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A. Zusammenfassung

Transmembrankomplexe sind ein wichtiger Bestandteil biologischer
Membranen und haben vielfdltige Funktionen, von Transport iiber
Kommunikation bis zur Adhésion. Jedoch sind strukturelle Analysen
solcher Komplexe technisch schwierig. Ein prominentes Beispiel ist das
virulenz-assozierte Typ III Sekretionssystem (vT3SS), dass einen haufigen
Virulenzfaktor in Gram-negativen Pathogenen darstellt.

Das v'T'3SS transportiert Effektoren von der Bakterienzelle in die Wirts-
zelle, um die Infektion zu begiinstigen. Es besteht aus einer Basis, aus den
Proteinen InvG und PrgHK, die das System in der baktiriellen ZellhAL—ille
verankert, einer Nadel, die das System mit der Wirtszelle verbindet, und
dem Exportapparat, der in der Innenmembran im Zentrum der Basis sitzt.
Dieser Exportapparat besteht aus fiinf Transmembranproteinen, SpaPQRS
und InvA, und wird fir die Auswahl der Substrate, den Wechsel zwischen
unterschiedlichen Substratklassen und dem Transport durch die Innenmem-
bran benotigt.

Waiéhrend strukturelle Informationen tiber die Basis und Nadel bereits teil-
weise vorlagen, war der Exportapparat zum grofiten Teil unbekannt. In dieser
Arbeit habe ich die Stochiometrie der Basis und des Exportapparates ermit-
telt, sowie die Topologie der Membranproteine SpaPQRS und InvA bioinfor-
matisch ,und SpaP, SpaS und InvA zusétzlich experimentell bestimmt.

Die Stochiometrie wurde mit Hilfe ratiometrischer, massenspek-
trometrischer Analysen auf 15:24:24 fiir InvG:PrgH:PrgK und 5:1:1:1 fiir
SpaP:SpaQ:SpaR:SpaS:InvA bestimmt. Zusétzlich wurde das 'inner rod’
Protein PrgJ, das Exportapparat und Nadel verbindet, mit einer Stochiome-
trie von 3-6 ermittelt.

Die experimentelle Bestimmung der Topologie der Proteine SpaP, SpaS
und InvA wurde durch die Markierung von Thiolgruppen in Einzel-Cystein-
Mutanten vorgenommen. Zusammen mit den Vorhersagen ergaben sich fiir
die Proteine SpaQ, SpaS und InvA eine cytoplasmatische Ausrichtungen
beider Termini und eine periplasmatische Ausrichtung beider Termini fir
SpaP. Der C-Terminus von SpaR befindet sich vorausichtlich ebenfalls im
Periplasma.

Die stochiometrischen und topologischen Informationen unterstiitzen

weitere strukturelle und funktionelle Analysen, nicht nur des v'I'3SS, sondern
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auch des verwandten Systems im Zentrum von Flagellen.
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B. Summary

Type I1I secretion systems (T3SS) are a widespread virulence factor in Gram
negative bacteria. They contain an inner membrane spanning sub-complex
termed the export apparatus, made up of five proteins. The export appa-
ratus translocates effector proteins designated for the host cytoplasm across
the inner membrane, is involved in substrate recognition and in substrate
specificity switching.

Knowing the structure of their components is critical for investi-
gating makeup, assembly, and function of macromolecular machines. This
has remained a technical challenge in particular for large, hydrophobic
membrane-spanning protein complexes like the T3SS. I determined the
stoichiometry of the complete SPI-1 T3SS of Salmonella enterica serovar
Typhimurium and the topology of the export apparatus proteins. For
the stoichiometric analysis, I used a mass spectrometry approach based on
two complementary protocols for gentle complex purification combined with
stable isotope-labelled standards. Previous structural analyses have revealed
the stoichiometry of base components, but the stoichiometry of the essen-
tial hydrophobic export apparatus components and of the 'inner rod’ protein
PrgJ remained unknown. Here, I provide evidence that the export apparatus
of T3SS contains five SpaP, one SpaQ), one SpaR, and one SpaS. Additionally
I can confirm the suggested stoichiometries of InvA and the base components
in situ. Furthermore, I present evidence that no more than six PrgJ are
involved in the formation of the ’inner rod’. I assessed the topology of the
five export apparatus transmembrane proteins using computer predictions
and a substituted cysteine accessibility method. The position of the trans-
membrane helices and orientation of the loops of InvA, SpaS and one of the
minor export apparatus proteins, SpaP, were mapped experimentally. The
prediction could be largely confirmed for SpaS and partly for InvA, while one
large periplasmic loop could be confirmed for SpaP. Providing this structural
information will facilitate efforts to obtain an atomic view of T3SS.

The topology and stoichiometry identification of these proteins along-
side with recent interaction studies are important steps in determining the
exact placement of the export apparatus in T3SS and ultimately facilitates

elucidation of the function of each component.
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1. Introduction
1.1 Transmembrane protein complexes

Biomembranes are core features of living cells. They function as selective
permeable barriers in organisms, facilitate intracellular compartmentaliza-
tion of different functions and separate individual cells. Lipid bilayers build
the basis of cell-membranes. They form spontaneously out of amphipathic
lipid molecules in aqueous solutions, where the unpolar hydrocarbon tails
face each other while the polar head groups faces the hydrophilic environ-
ment (Alberts et al., 2002).

Even through structure and composition of membranes vary between
animal and plant cells, as well as Gram negative and positive bacteria,
membrane embedded protein complexes are a core feature of any biolog-
ical lipid bilayer, which allow membranes to fulfil their role. Transmem-
brane complexes enable functions like nutrient, ion or metabolite transport,
communication, or adhesion. Information about the structure of the proteins
involved plays an integral part in the understanding of the underlying mech-
anism of these complexes. Membrane proteins make up 20 to 30 % of
all proteins, both in prokaryotes and eukaryotes (Wallin and von Heijne,
1998), and are common molecular targets for drugs (Overington et al., 2006).
However, even though immense improvements have been made towards the
determination of membrane protein structures in the last decade, they repre-
sent only 1.7 % of solved atomic-level structures in the Protein Data Bank
(Hendrickson, 2016).

1.1.1 General structure of membrane proteins

Proteins have to exhibit certain characteristics in order to remain stable
in membranes. They have two basic structures: a-helix bundles, found in
all kinds of cellular membranes, or [-barrels, found, so far, only in outer
membranes of Gram negative bacteria. In both cases the membrane span-
ning segment consists of a stretch of hydrophobic amino acids, flanked by
hydrophilic amino acids (Elofsson and von Heijne, 2007). The exact amino
acid sequence is relativity unimportant - vital is that the sequence reflects

the cross section of the lipid bilayer, enabling a seamless fit between protein



segment and membrane (von Heijne, 1981; Elofsson and von Heijne, 2007).

The a-helix bundles are easier to recognize from sequence due to their
approximately 20 amino acid long predominantly hydrophobic transmem-
brane helices (TMHs). However, variation in length up to 40 residues as well
as slopes and kinks are possible (Papaloukas et al., 2008). The [-strands
of p-barrels are generally shorter and less hydrophobic (Elofsson and von
Heijne, 2007).

