and between Mol A and Mol D (Mol B and Mol C) (Fig 3A). The A-B interaction
is hydrophobic, and Tyr-124, Phe-128, Met-154, Leu-155, Pro-176, and Leu-180 are involved in
this interaction (S7A, S7C, S7D and S7E Fig). The A-C interaction contains both hydrophilic
and hydrophobic nature, and Met-127, Arg-130, Val-131, Arg-134, Phe-138, Glu-142, Glu-182,
Val-185, Ala-186, and Phe-187 are responsible (S7B, S7F, S7G and S7H Fig). Arg-134 forms a
salt bridge with Glu-142 and Glu-182. Ala-186 and Phe-187 make hydrophobic interactions
with Met-127, Val-131, and the side chain arm of Arg-130. There is no direct contact between
Mol A and Mol D. Since sedimentation equilibrium analytical ultracentrifugation measure-
ments have revealed that Tim-FliPp forms a homotetramer in solution [37], we conclude that the
tetramer structure observed in the crystal appears to be equivalent to that in solution.

Physical contacts between St-FliPp monomers

Although the Tm-FliPp tetramer in the crystal is inconsistent with the St-FliP, ring structure, it
is possible that the dimer units seen in the tetramer are responsible for the hexameric ring
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formation of St-FliP if the hexamer is a trimer-of-dimer structure. Two distinct dimers are
present in the Tm-FliPp crystal: A-B dimer and A-C dimer (Fig 3A and S7 Fig). Although the
sequence identity between Tm-FliPp and St-FliP} is only about 30% (Fig 3C), we constructed a
homology model of St-FliPp based on the Tm-FliPp tetramer structure (Fig 3D and 3E). The
interface residues are not well conserved, but the properties of the interface of St-FliPp are sim-
ilar to those of Tm-FliPp (S8 Fig). The A-B interface of St-FliPp is hydrophobic, and Met-123,
Leu-127, Leu-149, Phe-150, and Pro-172 form the hydrophobic surface (S8A, S8B and S8C
Fig). The A-C interface of St-FliPp shows an elongated shape with both hydrophilic and
hydrophobic properties (S8D, S8E and S8F Fig). Arg-140 and Gln-141 form a hydrogen-bond-
ing network with those in the other molecule. Phe-137 is in contact with Tyr-174 and the side
chain arm of Glu-178. Considering the hydrophobic nature of the A-B interface, the A-B
dimer is more likely to be a dimer unit of the FliPg ring structure, although the area of the A-B
interface is smaller than that of the A-C interface. The C-termini of the A-B dimer can be con-
nected to the periplasmic end of TM-3 without any steric hindrances with the cytoplasmic

c a2

al

130 140 150 160 170 180

StF1iP,: ISMQEALDKGAQPLRAFMLRQ----TREADLALFARLANSGPLQGPEAVPMRILLPAYVTSELKTAFQ
TmF1iP,: TGYQEMFQRVNTRIREFMINELKNHHNEDNVFMLAKNSGIEIAKI-EEAPNAVLIPAFVLGELEVAFK

130 140 150 160 170 180

Fig 3. Structure of FliPp. (A) Ribbon diagram of the Tm-FliPp tetramer in the crystal (Protein Data Bank [PDB] ID: 5H72). Two different views
are shown. Mol A, Mol B, Mol C, and Mol D are colored in cyan, yellow green, magenta, and green, respectively. Each subunit of the Tm-FliPp
tetramer is related by D2 symmetry. (B) Ca ribbon drawing of the Tm-FliPe monomer. The secondary structure elements are labeled with a for
a-helix. (C) Structure-based sequence alignment of Saimonella FliPr (StFliPp) and Tm-FliPe. The secondary structure of Tm-FliPg is shown
below the sequence. Identical residues are highlighted in red. Uniprot accession numbers: Salmonelia (P54700) and Thermotoga (QOWZG2).
(D) Homology model of the A-B dimer of St-FliPe. (E) Homology model of the A-C dimer of St-FliPp. (F) The model of the A—B dimer connected
to the TM-3 helices. Both C-termini of the A-B dimer can be directly connected to the TM-3 helices. CM, cytoplasmic membrane. Residues
selected for mutational analyses are mapped and labeled in (D), (E), and (F). The residues whose substitution affected the FliP function are
shown in ball-and-stick with black labels, and those that did not are in stick with gray labels.

https://doi.org/10.1371/journal.pbio.2002281.g003
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membrane, suggesting that the A-B dimer contributes to trimer-of-dimer ring formation (Fig
3F). Because the N-terminal 13 residues are invisible, it is possible that both of the 2 N-termini
of the dimer can connect to the periplasmic ends of TM-2 helices. In contrast, if the C-termini
of the A-C dimer are directly connected to TM-3, the hydrophilic surface of the dimer core
region would be buried in the cytoplasmic membrane (S7H and S8F Figs), which is unlikely.