1.1.2 Insertion and folding of proteins into the

membrane

a-helix bundles are co-translationally inserted via the Sec-translocon in the
targeted membrane (White and Heijne, 2004). The hydrophobic regions of
the the newly synthesized proteins interact with signal recognition particles
(SRP) which in turn interacts with a ribosomal protein. This complex is
directed towards the SRP receptor located on the cytoplasmic surface of the
inner membrane, where it is transferred to the Sec-translocon (Koch et al.,
2017).

The folding of the secondary and tertiary structures of these membrane
protein is driven by strong thermodynamic forces and supported by helix-
helix interaction. Folding can take place at different stages of the insertion
process from the ribosome exit tunnel to within the membrane (Cymer et al.,
2015)

[-barrels are post-tranlationally moved across the inner membrane via
the Sec-tranlocon with the help of the SecA ATPase, and then folded and
integrated into the outer membrane via the (-barrel assembly machinery
(BAM) (Elofsson and von Heijne, 2007; Ruiz et al., 2006). Periplasmic chap-
erones assist the transport of the proteins towards the BAM complex (Hagan
et al., 2011)

1.1.3 Obstacles in structural determination of
transmembrane complexes
Many membrane proteins are insoluble under experimental conditions

designed for globular proteins and need to be isolated from their native envi-

ronment by detergent extraction (Whitelegge, 2013). Suitable examples for



the extraction of membrane proteins are mild, non-ionic detergents like n-
Dodecyl-/-maltoside (DDM). The choice of detergent is important to retain
the integrity and structural features of transmembrane complexes and needs
to be empirically tested (Zilkenat et al., 2017). Buffer composition and deter-
gent concentration have to be adjusted as well, as detergents can aggregate
to form micelles in aqueous solutions, which interfere with e.g. optical or
fluorescence spectroscopy based analysis (Arnold and Linke, 2008).

Subsequently, even outside of their native context, transmebrane proteins
require additional steps and care concerning continuous solubilization and
their behaviour during e.g. gel electrophoresis (Crichton et al., 2013). Thus,
studying the structural makeup of large transmembrane complexes in their
entirety requires overcoming major obstacles: The first being simply the size
of these complexes, which can often exceed 1 MDa. Moreover, the hydropho-
bicity of their TMHs, the structural complexity involving a variety of different
complex components, as well as the dynamic heterogeneity, which many
complexes exhibit during their functional cycles, complicate their analysis
(Knockenhauer and Schwartz, 2016).

Currently, a variety of techniques is used to study large membrane

complexes, each with different successes and limitations:

'"Both electron and X-ray crystallography depend on the
successful crystallization of proteins and protein complexes.
There have been many improvements in the production of
membrane proteins for crystallization [(Clark et al., 2011; Schlegel
et al., 2014)] and the formation and stabilization of crystals
[(Carpenter et al., 2008; Klara et al., 2016)]. However, as seen in
crystal structures of components of the [Thermus thermophilus
V-ATPase (Tt-V-ATPase)], different subunits of type III secre-
tion systems, as well as the nuclear pore complex [(Lee et al.,
2010; Worrall et al., 2010; Stuwe et al., 2015)], mostly structures
of soluble components or extramembrane domains of transmem-
brane proteins have been solved for large membrane-spanning
complexes. While providing immense help in the elucidation of
their overall structure and function, lack of structural information
on the hydrophobic core of these complexes impedes a complete

understanding of their molecular mechanisms.

Single particle cryo [electron microscopy (EM)], a method in
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which datasets of many 2D electron micrographs of single parti-
cles are averaged to generate a high resolution 3D map [(Lau and
Rubinstein, 2010)], is playing an increasingly important role in
structural analysis of proteins and has been used successfully to
gain a better understanding of the makeup of many membrane-
spanning macromolecular complexes. A 16 A resolution 3D map
of the 0.65 MDa Tt-V-ATPase was generated using single particle
cryo EM. A surface view of the 3 MDa needle complex of a
Salmonella type 111 secretion system was reconstructed to a reso-
lution of 10 A, helping to establish the stoichiometry of the three
transmembrane ring forming elements [(Schraidt and Marlovits,
2011)]. Furthermore, aided by cryo EM maps, the 110 MDa
human nuclear pore complex could be reconstructed to a reso-
lution of 23 A [(von Appen et al., 2015)] (Figure 1). Signifi-
cant improvements in direct electron detection have most recently
boosted single particle cryo EM analysis and have enabled the
solution of structures at subnanometer resolution down to 3.4 A,
even for some transmembrane domains [(Bai et al., 2015; Zorzi
et al., 2016)]. Despite these important improvements, flexibility
of protein domains and bound lipids and detergents limit the
power of cryo EM for many macromolecular complexes, in partic-

ular in their transmembrane regions.

Solid state nuclear magnetic resonance (ssNMR) spectroscopy
enables the study of membrane protein structures in their native
or native-like environment. While in theory molecular weight is
not a limiting factor in ssNMR [(Brown and Ladizhansky, 2015)]
and large improvements have been made in sample preparation,
hardware and experimental design, such as magic angle spin-
ning, no structures of large membrane-spanning macromolecular
complexes have been solved using this method, so far [(Shahid
et al., 2012; Goldbourt, 2013; Ward et al., 2014)]"- (Zilkenat et al.
(2017), p. 157).

The constraints of each technique illustrate the difficulties in obtaining
high-resolution structures of macromolecular transmembrane complexes with

the methods currently available.



1.2 A macromolecular transmembrane
machinery: The type III secretion

system

In pathogenic bacteria, membrane complexes often constitute virulence
factors: they build an interface to the host, are involved in the movement
and placement of the bacteria inside the host system or control the environ-
ment of the pathogen to its benefits (Rollauer et al., 2015). Examples for
these are type I1I secretion systems (T3SS). T3SSs are an integral part in two
evolutionarily related, complex nanomachines: the bacterial flagellum, which
allows motility through circular movement of an extended extracellular fila-
ment, and the injectisome, which allows the export of effector proteins across
both bacterial membranes and into host cells in order to promote bacterial
survival and colonization (Galan et al., 2014; Diepold and Armitage, 2015).

Virulence-associated T3SS (vT3SS) in injectisomes are widespread among
many animal pathogenic Gram negative bacteria, like Yersinia, Shigella
and Salmonella species (Hueck, 1998), but also found in plant pathogens
and symbiotic Gram negative bacteria (Grant et al., 2006; Biittner and He,
2009). In the even more widespread flagellum, the flagellar T3SS (fT3SS)
exports components to build the extracellular filament (Abby and Rocha,
2012; Diepold and Armitage, 2015).

The model organism used in this work, Salmonella enterica subsp.
enterica serovar Typhimurium, expresses beside the fT'3SS two different
vT'3SSs, encoded on the Salmonella pathogenicity islands (SPI)-1 and SPI-2.
Both systems have distinct, independent but coordinated functions during
cell invasion, and expression of the corresponding T3SS as well as the order
of the exported effector proteins are tightly regulated (Galdn, 2001; Chakra-
vortty et al., 2005).

The SPI-1 T3SS is expressed while Salmonella is still in the intestinal
lumen during initial interaction with the intestinal epithelial cells of the host
(Galdn, 2001).

The SPI-2 T3SS is required once Salmonella has entered the host micro-
fold cells and macrophages for systemic infection (figure 1la). Inside a
specialized compartment, the Salmonella-containing vacuole (SCV), effector

proteins are translocated across both bacterial membranes and the vacuole
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Figure 1: Salmonella type 111 secretion system overview of intracellular infec-
tion and structure (a) Salmonella pathogenicity island 1 encoded T3SS type III secretion
systems (SPI-1 T3SS, red) are expressed during the initial interaction with the intestinal
epithelial cells, often microfold cells. SPI-2 T3SSs (blue) are expressed upon systemic infec-
tion, among others to maintain the Salmonella-containing vacuole (SCV). (b) Model of
virulence-associated T3SS, unified nomenclature and Salmonella SPI-1 names. OM: outer
membrane. IM: inner membrane.

membrane. These proteins help to maintain the SCV, localize it near the
Golgi apparatus of the host cells and interfere with the immune signalling
(Hensel et al., 1997; Figueira and Holden, 2012), enabling the bacteria to

survive, replicate and spread.

1.2.1 Type III secretion system: Structure

As T3SSs haven been studied in numerous organisms I will refer to the
involved proteins by their unified nomenclature names (Hueck, 1998) with
respect to components present as homologs in several systems and by the
protein names with the unified nomenclature in brackets when talking about
a specific system. Within this work I focus on the SPI-1 vT3SS, which
is encoded in all Salmonella serovars (Galan, 2001). The vT3SS is a cell
envelope-spanning macromolecular machine as shown in figure 1b and is
composed of up to 20 different proteins with one to several hundred copies
each (Galdn et al., 2014). It can be divided into five substructures.

The base components SctCDJ (figure 1b, blue and red) anchor the



complex in the bacterial inner and outer membranes (Kubori et al., 1998;
Worrall et al., 2016). They build two ring structures, SctC the outer mem-
brane secretin ring and SctDJ the inner membrane ring. Low-resolution
structural analysis of isolated needle complexes revealed a stoichiometry of
12—15 copies of SctC and of 12—24 copies of both SctD and SctJ (Hodgkinson
et al., 2009; Schraidt et al., 2010; Kowal et al., 2013; Kudryashev et al., 2013).

The needle filament (figure 1b, dark grey), which protrudes from the
bacterial surface, serves as conduit for substrates (Galan et al., 2014). It is
made of helically arranged subunits which reach an average length of 25 nm
for the Salmonella SPI-1 vT3SS needle (Marlovits et al., 2006; Loquet et al.,
2012). Though there have been a number of models to explain needle length
control studied in different systems (Tamano et al., 2000; Kubori et al., 2000;
Makishima et al., 2001; Journet et al., 2003; Wee and Hughes, 2015), the
exact mechanism is still unknown.

The inner rod structure (Sctl, figure 1b, brown) connects export appa-
ratus and needle (Sukhan et al., 2003). Its subunits are predicted to have a
similar structure as the needle subunits (Galan et al., 2014).

Cytoplasmic components (figure 1b, light gray) form a sorting platform
involved in targeting and preparation of substrates (Akeda and Galan, 2004;
Lara-Tejero et al., 2011; Notti et al., 2015; Diepold et al., 2015; Hu et al.,
2015, 2017).

Lastly the inner membrane-embedded export apparatus (SctRSTUV,
figure 1b, green and yellow) located at the center of the base is essential for
secretion and a special focus of this work (Collazo and Galan, 1996; Wagner
et al., 2010).

The order in which effector proteins are secreted is tightly regulated to
ensure the correct assembly of the secretion machinery itself as well as the

subsequent proper translocation of effectors over the host membrane.

1.2.2 Type III secretion: Assembly and secretion

The order of assembly of the vT3SS is partially solved (Riordan and
Schneewind, 2008; Wagner et al., 2010). The minor export apparatus proteins
SctRST are able to assemble first in the absence of both SctU and SctV
(Diepold and Wagner, 2014). The switch protein SctU is added to the
complex before the major component SctV assembles into a ring structure

around the membrane embedded export apparatus (Abrusci et al., 2013).
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Figure 2: (a) Assembly of export apparatus and base components of the T3SS (modified
after Dietsche et al. (2016)). b) Secretion of early substrates and assembly of needle and
secretion of middle and late substrates/effector proteins (modified after Monjards Feria
et al. (2015)). OM: outer Membrane. IM: inner membrane. Unified nomenclature and
Salmonella SPI-1 names.



This is followed by the construction of the base by the components SctD,
SctJ and SctC (Diepold et al. (2011); Wagner et al. (2010), figure 2a).
After the addition of the cytoplasmic components secretion occurs in order
to finish the assemby, starting with early substrates necessary for the system
itself, like the needle length regulator SctP (Galdan and Wolf-Watz, 2006)
and the proteins involved in the assembly of the needle structure, needle
filament protein SctF and the inner rod protein Sctl (Kubori et al. (2000),
figure 2b left). Additional intermediate substrates, which are secreted after
the assembly of the needle, form the needle tip and translocon to overcome
the barrier that the host membrane constitutes (Collazo and Galan (1997);
Galan (2001); Myeni et al. (2013), figure 2b right). Late substrates carry

out functions inside the host cytoplasm.

1.2.3 Type III secretion: The export apparatus

The export apparatus is widely accepted to play a role in the as yet unsolved
matter of how substrates are recognized prior to translocation (Wang et al.,
2013), the switching from one set of substrates to the next during the course
of assembly and host cell infection (Monjaras Feria et al., 2015; Lefebre and
Galén, 2013; Ferris and Minamino, 2006), as well as in the translocation of
effectors across the inner membrane (Cornelis, 2006; Biittner, 2012).

Five transmembrane proteins make up this sub-complex. The largest
being the major component SctV comprised of an N-terminal transmem-
brane domain and a C-terminal globular cytoplasmic domain, for which X-
ray crystallography based models have been obtained (Worrall et al., 2010;
Abrusci et al., 2013). This C-terminal domain of the Shigella homolog MxiA
was shown to form a nonameric ring located between the membrane and the
cytosolic ATPase (Abrusci et al., 2013). SctV has been suggested to facili-
tate sorting of substrates into the pore of the export apparatus (Barker et al.,
2016) and to couple type III secretion to the proton gradient (Erhardt et al.,
2017).

The second largest export apparatus protein is the switch protein SctU
(Ferris et al., 2005; Monjaras Feria et al., 2015), which also contains a large
cytoplasmic C-terminal domain for which a X-ray based model has been
published (Zarivach et al., 2008). SctU has been proposed to be involved
in both needle length control and in the switching of specificity from the

secretion of early to intermediate substrates. The self-cleavage at a highly



conserved NPTH motif in the cytoplasmic domain is critical for substrate
specificity switching but not for needle length control (Zarivach et al., 2008;
Wagner et al., 2010; Shen et al., 2012; Monjaras Feria et al., 2015). It has
been suggested that switching and late substrate secretion is implemented by
the dissociation of the cleaved C-terminus from the remainder of the protein
(Frost et al., 2012).