In vivo photo-crosslinking

To investigate which dimer form is actually present in the FliP4 ring structure, we carried out
structure-based photo-crosslinking experiments. We introduced an amber mutation at posi-
tions of 123, 124, 127, 137, 150, 152, 156, or 158 of St-FLiP to incorporate p-benzoyl-phenylala-
nine (pBPA), which is a photoreactive phenylalanine. Since Ser-14 and Thr-15 in TM-1 of
SpaP—which correspond to Leu-51 and Thr-52 in TM-1 of St-FliP, respectively—provide
strong SpaP-SpaP photo-crosslinked products [34], we also introduced an amber mutation at
positions of 51 or 52. We introduced 2 plasmids into the Escherichia coli BL21(DE3) strain, 1
encoding FliO, FLAG-tagged FliP (FliP-FLAG) with an amber mutation, FliQ, and FliR and
the other encoding the amber suppressor tyrosyl tRNA and the engineered tyrosyl-tRNA syn-
thetase to incorporate pBPA at the positions of amber codons. We used wild-type FliP-FLAG
as a negative control. As expected, UV irradiation of pBPA at positions of 51 or 52 led to the
formation of a photo-crosslinked FliP homodimer (Fig 4A, indicated by a red dot), indicating
that TM-1 of FliP is responsible for the FliP-FliP interaction in a way similar to the SpaP-
SpaP interaction. Both FliP(F150pBPA)-FLAG and FliP(S156pBPA)-FLAG also reproducibly
gave a photo-crosslinked FliP homodimer, whereas the others did not (Fig 4A, indicated by a
red dot). This photo-crosslinked product was also observed when only FliO and FliP-FLAG
with an amber mutation were expressed in the presence of pBPA (Fig 4B). These results indi-
cate that both FliP-TM1 and FliPp are involved in the FliP-FliP interactions in the hexameric
ring structure. Phe-150 and Ser-156 are located at the A-B interface, whereas Phe-137 is
located at the A-C interface (Fig 3D and 3E and S8B and S8E Fig). Since we found that both
Phe-137 and Phe-150 are required for FliP¢ ring formation, protein export, and motility (Fig
1), the A-B dimer unit seen in the Tm-FliPp crystal structure is likely to exist in the St-FliP4
ring structure, and it is likely that Phe-137 contributes to its trimer-of-dimer formation.

UV irradiating pBPA at positions of Phe-150, Arg-152, Ser-156, or Pro-158 produced a
30-kDa crosslinked band, suggesting the presence of a FliP-FliO crosslinked product (indi-
cated by blue dot). This band was also present when only FliO and FliP were expressed (Fig
4B). To confirm the FliO-FliP interaction, we labeled FliO and FliP(R152pBPA) with a 3 x
FLAG tag and a 3 x HA tag, respectively. FliO-FLAG formed a crosslinked band with FliP
(R152pBPA)-HA but not with wild-type FliP-HA, proving the presence of the FliO-FliPp
interaction (Fig 4C). These results indicate that Phe-150, Arg-152, Ser-156, and Pro-158 of
FliPp are in relatively close proximity to FliO (Fig 4D). This is in agreement with our finding
that the F150A mutation reduced the binding affinity of FliP for FliO (Fig 1). Interestingly, the
UV irradiation of pBPA at a position of 52 also produced a 30-KDa crosslinked product in the
absence of FliQ and FliR (Fig 4B) but not in their presence (Fig 4A), indicating that the TM-1
helix of FliP is in close proximity to FliO when FliQ and FliR are absent.

The intensity of the FliO-FliP crosslinked band formed by the introduction of pBPA at posi-
tions of Phe-150, Ser-156, or Pro-158 was weaker in the presence of FliQ and FliR (Fig 4A) than
in their absence (Fig 4B), whereas the intensity of the FliP-FliP crosslinked band at positions of
Phe-150 or Ser-156 was somehow stronger in the presence of FliQ and FliR (Fig 4A) than in
their absence (Fig 4B). Therefore, we suggest that FliO appears to facilitate oligomerization of
FliP and maintain its stability until FliQ and FliR assemble into the FliP4 ring and that the
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binding of FliQ and FliR to FliP probably induces conformational rearrangements of the FliP
ring in the FliO complex.

Interaction of the FliPg ring with FliQ, FliR, FIhB, and FIhA

To analyze the interactions of the FliPs ring with other export gate proteins, we constructed
plasmids coexpressing His-FliP with FliR-FLAG, with HA-FliQ and FliR-FLAG, with FliO and

F137

Fig 4. In vivo photo-crosslinking. E. coliBL21 (DE3) cells coexpressing (A) FliP-FLAG with an amber
mutation at indicated positions with FliO, FliQ, and FIiR, (B) FliP-FLAG with an amber mutation with FliO, or (C)
FliP-HA with an amber mutation with FliO-FLAG were grown in the presence of p-benzoyl-phenylalanine (pBPA)
and then treated with (+) or without (=) UV irradiation. Wild-type FIiP-FLAG (WT) was used as a negative control.
Crude membrane fractions were prepared, followed by SDS-PAGE and finally immunoblotting with monoclonal
anti-FLAG antibody. Red and blue dots indicate FliP-FIiP and FliP-FliO photo-crosslinked products, respectively.
Each cropped blot is shown within a box. (D) The residues selected for the photo-crosslinking experiment are
mapped on the A-B dimer model of St-FliPp. The residues that formed crosslinking products by the substitution
with pBPA are shown in ball-and-stick with black labels, and those that did not are in stick with gray labels. Black
arrowheads indicate possible interaction sites of St-FliPp with FliO.