The remaining three minor export apparatus proteins, SctRST, are
predicted to consist mainly of TMHs (as described in manuscript 11 - topology
determination). These three proteins were suggested to form a cup structure
at the center of the base of vT3SS (Wagner et al., 2010). SctR and SctT are
of similar size between 25 and 30 kDa, SctS is a small, hydrophobic protein
of only approximately 10 kDa. The functions and structural features of the
minor export apparatus proteins are largely unknown.

To gain structural knowledge despite the limitations of obtaining atomic-
level models mentioned above, a combination of approaches can be used to
study structural aspects separately. The following work investigates the stoi-
chiometry of the assembled needle complex in manuscript I, as well as the
topology of the export apparatus in manuscript II. Combined with the inter-
action studies presented in manuscript IV, these results promote the under-
standing of the exact placement of the export apparatus as a hydrophobic
core at the center of the T3SS and will ultimately advance the comprehension
of the interactions between the involved proteins and their specific function

in the system.

1.3 Stoichiometry elucidation by

peptide-concatenated standard strategy

Mass spectrometric (MS) approaches are versatile and efficient methods for
analysing protein complexes and their components. They offer a multitude of
applications together with high precision in both qualitative and quantitative
measurements.

The stoichiometry of the components comprising a complex can be eluci-
dated by comparison of the complex of interest with isotope-labelled stan-
dards, either by direct ratiometric or by absolute quantification. The method
I used in manuscript I is based on analysing isotope-labelled standards

together with non-labelled purified complete transmembrane complexes to
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strategy (a) S. Typhimurium expressing needle complexes with FLAG-tagged bait protein
(SpaSN258AFLAG or InVAFLAG) were grown in complex media. Inner membranes were
purified, solubilized by DDM, and needle complexes were immunoprecipitated. Needle
complexes were separated by blue native-PAGE, the corresponding bands were excised,
and proteins were subsequently digested with trypsin. (b) Peptides were analyzed by MS
and suitable peptides were selected for concatenation into the PCS. (¢) The PCS was
expressed as MBP-fusion in Arg and Lys auxotrophic E. coli grown in defined medium
containing "heavy’ Argl0 (*Cg, 1°Ny-arginine) and Lys8 (13Cg, 15Ny-lysine). After purifi-
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MS. The ratio of the evidence of light and heavy peptides was calculated for each protein.
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ratios of peptides of proteins of known stoichiometry. Abbreviations: MBP: maltose
binding protein, IM: inner membrane, BN: Blue native, IP: immunoprecipitation, MS:
mass spectrometry, DDM: n-Dodecyl-$-maltoside; (modified from manuscript I, Zilkenat
et al. (2016), method based on Kito et al. (2007)).
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determine the ratio between labelled and non-labelled peptides (Zilkenat
et al., 2016). Termed peptide-concatenated standard (PCS) strategy (Kito
et al., 2007) this method was used to analyse the Salmonella SPI-1 vT3SS
and is described in figure 3.

The PCS strategy is a very efficient way to determine the ratios of protein
complexes, as ratios of all complex components can be analysed in one
multiplex run. Known stoichiometries of complex components from previous
studies, such as those of the base components SctCDJ (Schraidt et al., 2010),
make it possible to calculate absolute numbers of proteins per complex from
the ratios obtained. Exact numbers are more difficult to calculate the wider
the range of stoichiometries in a complex is.

As this method has not been previously used to study transmembrane
complexes, many optimizations steps have to be considered.

The first step in this strategy is to purify the complex of interest as
complete and homogeneous as possible. I used "a combination of mild deter-
gent extraction, immunoprecipitation or CsCl-gradient-based purification,
and blue native-PAGE" (Zilkenat et al. (2016), p. 1606). A previously tested
bait-protein is purified in the affinity purification step by immunoprecipita-
tion (IP) with the established interaction partners binding to it, allowing pull
down of complete or near complete complexes (Wagner et al., 2010; Fischer
et al., 2014). In contrast, CsCl-gradient-based purification does not require
a bait-protein.

The next step is to design an isotope-labelled standard containing
concatenated tryptic peptides from proteins of interest. Due to the
high hydrophobicity and the low arginine and lysine content of many
membrane embedded protein domains, identification of peptides with prop-
erties favourable for MS analysis can be difficult. The tryptic digest can be
optimized to increase number and yield of peptides. In contrast to related
methods like QCAT (Beynon et al., 2005) native digestion behaviour of the
PCS is maintained by adding flanking amino acids of the native sequence
before and behind each peptide. To differentiate between complex and stan-
dard, the PCS is grown in defined medium containing "heavy’ Argl0 (**Cg,
15Ny-arginine) and Lys8 (*Cg, Ny-lysine), while the complex is purified
from cultures grown in normal, ’light’, LB medium.

In preparation for mass spectrometric measurement, both purified

complex and PCS need to be digested by the same protocol as during the PCS
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design. After MS ratios of the intensities of the 'heavy’ and ’light’ peptides
have been obtained, they can be used to calculate the ratios between the
proteins of interest. These in turn can be used to calculate their number per

complex using proteins of known stoichiometry.

1.4 Topology mapping

1.4.1 Topology prediction of a-helix bundle

transmembrane proteins

The insertion and orientation of membrane embedded proteins can be
predicted by different bioinformatics models, either by single sequence based
methods, or by additionally taking into account sequences of homologs
(Tsirigos et al., 2015) or evolutionary information (Jones, 2007). Consid-
ered factors can include hydropathy scales, apparent free energy difference
predictions (Hessa et al., 2007), and the positive-inside rule (Elazar et al.,
2016).

To estimate the insertion of a protein segment into the membrane via
hydropathy scales, the free energy difference of each amino acid side chain
when moved from a hydrophobic solvent into water is experimentally deter-
mined. The sum of these free energy differences of a given amino acid
sequence yields the hydropathy index of this segment. These can be plotted
for different amounts of residues (Kyte and Doolittle, 1983; Nelson and Cox,
2005). A region of 20 amino acid residues or more with a high hydropathy
index is predicted as a possible TMH.

Similarly, the apparent free energy difference predictions use the 'biolog-
ical’ hydrophobicity scales. It takes into account the position of amino acids
within the TMH, the impact of the TMH length, and of the amino acids
adjacent to the membrane. The experimental determination is based on
the integration of designed polypeptide segments into the endoplasmic retic-
ulum membrane via the Sec61 translocon (Hessa et al., 2005, 2007). In
a hydrophobicity scale, negative values indicate transmembrane regions, as
insertion from the hydrophilic environment into hydrophobic membranes is
observed, in contrast to the hydropathy index which studied movement from
a hydrophobic into a hydrophilic environment.

The "positive-inside’ rule stems from the observation that in proteins
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containing several TMHs, positively charged amino acids arginine and lysine
are generally more enriched in regions exposed to the cytoplasm, while scarcer
in periplasmic loops (von Heijne, 1989; Elazar et al., 2016)

The prediction tools used in manuscript II are TMHMMfix (Melén et al.,
2003), AG,pp (Hessa et al., 2007), TOPCONS (Tsirigos et al., 2015) and
PredictProtein (PHDhtm) (Yachdav et al., 2014).