https://doi.org/10.1371/journal.pbio.2002281.9004
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FliR-FLAG, with FliO, HA-FliQ, and FliR-FLAG, or with FIhA, FlhB, FliO, HA-FliQ, and
FliR-FLAG. These tags did not affect the export function of export gate proteins considerably.
To simplify the examination of their interactions, we expressed these proteins from a single
pTrc99A-based plasmid in the Salmonella SfW1368 strain, in which no flagellar genes are
expressed because of loss of the master regulator complex, FIhD,FIhC, [1]. The membrane
fractions of Salmonella cells coexpressing His-FliP with other export gate proteins were solubi-
lized by 1% DDM, and then the proteins were purified by Ni affinity chromatography, fol-
lowed by FLAG affinity chromatography (S9 Fig) and finally SEC (Fig 5A). FliR-FLAG and
FIhB copurified with His-FIiP and FliO, whereas neither HA-FliQ nor FIhA did (Fig 5A and
S9A Fig).

It has been shown that SpaR of the Salmonella SPI-1 T3SS directly binds to the SpaPs ring
[34]. Therefore, we investigated if FliR directly binds to FliP. When only FliR-FLAG was coex-
pressed with His-FliP, FliR coeluted with the FliPs ring from a SEC column (S9B Fig), indicat-
ing that FliR tightly associates with the FliP4 ring structure.

We found that FliQ and FIhA were easily dissociated from the FIhB/FIliO/FliP/FliR com-
plex. Therefore, we investigated whether the MS ring, which is made of 26 copies of a single
transmembrane protein FIiF, stabilizes the structure of the entire export gate complex. Since a
C ring protein FliG is required for efficient MS ring formation in the cytoplasmic membrane
[8], we attached a His tag to the C-terminus of FIiG for efficient and rapid purification of the
MS ring. To carry out copurification assay, we constructed a pTrc99A-based plasmid encoding
8 flagellar proteins: FlhA, FIhB, FliF, FliG-His, FliO, FliP, HA-FliQ, and FliR-FLAG (S10A
Fig). Immunoblotting revealed that they were expressed in the Salmonella SfW1368 strain
(S10B Fig). The membranes were solubilized by 1% DDM, and then the proteins were purified
by Ni affinity chromatography. Only FlIhA and FliF copurified with His-FliG from DDM-solu-
bilized membranes of the cells expressing FIhA, FIhB, FliF, FliG-His, FliO, FliP, HA-FliQ, and
FliR-FLAG (Fig 5A), indicating that the FliO/FliP/FliR-FLAG/FIhB complex and HA-FliQ dis-
sociate from the FIhA/FIiF/FliG complex. The FIhA/FliF/FliG complex was further purified by
SEC, and then the main peak fraction containing FIhA, FliF, and FliG was analyzed by EM
with negative staining. Many MS rings were observed in the pooled fractions (Fig 5B), indicat-
ing that FIhA associates with the MS ring.

It has been shown by in vivo photo-crosslinking experiments that SpaQ interacts with SpaP
and SpaR in the final assembled export gate complex. However, an assembly intermediate
complex isolated from DDM-solubilized membranes contains only SpaP and SpaR, which
may be due to loss of SpaQ in response to DDM extraction [33-35]. FliQ is an essential export
component of the flagellar type III export apparatus [38]. FIhA requires FliQ for efficient
assembly of the FlhA ring structure inside the MS ring [8], raising the possibility that DDM
affects interactions of FIhA and FliQ with other export gate proteins. To test this, we solubi-
lized the membrane fractions of Salmonella cells expressing FlhA, FlhB, FliO, His-FliP, HA-
FliQ, and FliR-FLAG by 1% lauryl maltose neopentyl glycol (LMNG) instead of DDM and
purified it by Ni affinity chromatography, followed by SEC with a Superdex 200 10/300 col-
umn (Fig 6). The SEC elution profile of the FlhA/FIhB/FIiO/FliP/FliQ/FliR complex showed 2
distinct peaks (Fig 6A). The first peak (10.3 ml, Fig 6A) mainly contained FliO, FlhB, and FIhA
along with a much smaller amount of His-FliP (Fig 6B). Since FlhB copurified with His-FliP,
FliO, and FliR-FLAG upon membrane solubilization by DDM (Fig 5A and S8 Fig), we suggest
that LMING weakens the interactions of FliO and FIhB with FliP and FliR. The second peak
(12.6 ml, Fig 6A) mainly contained FliP, FliQ, FliR, and FIhA (Fig 6B), indicating that FliQ
and FIhA bind to the FliP/FliR complex, although some of the FIhA molecules are dissociated
from the complex along with FliO and FlhB.
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Fig 5. Interactions of the FliP ring with other export gate proteins. (A) SDS-PAGE of pooled fractions
after size exclusion chromatography (SEC) with a Superdex 200 10/300 column. Membrane fractions were
prepared from SJW1368 expressing FliO and His-FIiP (lane 1); FliO, His-FliP, HA-FIiQ, and FliR-FLAG (lane
2); FIhA, FIhB, FliO, His-FIiP, HA-FIiQ, and FIiR-FLAG (lane 3); or FIhA, FIhB, FIiF, FliG-His, FIliO, FIiP,
HA-FIiQ, and FliR-FLAG (lane 4) and solubilized by 1% n-dodecyl 8-D-maltoside (DDM), followed by Ni
affinity chromatography. For purification of the FliO/His-FliP/FIiR-FLAG and FliO/His-FliP/FIiR-FLAG/FIhB
complexes, pooled fractions were subjected to FLAG affinity chromatography (see S9 Fig), followed by SEC
with a Superdex 200 10/300 column (lanes 2 and 3). For purification of the FIhA/FIiF/FliG-His complex, pooled
fractions were subjected to SEC (lane 4). (B) Representative negatively stained electron microscopy (EM)
images of purified FIhA/FIiF/FliG-His complexes. Scale bar shows 100 nm.

https:/doi.org/10.1371/journal.pbio.2002281.9005
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Fig 6. Effect of lauryl maltose neopentyl glycol (LMNG) on the interactions of the FliPg ring with other
export gate proteins. (A) Elution profiles of the FIhA/FIhB/FIiO/FIiP/FliQ/FliR complex from a Superdex 200
10/300 column equilibrated with 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA, 5% glycerol, and 0.01%
LMNG. Membrane fractions were prepared from SJW1368 expressing FIhA, FIhB, FliO, His-FliP, HA-FIiQ,
and FliR-FLAG and were solubilized by 1% LMNG. Then, the protein complex was purified by Ni affinity
chromatography, followed by size exclusion chromatography (SEC). (B) Immunoblotting of elution fractions
from A, using anti-FliO (first row), anti-His (second row), anti-HA (third row), anti-FLAG (fourth row), anti-
FIhBg (fifth row), or anti-FIhAg (sixth row) antibody. (Note: The C-terminal cytoplasmic domain of FInB
undergoes autocleavage between conserved Asp-269 and Pro270 residues [2—4], and hence, the molecular
size of the FIhB band recognized by polyclonal anti-FIhBg antibody is smaller than that of full-length FIhB).
These proteins treated with LMNG showed slightly distinct running behavior on SDS gels compared to those
with n-dodecyl p-D-maltoside (DDM), presumably due to the detergent effect. The lane marked L represents
the material loaded onto the SEC column.

https://doi.org/10.1371/journal pbio.2002281.g006

Discussion

The export gate complex is composed of 5 highly conserved transmembrane proteins—namely,
FlhA, FIhB, FliP, FliQ, and FliR—although the transmembrane protein FliO is required for
efficient assembly of the export gate in Salmonella [6,7]. FliP and FliR are postulated to form a
core structure for the assembly of other export gate proteins [31,32]. Recently, it has been
reported that SpaP of the Salmonella SPI-1 T3SS forms a homopentamer [34]. In contrast to
SpaP, we showed that St-FliP forms a homohexamer with a diameter of about 10 nm (Fig 2).
The F137A, F150A, and E178A substitutions in FliPp interfered with FliP, ring formation (S2
Fig) and reduced the export function considerably (Fig 1D). Therefore, we suggest that the
FliP4 ring is a functional unit in the export gate complex and that Phe-137, Phe-150, and Glu-
178 are responsible for FliP¢ ring formation. Thus, it seems that the core structure of the fla-
gellar export gate complex is somewhat different from that of the T3SS of pathogenic bacteria.
However, 3,780 of the 11,736 FliP ring particles analyzed were assigned to the 5-fold rotational
symmetry (S3E Fig), raising the possibility that FliP forms a homopentamer in a way similar
to the SpaPs ring.

We have solved the crystal structure of the Tm-FliPp tetramer and have built 2 St-FliPp
dimer models on the basis of the Tm-FliPp structure (Fig 3). We have also mapped 3 function-
ally important residues—namely, Phe-137, Phe-150, and Glu-178 —onto the St-FliPp model.
Although the A-B and A-C dimers are found in the crystal, the A-B dimer seems to be the
dimer unit of the ring structure, as supported by photo-crosslinking experiments (Fig 4). How-
ever, since Phe-137 and Glu-178, which are involved in A-C dimer formation (Fig 3E) and are
located on the bottom surface close to the rectangular corner of the A-B dimer (Fig 3F), are
required for the ring formation and export function (Fig 1 and S2 Fig), they are likely to be
involved in the ring formation by connecting the dimers.
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The FliP(R143H) and FliP(F190L) mutations, which are located in FliP, and TM-3 of FliP,
respectively, improve motility of the AfliO mutant to some extent [6,7]. This suggests the pres-
ence of FliO-FliP interaction. Here, we provided direct evidence that FliP binds to FliO (Figs 1
and 4). Negatively stained EM analysis revealed that FliO forms a 5-nm ring structure with 3
clamp-like structures that bind to the FliP¢ ring (Fig 2 and $4 Fig). Photo-crosslinking experi-
ments revealed direct interactions of FliO with FliP-TM1 and FliPp (Fig 4). Overexpression of
FliP restored motility of the AfliO mutant to the wild-type level (S5 Fig), suggesting that the
FliO ring complex does not exist in the final structure of the export gate complex. In agree-
ment with this, FliO homologues are absent in nonflagellar T3SSs [5]. Therefore, we propose
that the FliO ring complex acts as a scaffold to catalyze FliP¢ ring formation and that the inter-
actions of FliO with FliP may induce structural rearrangements of the FliPp dimer to facilitate
FliP4 ring formation. Because Arg-143 is located on the rectangular corner surface of the A-B
dimer and near Phe-137 and Glu-178 (Fig 3F), we suggest that the R143H and F190L muta-
tions in FliP increase the probability of FliPg ring formation in the absence of FliO. Since the
virulence-associated T3SS apparatus does not have the FliO homologue, we assume that FliP
homologues may have a self-scaffolding function to facilitate their own ring formation.