TMHMM predicts membrane topology and is, like most of the prediction
tools, based on hidden Markov models (Melén et al., 2003). TMHMMfix
allows the user to define already experimentally verified positions as ’cyto-
plasmic’, 'non-cytoplasmic’ and ’transmembrane helix’ and run the predic-
tions with these constrains.

AG,pp predictor uses the 'biological” hydrophobicity scale described above
(Hessa et al., 2007).

TOPCONS TMH predictions are based on a consensus from five different
prediction algorithms: OCTOPUS, Philius, PolyPhobius, SCAMPI (multiple
sequence mode) and SPOCTOPUS. "OCTOPUS is based on residue prefer-
ence scores derived from sequence profiles and [Artificial neural networks]'
(Viklund and Elofsson (2008), p.1663). Philius uses Dynamic Bayesian
Networks and combines signal peptide and TMH predictions (Reynolds et al.,
2008). PolyPhobius includes homology information (Ké&ll et al., 2005) and
is, like Philius, based on the older tool Phobius (Kall et al., 2004). SCAMPI
combines apparent free energy difference predictions and the "positive-inside’
rule (Bernsel et al., 2008). It is the only TOPCONS prediction not based on
hidden Markov models. SPOCTOPUS is an extension of OCTOPUS which
adds signal peptide predictions to the algorithm (Viklund et al., 2008).

PredictProtein is a meta-service for different sequence feature prediction
(Yachdav et al., 2014). PHDhtm is a neural network system which predicts
TMHs based on evolutionary features (Rost et al., 1996).

The reliability of these predictions is good, and improving with the avail-
ability of more complex and extensive models (Melén et al., 2003; Elof-
sson and von Heijne, 2007), making them invaluable tools for experimental
designs. However, there is no ’best’ tool yet, and for some transmembrane

proteins the results can vary widely.
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Figure 4: Experimental setup of the substituted cysteine accessibility method
(SCAM). (a) A strain with a single cysteine replacement mutation is grown under condi-
tions expressing the protein of interest. (b) The culture is divided into two samples
to label cysteines either on the periplasmic (P, light grey) or the cytoplasmic (C, dark
grey) side of the inner membrane. (¢) The cells are treated with e.g. EDTA to ensure
permeability of the outer membrane (omitted in the following) for the (d) labelling ragent
(blue, star) added to P and the blocking reagent (red, circle) added to C (e) Potential
cysteines are labelled (yellow, filled) in the periplasm and the labelling reaction in P is
quenched (black, filled). (f) After putative periplasmic cysteines are blocked the labelling
reagent is added to C. Both samples are lysed, e.g. by mechanical disruption, allowing the
unquenched labelling reagent to reach any cytoplasmic cysteines. (g) After all reactions
are quenched in C as well (h) samples are washed, membranes solubilized and proteins
analysed by Western blotting after immunoprecipitation (modified from manuscript II,
topology determination).
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1.4.2 Experimental verification of membrane
topology by substituted cysteine accessibility
method

To validate predictions, positions of putative transmembrane helices must be
experimentally verified and each hydrophilic loop, as well as the N- and C-
termini, have to be localized. Membrane protein topology is often studied by
inserting tags into positions of interest. These can be reporter gene fusions
like lacZ, phoA and GFP (Silhavy and Beckwith, 1985; Manoil et al., 1990;
Chalfie et al., 1994) or single cysteine residues (van Geest and Lolkema,
2000). Furthermore, modifications of exposed amino acids, e.g. oxidation
labelling, coupled with mass spectrometry can be used to verify loop position
and orientation, though efficient modification can often only be observed in
sulphur containing amino acids (Pan et al., 2012).

A drawback of the fusion approach is that modification or truncation of a
protein can change the topology significantly (Bogdanov et al., 2005). Fusion
techniques have been improved to reduce these changes. PhoA has been
shown to be functional when inserted into the middle of a protein, instead of
at the end of a truncated version (Ehrmann et al., 1990) and the development
of split-GFP made it possible for a much smaller part, 16 instead of over 200
amino acids, to be used as a reporter (Hyun et al., 2015; Kamiyama et al.,
2016). However, even small changes such as single positively charged residues
were shown to cause shifts in topology (Seppéla et al., 2010)

In manuscript II, I chose a single cysteine residue approach, the substi-
tuted cysteine accessibility method (SCAM) by Bogdanov et al. (2005).
Using this methodology the protein function is usually retained. All native
cysteines in a protein are replaced with amino acids with similar properties
e.g. serine, after which single cysteines are introduced at positions of interest.
The single cysteine replacement mutations allow for the secretion function of
the complex to be retained, while the orientation in the membrane of each
position of interest is tested. The two complementary protocols used to selec-
tively label the thiol groups of periplasmic and cytoplasmic cysteines with
biotin-maleimide reagents, respectively, are shown in figure 4. Periplasmic
positioning was tested by adding outer membrane permeable labelling reagent
to whole cells of each cysteine replacement mutant. After quenching of the

labelling reagent the cells were lysed. Cytoplasmic positioning of the cysteine
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was tested by adding first equally membrane permeable blocking reagent to
whole cell, but instead of quenching the reaction the whole proteins were
exposed to the labelling reagent during cell lysis. Both samples were then
prepared for IP and Western blotting, using streptavidin to detect the biotin.

Due to the highly efficient labelling of biotin and streptavidin, achieving
the exact balance between insufficient labelling and to much background is
difficult. The conditions have to be adjusted for every system, as well as for
every protein. Due to the high content of cysteine containing proteins in the
cells, analysis of labelling, especially cytoplasmic labelling, is only possible
after purification of the protein. Purification by e.g. immunoprecipitation
requires antibodies for the proteins of interest or epitope tagging unobtrusive
enough to leave protein function intact.

With these limitations taken into account and both of these complemen-
tary protocols, cytoplasmic and periplasmic labelling, in working order, this
approach allows for a convincing experimental assessment of the membrane
protein topology, and can be well complemented with bioinformatics predic-

tions.
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2. Objectives

The aim of this thesis is to deepen the structural understanding of the trans-
membrane components of type III secretion systems found in many Gram
negative bacteria, specifically those membrane proteins of the export appa-
ratus. Using the model organism S. Typhimurium the stoichiometry of the
whole vT3SS in the context of the assembled complex was studied in situ,
excluding only the weakly attached cytosolic components and the needle
itself. Additionally, the topology of the export apparatus proteins SctRSTUV
were investigated. Furthermore, protein-protein interactions of export appa-
ratus proteins were examined in the context of these structural informations.

T3SSs constitute a major virulence factor in Gram-negative pathogens,
which, if disrupted, leaves many bacteria avirulent (Hueck, 1998). This makes
the system an interesting drug target, as efficient inhibitors of the vI'3SS may
lead to treatments and prophylactics effective against a wide range of human
pathogens, many of which are developing antibiotic resistance (Marshall and
Finlay, 2014; Duncan et al., 2012).

As the export apparatus of vI3SSs is essential for secretion function
(Collazo and Galan, 1996; Wagner et al., 2010), determining the role of this
subcomplex and the function of each of its components could prove to be

crucial to understand the mode of action of T3SS inhibitory compounds.

19



20



3. Results
3.1 Elucidation of the stoichiometry of the

Salmonella Type III secretion system

The stoichiometry of a protein complex is an important piece of the puzzle
on the way to figure out its exact makeup and functional mechanism. The
aim of this study, manuscript I, was to investigate the stoichiometry not only
of the export apparatus but also of the whole vI'3SS in the context of the
assembled complex, excluding only the weakly attached cytosolic components
and the needle itself. The peptide-concatenated standard method was used
as described in chapter 1.3.

Critical for this method is the preparation of intact and homogeneous
complexes, which I achieved by combining two extraction methods with
a mild detergent and separation on blue native PAGE. I confirmed the
assembled state of the complex before purification by checking for func-
tional secretion in the strains used. I also verified complex assembly
after extraction by SDS-PAGE, Western blot analysis, and by electron
microscopy. The extraction methods in question were affinity purification
(AP, as described in manuscript V, Fischer et al. (2014)) of needle complexes
of strains containing previously tested IP bait proteins InvAFLAG (SctV) and
SpaSnasga HA9 (SctU), and CsCl gradient centrifugation-purification (CsCl-
GCP) (Monjaras Feria et al., 2015) of needle complexes of wild-type and

SpaSnassa M4 -strains. In experiments using the InvAFA% strain, yield of
purified complex was lower and blue native PAGE showed that InvA was
FLAG

easily separated from the complex. In experiments using the SpaSyossa
InvA was lost nearly entirely. Additionally, samples prepared by affinity
purification consisted mainly of bases lacking the needles, likely due to the
mechanical disruption of the bacterial cells by French press lysis (figure 5a).
Samples prepared via a CsCl gradient retained their needles at least partially
(figure 5b).

Alongside the preparation of the needle complexes, the construction of
the standard was essential for this strategy. Suitable peptides to incorpo-
rate into the PCS were identified after optimizing the digestion step and

mass spectrometric parameters. The yield of peptides from inner membrane
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Figure 6: Sequence of peptide-concatenated standards. Sequence of PCS 1 and
PCS 2. White: standard peptides. Gray: flanking residues added to provide natural
context for trypsin cleavage. Color-coding for the individual needle complex components
as indicated in the legend (manuscript I, Zilkenat et al. (2016)).

proteins suitable for MS was enhanced by consecutive tryptic double digest,
though modification prone peptides had to be included for some proteins.

I designed isotope-labelled standards containing concatenated tryptic
peptides from the export apparatus proteins SpaPQRS (SctRSTU) and InvA
(SctV), the base components PrgHK (SctDJ) and InvG (SctC) as well as the
‘inner rod’ protein PrgJ (Sctl) (figure 6). The three proteins PrgH, PrgK
and InvG were included into the analysis as controls because their stoichiom-
etry has been previously reported (Schraidt et al., 2010). To ensure similar
digestion behaviour between standard and sample, each standard peptide was
flanked upstream and downstream by two to four amino acids corresponding
to the native sequence. The standards were analysed alone to verify the incor-
porated levels of the isotope-labelled amino acids, which were high (>98 %)
for all peptides.

All experiments were normalized and the total number of proteins per
complex calculated using the robustly detected InvG (SctC) peptide SLLVG-
GYTR. InvG has been previously reported with a stoichiometry of 15
(Schraidt and Marlovits, 2011). After normalization, stoichiometry data
obtained for PrgHK (SctDJ) were within 10 % of the literature values of
24. This shows that the results obtained for proteins of so far unknown
stoichiometry are reliable.

The AP samples combined with PCS resulted in stoichiometries of
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15:26:27 and 14:28:24 for the control proteins InvG:PrgH:PrgK for the

FLAG AFLAG

and Inv preparations respectively. The stoichiometry

SpaSna2ssa
of the export apparatus components SpaP:SpaQ:SpaR:SpaS was 5:1:1:1 in
both IPs, while the number of InvA proteins per complex could only be
determined as seven in experiments using InvAFUAG jtself as bait, due to it’s
loose association with the rest of the complex. Lastly, 2-3 'inner rod’ protein
PrgJ were detected per needle complex (figure 5¢ and 5a).

The results of the CsCl-GCP/PCS experiments are in accordance with
the AP results with stoichiometries of 14:22:27 for InvG:PrgH:PrgK, 5:1:1:1
for SpaP:SpaQ:SpaR:SpaS and 3 PrgJ. InvA was again lost in this method
of preparation (figure 5d and 5b).

To verify the ratio between SpaS and SpaQ, MS measurements were
repeated using synthetic stable isotope-labelled peptides instead of PCS.
The average ratio of Spa() to SpaS was 0.99 for experiments using CsCl-
GCP and 0.76 for those using AP (figure 5e), pointing to equal amount
of both proteins per complex, in consistence with the results of the PCS

experiments.

3.2 Topology of type III secretion export
apparatus proteins by introduction of

cysteine residues

The topology of a membrane embedded protein gives us important infor-
mation about its possible functions. The orientation in the membrane, the
length and positions of the loops between transmembrane helices can give

indications about exposed interaction sites with itself and other proteins.

3.2.1 Membrane protein topology prediction

Prior to the experimental topology analysis by SCAM, I performed detailed
predictions of the transmembrane topology via bioinformatics. To esti-
mate the positions and orientations of the transmembrane helices, S.
Typhimurium SPI-1 export apparatus proteins were analysed using the
web tools TOPCONS (Tsirigos et al., 2015), TMHMMfix (Melén et al.,
2003), AG,pp (Hessa et al., 2007) and PredictProtein PHDhtm (Yachdav
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et al., 2014). These tools are based on sequence features, sequence features
of homologs, hydrophobicity, comparison with known structures, predic-
tion of the corresponding apparent free energy difference, and evolutionary
profiles. TOPCONS uses a consensus from five different prediction algo-
rithms: OCTOPUS, Philius, PolyPhobius, SCAMPI (multiple sequence
mode) and SPOCTOPUS. The resulting predictions for each export appa-
ratus protein are illustrated in figure 7 (as well as supplement data S10 and
table ST2 in manuscript II). The predicted number and position of TMHs
of the proteins SpaS (SctU) and SpaQ) (SctS) was very consistent. SpaS
was robustly predicted with four TMHs, and an Ny /Ciy orientation. SpaQ
was predicted with two TMHs, however, the orientation predictions were not
conclusive. The major export apparatus protein InvA (SctV) was predicted
with seven to eight TMHs, a reliable Niy/Ciy orientation and a large cyto-
plasmic loop. The start and end positions of the TMHs of SpaS, SpaQ and
InvA varied only marginally between predictions by 12 amino acids of less,
with the exception of the last two TMHs of InvA, which were predicted as
one TMH by PredictProtein. In contrast, the predictions of SpaP (SctR)
varied strongly with an Noyt/Cour or Nour/Cix orientation, three to six
TMHs and a high variation of start and end positions of the helices. A large
loop between amino acids 75 and 141 was consistently predicted, however, its
orientation was not clear. SpaR (SctT) was predicted with five to six TMHs,
mainly with an Noyt/Cour orientation (only SCAMPI Ny /Ciy).