The export gate complex of the SPI1-T3SS contains 5 SpaP molecules, 1 SpaQ, 1 SpaR, 1
Spa$S and 9 InvA subunits [33-35]. SpaQ, SpaR, and Spa$ assemble onto the SpaP pentamer
and closely interact with each other [34]. Here we showed that FliR and FIhB copurified with
the FLiO/FliP ring complex when isolated from DDM-solubilized membrane of Salmonella
cells expressing FIhA, FlhB, FliO, FliP, FliQ, and FliR (Fig 5 and S9 Fig). Relative band intensi-
ties of FliP, FliR, and FlhB in the FIhB/FliO/FliP/FliR complex allowed us to roughly estimate
that the complex contains 6 copies of FliP, 2 copies of FliR, and 2 copies of FIhB. This is in
good agreement with 2 sets of previous experimental data that FIhB forms a homodimer in the
basal body [39] and that FliR and FlhB associate with each other in a 1 to 1 fashion [30]. When
we used LMNG as a detergent instead of DDM, both FIhA and FliQ coeluted with the FIhB/
FliO/FliP/FliR complex from a Ni-NTA column (Fig 6B, the lane marked L), indicating that
they bind to the FlhB/FliO/FliP/FliR complex. In contrast to the complex solubilized by DDM,
FliO and FlhB dissociated from the complex during SEC. However, FIhA and FliQ were associ-
ated with the FLiP/FliR complex, although some of the FIhA molecules were dissociated from
the complex along with FliO and FIhB (Fig 6B). Taken all together, we suggest that FlhA, FlhB,
FliQ, and FliR assemble onto the FliPg ring in complex with FliO to form the export gate
complex.

When FliF, FliO, FliP, FliQ, FliR, FlhA, and FIhB were coexpressed with His-FliG (S10 Fig),
only FlhA copurified with the FliF-FliG ring complex from the DDM-solubilized membrane
(Fig 5), indicating that FlhA directly associates with the MS ring. This is in agreement with a
previous report that a Salmonella fliF(A174-175) mutant gives rise to extragenic suppressor
mutations in FlhAry, [27]. It has been shown that FIhA forms a homononamer inside the MS
ring [8,13,14] and that the assembly of FIhA to the MS ring is required for FliO, FliP, FliQ, and
FliR [8]. Since we found that some FIhA molecules associate with the FIliP/FliQ/FliR complex
(Fig 6B), we propose that the assembly of the export gate complex begins with FliP¢ ring for-
mation with the help of the FliO scaffold, followed by the assembly of FliQ, FliR, and FIhB and
finally of 9 FIhA molecules during MS ring formation in the cytoplasmic membrane (Fig 7).

In summary, we have presented direct evidence that FliP forms a homohexamer with the
help of the FliO complex and that FliPp-FliPp and FliPp-FliO interactions are required for effi-
cient FliPg ring formation. Our most important findings are that FliPs ring formation is essen-
tial for flagellar type III protein export (Fig 1). Since there are many structural and functional
similarities between the flagellar and T3SS proteins, the periplasmic domain of FliP homo-
logues of the T3SSs could be a good target for inhibitors specific for bacterial infection.
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(FliH, FIil, FliJ)

Fig 7. Model for the assembly process of the flagellar type Il export apparatus. The export apparatus
is composed of a transmembrane export gate complex made of FIhA, FIhB, FliP, FliQ, and FliR and a
cytoplasmic ATPase ring complex consisting of FliH, Flil, and FliJ. The FIiP dimers form a homohexamer with
the help of the FliO complex, followed by the assembly of FliQ, FIiR, and FIhB and finally of FIhA during MS
ring formation in the cytoplasmic membrane. Then, the FliM/FIiN complex binds to FliG to form the C ring on
the cytoplasmic face of the MS ring. Finally, the FliH/Flil/FliJ ATPase ring complex is formed at the flagellar
base through interactions of FliH with FIhA and FIiN [2—4], allowing export substrates to go into the central
cavity of the FliPg ring complex.

https://doi.org/10.1371/journal pbio.2002281.9007

Materials and methods
Bacterial strains, plasmids, DNA manipulations, and media

Bacterial strains and plasmids used in this study are listed in S1 Table. DNA manipulations,
site-directed mutagenesis, and DNA sequencing were carried out as described previously [40].
L-broth (LB) and soft tryptone agar plates were used as described before [38,41]. The 2xYT
medium contained 1.6% (w/v) Bacto-tryptone, 1.0% (w/v) Bacto-yeast extract, and 0.5% (w/v)
NaCl
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Purification of FIiP alone and FliP in complex with FliO

For expression and purification of FliP, Salmonella SfW1368 cells harboring pKY069 were
grown in 2xYT medium containing 100 pg ml™ ampicillin at 30°C until the cell density had
reached an ODg of about 0.4-1.0 and then were incubated at 16°C for another 24 h. Cells
were harvested by centrifugation (6,400 g, 10 min, 4°C) and stored at —80°C. The cells were
thawed, resuspended in 20 mM Tris-HCI, pH 8.0, 3 mM EDTA, and disrupted by sonication.
The cell lysates were centrifuged (20,000 g, 15 min, 4°C) to remove cell debris. The superna-
tants were ultracentrifuged (110,000 g, 1 h, 4°C). The harvested membranes were stored at
—-80°C. The membranes were solubilized in 50 mM Tris-HCI, pH 8.0, 300 mM NacCl, 5% glyc-
erol, 20 mM imidazole, and 1% DDM at 4°C for 30 min and ultracentrifuged (110,000 g, 30
min, 4°C) to remove the insoluble membrane fractions. Solubilized membranes were loaded
onto a Ni-NTA agarose column (GIAGEN) and washed extensively with 50 mM Tris-HCl, pH
8.0, 300 mM NaCl, 5% glycerol, 20 mM imidazole, and 0.1% DDM. Proteins were eluted with
a 50-400 mM imidazole gradient. Fractions containing His-FliP were concentrated and fur-
ther purified by SEC with a Superdex 200 10/300 column (GE Healthcare) equilibrated with 20
mM Tris-HCI, pH 8.0, 300 mM NacCl, 2 mM EDTA, 5% glycerol, and 0.1% DDM.

For purification of the FliO/His-FliP complex, the membrane fractions were prepared from
the SJTW1368 cells carrying pKY070 or its mutant variant plasmids in a way similar to His-FIiP.
After solubilization with 1% DDM, the FliO/His-FliP complex and its mutant variants were
purified by Ni-NTA chromatography, followed by SEC with a Superdex 200 10/300 column
equilibrated with 20 mM Tris-HCI, pH 8.0, 300 mM NaCl, 2 mM EDTA, 5% glycerol, and
0.1% DDM.

EM and image processing

Samples were applied to carbon-coated copper grids and negatively stained with 1.0% (w/v)
uranyl acetate. Micrographs were recorded at a magnification of x50,000 with a JEM-1011
transmission electron microscope (JEOL, Tokyo, Japan) operated at 100 kV. To carry out 2D
class averaging of the FliP ring structure and the FliO/FliP complex, 11,736 and 1,961 particle
images, respectively, were boxed out with e2boxer.py [42], aligned, classified, and averaged
using the e2refine2d.py program [42]. To estimate the stoichiometry of the FliP ring, a typical
class averaged image was converted from cartesian to polar coordinates, and then the autocor-
relation function was calculated. The rotational symmetry was analyzed from Fourier transfor-
mation of the autocorrelation function. To carry out 2D class averaging of the FliO structure,
14,915 particle images were boxed out with e2boxer.py [42], aligned, classified, and averaged
using the RELION program [43].

Multiple sequence alignment

Multiple sequence alignment was performed by CLUSTAL-Q (http://www.ebi.ac.uk/Tools/
msa/clustalo/).

Purification and crystallization of Tm-FliPp

Details of the expression, purification, and crystallization of Tin-FliPp have been described pre-
viously [37].

Data collection and structure determination

X-ray diffraction data were collected at the synchrotron beamline BL41XU in SPring-8 (Har-
ima, Japan) with the approval of the Japan Synchrotron Radiation Research Institute (JASRI)
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(Proposal No. 2013B1305). Details of the X-ray data collection and processing are described
previously [37]. Crystals were frozen in liquid nitrogen and mounted in nitrogen gas flow at
100 K. The X-ray diffraction data were collected on an MX225HE CCD detector (Rayonix),
were processed with iMOSFLM [44], and were scaled using SCALA [45]. The statistics of the
diffraction data have been described previously [37]. The experimental phase was calculated
using the SAD data of the Se-Met derivative with the program Phenix [46]. The atomic model
was built with Coot [47] and refined to 2.4 A with Phenix [46] against the native crystal data
that showed the best resolution limit. The refinement R factor and the free R factor were con-
verged to 21.5% and 26.2%, respectively. The Ramachandran plot indicated that 96.5% and
3.5% residues were located in the most favorable and allowed region, respectively. Structural
refinement statistics are summarized in S2 Table. The atomic coordinates have been deposited
in PDB under the accession code 5H72.

Homology modeling

The structure of St-FliPp was modeled by using SWISS-MODEL [48]. The amino acid
sequence from Ile-121 to Phe-183 of St-FliP was used for the target sequence, and the crystal
structure of Tm-FliPp was used for a template to construct the homology model.

Motility assay
Fresh transformants were inoculated onto soft tryptone agar plates containing 100pg ml™

ampicillin and 0.2% arabinose and incubated at 30°C. At least 7 independent measurements
were carried out.