To improve the ambiguous predictions of the minor export apparatus
proteins SpaP, SpaQ) and SpaR, I compared them with nine homologs
from different vI'3SS and fT3SS each: vT3SS and fT3SS of Salmonella
Typhimurium, vT3SS of Xanthomonas campestris, vI3SS of Yersinia ente-
rocolitica, vT3SS and fT3SS of Shigella flexneri, vI3SS of Pseudomonas
syringae, vI3SS and fI'3SS of Escherichia coli, and fT3SS of Helicobacter
pylori. The alignments were performed using T-Coffee multiple sequence
alignment (Notredame et al., 2000), and AG,,, (Hessa et al., 2007) was used
to predict TMHs. These results are summarized together with a review of
charged amino acids (Andersson et al., 1992) in figure 8.

The transitive consistency score (TCS) is a sequence alignment evaluation
which scores between 0 and 100. A score lower than 50 should be considered
poor (Chang et al., 2014). TCS of the SctR, SctS and SctT homologs were
between 83 and 94 (manuscript II: supplements S1, S4 and S7).
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Figure 7: Topology prediction of the export apparatus proteins InvA (SctV)
and SpaPQRS (SctRSTU) using TOPCONS (Tsirigos et al., 2015), TMHMMIfix
(Melén et al., 2003), AG,pp, (Hessa et al., 2007) and PredictProtein (PHDhtm) (Yachdav

et al., 2014). In the summaries sequences predicted as transmembrane helices (

cytosolic part after amino acid 205 are omitted (manuscript II).
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The SctR and SctT homologs were predicted with four TMHs (disre-
garding the possible signal peptide sequences in cases of FliP, manuscript
II, supplement S11) and five to six TMHs respectively. They varied in
length between 18 and 40 amino acids and with AG ranging from 2 to -4
kcal /mol (manuscript II: supplement S2 and S8). The two predicted TMHs
of SctS only ranged from 23 to 30 amino acids with a AG of 1 to -3 kcal /mol
(manuscript II: supplement S5).

As described by the ’'positive-inside’ rule’ (von Heijne, 1989; Wallin and
von Heijne, 1998) the positively charged amino acids arginine and lysine
have a much larger impact on membrane protein topology than the weakly
positively charged histidine or the negatively charged aspartate and gluta-
mate. Histidine only becomes relevant at lower than physiological pH, while
aspartate and glutamate affect topology only in sufficiently high numbers
(Andersson et al., 1992; Nilsson and von Heijne, 1990).

The SctR homologs contained a conserved positively charged amino acid
in the first predicted loop, indicating that this loop is probably cytoplasmic.
This, together with few arginine and lysine in the C- and N-termini and
only occasional aspartate or glutamate, is an indication for an Noyr/Cour
orientation. The predicted large loop (between amino acids 75 and 141 in
SpaP) carries a high number of positively charged amino acids, but also
a high number of negative charges and in case of SpaP an EDED cluster
directly adjoining the second predicted TMH, which could affect topology
contrary to the positive charges. Assuming four TMHs, this loop should be
on the same membrane side as the termini (manuscript II: supplement S3).

90 % of the SctS homologs had at least one positively charged amino acid
in the N-terminal extramembrane region or within the first three amino acids
of the adjacent predicted TMH. The same was the case for the C-terminus,
while no positively charged amino acids were in or near the predicted loop
(manuscript II: supplement S6). This suggests an Niy/Ciy orientation.

90 % of the SctT homologs contained a conserved positively charged
amino acid in the last predicted loop, suggesting a cytoplasmic orientation of
this loop, indicating a Cour orientation for the whole protein (manuscript I1:
supplement S9). However the overall topology of SctT cannot be concluded

from these results.
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Figure 8: Review of charged residues of the export apparatus proteins
SctRST homologs (vT3SS and fT3SS of Salmonella Typhimurium, Shigella flexneri
and Fscherichia coli, vI3SS of Xanthomonas campestris, Yersinia enterocolitica, and Pseu-
domonas syringae, and fT3SS of Helicobacter pylori; Uniprot entry number in brackets).
Simplification of transmembrane helix (TMH) predictions by AG,pp,. Number of Arginine
and Lysine counted in the extramembrane regions and within the first three amino acids
of the adjacent predicted TMH. Clusters of negatively charged amino acids and conserved
positively charged amino acids are additionally marked (manuscript II, full sequences and
TMHs in supplement S3, S6 and S9 of manuscript IT).

3.2.2 Experimental analysis of the transmembrane

topology using SCAM

The bioinformatics analysis of the transmembrane topology of the Salmonella
T3SS export apparatus was followed by an experimental analysis. In an
effort to avoid the introduction of large, possible tertiary structure changing
elements, I chose an approach which only requires the replacement of single
amino acids with cysteine (Bogdanov et al., 2005), as described in chapter
1.4.

As immunoprecipitation and detection is a prerequisite for analysis by
SCAM, previously described 3xFLAG epitope-tagged versions of the four
export apparatus components InvA (SctV), SpaP (SctR), SpaR (SctT), and
SpaS (SctU) were used throughout this study (Wagner et al., 2010). For
SpaS, the detection by a C-terminal FLAG tag necessitated the use of an
autocleavage-deficient N258A mutant (Wagner et al., 2010). Unfortunately,
SpaQ) could not be tagged and therefore was not assessed using this method.

Cysteine free mutants of the remaining four export apparatus proteins as

well as single cysteine mutants were created. Their secretory function was
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Figure 9: Secretion of effector proteins SipB and InvJ into the the supernatant
(sup) and expression of export apparatus proteins InvA (a), SpaP (b), SpaR
(c) and SpaS (d) in whole cells (wc). Cysteine mutants are expressed from low copy
number plasmid pTACO10. AidnvA strain functions as a negative control for secretion
(manuscript I).

verified by Western blot analysis of the Salmonella SPI-1 vT3SS substrates
InvJ and SipB in culture supernatants of plasmid-complemented knock-out
mutants.

While secretion was reduced for some mutants, most cysteine substitu-
tions did not impair secretion of both substrate proteins (figure 9).

The secretion functionality of SpaR was strongly reduced by the addition
of the 3xFLAG epitope-tag. Since the experimental mapping of this protein
did not yield clear results, functional assays of single cysteine mutants are
not shown.

For the successful implementation of SCAM, both the integrity of bacte-

rial cells during the blocking and labelling steps as well as the accessibility
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of the cysteine residues needed to be assured. Results indicating lysis of cells
by displaying similar labelling between the cytopasm and periplasm exper-
iment have been disregarded. Cells were treated with a mixture of EDTA
and lysozyme to allow maleimides to pass through the outer, but not the
inner membrane. To ensure accessibility, amino acids predicted as exposed
(using PredictProtein PROFsec and SNAP2 (Yachdav et al., 2014)) were
preferentially replaced with cysteine. Additionally, SCAM experiments were
conducted in a AprgHIJK (AsctDFIJ) strain, which was previously shown
(Wagner et al., 2010) to assemble an intact export apparatus, but lack the
periplasmic structures of the T3SS that would possibly shield it from labelling
reagents.