Secretion assays

Details of sample preparation have been described previously [49]. After SDS-PAGE, immu-
noblotting with polyclonal anti-FlgD, anti-FIgE, anti-FIgK, or anti-FlgL antibody was carried
out as described previously [38]. Detection was done with an ECL immunoblotting detection
kit (GE Healthcare). At least 3 independent experiments were carried out.

In vivo photo-crosslinking

E. coli BL21 (DE3) cells were transformed with a low-copy-number pTACO10-based plasmid
[35] and the amber suppressor plasmid pSup-pBpa [50]. The transformed BL21 (DE3) cells
were cultured at 37°C in LB containing 10 pg ml"' chloramphenicol and 25 pg ml™" kanamycin.
Cultures were supplemented with 500 uM rhamnose to induce the expression of FliO/FliP-
FLAG/FliQ/FliR, FliO/FliP-FLAG, or FliO-FLAG/FliP-HA from the pTACO10-based plas-
mid. Additionally, the cultures were supplemented with pBPA to a final concentration of 1
mM and afterwards incubated for 5.5 h. Two OD units of bacterial cells were harvested and
washed once with 1 ml cold PBS (8 g of NaCl, 0.2 g of KCl, 3.63 g of Na,HPO, 12H,0, 0.24 g
of KH,PO,, pH 7.4 per liter). Cells were resuspended in 1 ml PBS and transferred into 6-well
cell culture dishes for 30 min UV irradiation (A = 365 nm) using a UV transilluminator table
(UVP).

Two OD units of bacterial lysates of E. coli were resuspended in 750 pl buffer K (50 mM
triethanolamine, pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM MgCl,, 10 pg/ml DNAse, 2
mg/ml lysozyme, 1:100 protease inhibitor cocktail) and incubated for 30 min on ice. Samples
were bead milled, and beads, unbroken cells, and debris were removed by centrifugation
(10,000 g, 10 min, 4°C). Crude membranes contained in the supernatant were precipitated by
ultracentrifugation using a Beckman TLA 55 rotor (100,000 g, 45 min, 4°C). Pellets containing
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crude membranes were frozen until use. For protein detection, samples were subjected to
SDS-PAGE using SERVAGel TG PRIME 8%-16% or SERVAGel TG PRIME 12% precast gels,
transferred onto a PVDF membrane (Bio-Rad), and probed with M2 anti-FLAG antibody
(Sigma). Anti-mouse IgG DyLight 800 (Thermo Fisher) was used as a secondary antibody.
Scanning of the PVDF membrane and image analysis were performed with a Li-Cor Odyssey
system and Image Studio 2.1.10 (Li-Cor).

Copurification assays

His-FliP/FliR-FLAG, His-FliP/HA-FliQ/FliR-FALG, FliO/His-FliP/FliR-FLAG, FliO/His-
FliP/HA-FiQ/FiR-FLAG, FliO/His-FliP/HA-FliQ/FliR-FLAG/FIhB/FIhA, or FliO/ FliP/
HA-FliQ/FliR-FLAG/FIhB/FIhA/FliF/His-FliG was expressed in Salmonella SJW1368 cells
harboring a pTrc99A-based plasmid, solubilized by 1% DDM or 1% LMNG, and purified by
Ni-NTA chromatography, followed by FLAG affinity chromatography. Proteins were eluted
from anti-FLAG affinity gels (Sigma) with 100 pg ml™" of FLAG peptide (Sigma). The His-
FliP/FliR-FLAG, FliO/His-FliP/FLAG-FIiR, and FliO/His-FliP/FLAG-FliR/FIhB complexes
were further purified by SEC.

Supporting information

S1 Fig. Topological model of St-FIiP. (A) St-FliP is a transmembrane membrane protein with
a cleavable signal peptide (SP) at its N-terminus. The signal peptide of FIiP (Met-1 to Gln-22)
is cleaved during its membrane insertion [36]. The mature form of St-FliP has four transmem-
brane (TM) helices and a periplasmic domain (FliPp) between TM-2 and TM-3. (B) Amino
acid sequence of St-FIiP. Conserved residues in FliPp are highlighted in red. Colored regions
are matched in A and B.

(TIF)

$2 Fig. Purification of FliP and the FliO/FliP complex by size exclusion chromatography.
(A) Elution profiles of FliP, the FliO/FliP complex, the FliO/FliP(F137A) complex, the FliO/
FliP(F150A) complex and the FliO/FliP(E178A) complex from a Superdex 200 10/300 column
equilibrated with 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 5% glycerol and 0.1%
DDM. The elution positions are shown by peaks 1, 2, 3 and 4. Peak fractions of molecular
mass markers (670 kDa, 158 kDa and 44 kDa) are shown. (B) Representative negatively stained
EM images of each peak fraction. Scale bar shows 50 nm. Peaks 1, 2, 3 and 4 contained the
FliO/FliPs ring complex, the FliPs ring, the FliO ring and the FliP dimer, respectively.

(TIF)

S3 Fig. Stoichiometry of the FIiP ring. (A) A representative reference-free 2D class average
images of the FliP ring calculated from e2refine2d.py (EMAN2). (B) Polar coordinates conver-
sion from area sandwiched by two green dashed lines in A. (C) Auto-correlation plots calcu-
lated from the image obtained by polar coordinates conversion. (D) Result of reference-free
2D class average images of the FliP ring calculated from e2refine2d.py (EMAN?2). The number
of particles for each class is shown in the top right corner. (E) Histogram of the number of par-
ticles between three and eight symmetries, resulted from auto-correlation analysis.

(TIF)

S4 Fig. 2D class averaging of the FliO ring complex and the FliO/FliP complex. (A) Refer-
ence-free 2D class average images of the FliO ring complex calculated from RELION. (B) Ref-
erence-free 2D class average images of the FliO/FliP complex calculated from e2refine2d.py
(EMAN2). The number of particles for each class is shown in the top right corner.

(TIF)
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S5 Fig. Multicopy effect of FIiP on motility of a Salmonella AfliO mutant. Motility of
TH10548 transformed with pTrc99A (V), pKY073 (FliO), pKY074 (P,,,-HA-FliP) or pKY010
(Pra-HA-FIiP) in soft agar (upper panel). Immunoblotting, using polyclonal anti-FliOC (mid-
dle panel) or monoclonal anti-HA antibody (lower panel), of whole cell lysates prepared form
the above strains. (Note: the level of HA-FIiP expressed from the pBAD24 vector was not
detected at all.).

(TIF)

S$6 Fig. Purification of the FliO ring complex. (A) Stability of the FliO/FliP ring complex dur-
ing storage at 4°C. The FliO/FliP complex stored at 4°C for 1 day was run on a Superdex 200
10/300 column. SDS-PAGE of elution fractions. Molecular mass markers (kDa) are shown on
the left. (B) SEC analysis of the FliO complex. Fractions containing the FliO complex was
pooled and analyzed by SDS-PAGE with CCB staining.

(TIF)

S7 Fig. Surface properties of the A-B and A-C dimers of Tm-FliPp. (A) A-B dimer form of
Tm-FliPp (B) A-C dimer form of Tm-FliPp. Residues involved in the dimer interaction are
indicated with ball-and-stick representation. (C), (D) A-B dimer interface. (F), (G) A-C
dimer interface. The A subunit is shown in surface representation painted with yellow and
white for hydrophobic and the other residues, respectively. The B and C subunits are shown
by Ca-trace colored with pink in (C) and (F), respectively. Residues involved in the dimer
interaction are labeled in (D) and (G). (E), (H) The A-B (E) and A-C dimers (H) are viewed
from the opposite side of both C-termini (viewed from the top of the model in (C) and in (F),
respectively). The hydrophobic [same color as (C)] and the electrostatic potential (red, nega-
tive; blue, positive) surfaces are shown in left and right panels, respectively. The Ca-trace of
the dimer is in the middle panel.

(TIF)

S8 Fig. Surface properties of the A-B and A-C dimers of St-FliPp. (A), (B) A-B dimer inter-
face. (D), (E) A-C dimer interface. The A subunit is shown in surface representation painted
with yellow and white for hydrophobic and the other residues, respectively. The B and C sub-
units are shown by Co-trace colored with pink in (A) and (D), respectively. Residues involved
in the dimer interaction are labeled in (B) and (E). (C), (F) The A-B (C) and A-C (F) dimers
viewed from the opposite side of both C-termini (viewed from the top of the model in (A) and
in (D), respectively). The hydrophobic (same color as (A)) and the electrostatic potential (red,
negative; blue, positive) surfaces are shown in left and right panels, respectively. The Ca-trace
of the dimer is in the middle panel.

(TIF)

S9 Fig. Interactions of the FliP4 ring with other export gate components. (A) Co-purifica-
tion assays by anti-FLAG M2 affinity chromatography. Membranes were prepared from
STW1368 expressing His-FliP and FLiR (P/R), His-FliP, FliQ and FLiR (P/Q/R), FliO, His-FliP
and FliR (O/P/R), FliO, His-FIiP, FliQ and FliR (O/P/Q/R), or FIhA, FIhB FliO, His-FliP, FliQ
and FliR (O/P/Q/R/B/A) and solubilized by 1% DDM, followed by Ni affinity chromatography
and finally anti-FLAG M2 affinity chromatography. “Input” indicates pooled fractions after Ni
affinity chromatography. “Flow through” and “Elution” indicate the flow through and elution
fractions, respectively. Each fraction obtained by anti-FLAG M2 affinity chromatography was
analyzed by SDS-PAGE with CBB staining. Molecular mass markers (kDa) are shown on the
left. (B) Analysis of purified FliP/FliR by SEC with a Superose 6 10/300 column. SDS-PAGE of
pooled fractions shown by grey line. Representative negatively stained EM image of the peak
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fraction. Scale bar shows 50 nm.
(TIF)

$10 Fig. Co-expression system of flagellar type III export gate proteins. (A) Schematic dia-
gram of plasmid construction of pKY079. (B) Expression of FlhA, FIhB, FliF, FliG-His, FliO,
FliP, HA-FliQ and FliR-FLAG as judged by immunoblotting with anti-FlhAc, anti-FlhBc,
anti-FliF, anti-His, anti-FliOc, anti-FliPp, anti-HA and anti-FLAG antibodies, respectively.
(TIF)

S1 Table. Strains and plasmids used in this study.
(DOCX)

$2 Table. X-ray refinement statistics.
(DOCX)
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