Labelling and blocking properties of the maleimide reagents was tested
using an InvA cysteine mutant A511C with known position in the cyto-
plasm from the 3D-structure of the C-terminal extramembrane domain of
this protein (Abrusci et al., 2013).

A cysteine free negative control was run alongside each experiment. The
signal strength of the labelling results was normalized using the FLAG-IP
signal and compared relative to the respective lowest (set as 0 %) and highest
(set as 100 %) signal of each experiment.

With these measures taken, SCAM allows for precise and reliable
membrane topology mapping. Results were accepted as certain if a position
could be mapped with complementary cytoplasmic and periplasmic labelling
in at least duplicate.

For the major export apparatus protein InvA (SctV) eleven of sixteen
amino acid positions could be mapped (figure 10a): S4C, A166C, S174C,
S263C, S272C, S337C and A511C in the cytoplasm and Q104C, S225C,
G296C and F297C in the periplasm. The results of the remaining five posi-
tions offered an indication of the localization. Cysteine at position 133 proved
to be inaccessible, the position S143C (cytoplasmic) and S228C (periplasmic)
could only be labelled once, position D38C was localized in the periplasm
in two out of five experiments, but proved to be inaccessible in the rest and
position D59C was localized in the cytoplasm in two out of four experiments,
but inaccessible and in the periplasm in the remaining two. These results
confirm a Ny /Cjy orientation with eight TMHs (figure 11).

For the minor export apparatus protein SpaP (SctR) half of the six amino

acid positions could be labelled unambiguously (figure 10b): S31C and
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Figure 10: SCAM results of Salmonella type II1 secretion system export apparatus
proteins InvA, SpaP and SpaS (SctRUV). Number of experiments for (a) InvA, (b) SpaP
and (d) SpaS in which the relative cytoplasmic (blue) or periplasmic (green) signal was
stronger. Number of experiments in which both signals were comparable with the negative
control are shown in gray. (c) Relative periplasmic signal of SpaP. Error bars: standard
error of the mean (manuscript II).
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S189C in the cytoplasm and T224C in the periplasm. Due to a signal in
the cytoplasmic negative control in many experiments the results of the
remaining positions were ambiguous. The results of the periplasmic labelling
alone offer an indication of the localization in the periplasm for the posi-
tions G2C, S89C and S107C, while the position S157C is likely cytoplasmic
or inaccessible (figure 10c). Overall, these results point to a Nouyr/Cour
orientation together with a large periplasmic loop, contrary to the majority
of predictions (figure 12).

For the switch protein SpaS seven of ten amino acid positions were
mapped (figure 10d): S23C, S115C, T131C and S231C cytoplamic and
G53C, S66C and S162C periplasmic. The positions S17C and T205C (cyto-
plasmic) as well as G166C (periplasmic) could only be localized once, respec-
tively. This confirms the predicted Niy/Ciy orientation with four TMHs
(figure 13).

Experimental topology mapping of SpaR (SctT) did not lead to any
conclusive results, due to cytoplasmic labelling of the negative control in
many experiments similar to SpaP as well as labelling which indicates partial

cell lysis during the labelling or blocking steps.
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4. Discussion

As T3SSs are present in numerous organisms, structural information is avail-
able from various sources. Low resolution electron microscopy images show
resemblance between the virulence-associated and the flagella basal body
(Kubori et al., 1998; Sekiya et al., 2001) and the vT3SS export apparatus
proteins show a high sequence similarity among each other and to the fT3SS
(Hueck, 1998). While it is important to keep in mind the difference between
the systems, the close relation enables us to combine and compare the struc-

tural information gained from different systems in different species.

4.1 Stoichiometry of the type III secretion

needle complex

The stoichiometry of some T3SS components has been proposed before. I am
able to confirm the previous results in situ, as well as present the stoichiom-
etry of all remaining members of the needle complex. The MxiA (SctV,
Shigella) was reported by electron cryo-tomography to have a nonameric,
cytoplasmic ring structure (Abrusci et al., 2013). Analysis of cryo-electron
microscope images suggest a 24-fold symmetry in Salmonella for the base
components PrgH and PrgK (SctDJ) (Schraidt and Marlovits, 2011), while
the homologs MxiG and MxiJ in Shigella were reported to have a 12-fold
symmetry (Hodgkinson et al., 2009). In fT3SSs, FliP (SctR) has been
reported with a stoichiometry of 4-5 and FliR (SctT) of 1-3 (Jones et al.,
1990). In the same studies, the stoichiometry of the homologs InvG and
MxiD (SctC) was suggested as 15 and 12 proteins per complex, respectively.
Exact stoichiometries of the export apparatus proteins SctRSTU and the
‘inner rod’ protein PrgJ (Sctl) remained largely unknown.

[ can corroborate a 24-fold stoichiometry for both PrgK and PrgH (SctDJ)
as well as 15 proteins per complex for InvG (SctC). Based on both PCS
experiments and the verification of the ratio of SpaS (SctU) and SpaQ (SctS)
by synthetic stable isotope-labelled peptides, the minor export apparatus
proteins SpaPQR (SctRST) and the switch protein SpaS (SctU) are shown
to have a stoichiometry of 5:1:1:1. The AP experiments demonstrated a

weak association of InvA (SctV) to the complex, explaining the slightly lower
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number of proteins per complex compared with the previously reported ring
structure. The ’inner rod’ protein PrgJ (Sctl) is thought to connect to the
needle and to anchor it inside the base (Marlovits et al., 2006). It has been
suggested that PrgJ forms a helix structure similar to Prgl, and crosslinks of
up to six PrgJ, indicate at least one complete turn of the ’inner rod’ protein
(Lefebre and Galan, 2013). The PCS experiments with both purification
methods point to a lower number of just three PrgJ. However, since the
assembly of the T3SS was not synchronised in culture, it is possible that not
all systems were ready for secretion of PrgJ at the point of cell harvest. The
affinity purification electron microscopy pictures can not be used to judge
the number of actively secreting complexes, as the needles were sheared off
during this preparation. In case of the CsCl-GCP preparation, which left the
needles attached, approximately half of the bases contain a needle (figure
5b). Assuming that likewise only half the bases contain an ’inner rod’, the
stoichiometry of three PrgJ in situ in the PCS experiments would represent
six PrgJ in vivo. This suggests a PrgJ structure of just one helix turn, rather
than an ’inner rod’.

In summary, I can present evidence that the export apparatus of vI'3SSs is
composed of nine InvA, five SpaP, one SpaQ), one SpaR, and one SpaS, which
suggests a total of 99 to 104 transmembrane helices within the membrane

patch in the base of these systems.

4.2 Topology of the T3SS export apparatus

The export apparatus is essential for T3SSs to facilitate substrate transloca-
tion across the bacterial inner membrane. While high-resolution structures
of larger extramembrane domains of the system have been obtained (Zari-
vach et al., 2008; Worrall et al., 2010; Hu et al., 2017), structural information
about the membrane integrated regions is limited.

Bioinformatics analysis of the Salmonella SPI-1 vT'3SS export apparatus
proteins SpaP, SpaQ, SpaR, SpaS and InvA (SctRSTUV) and analysis of
homologs of SctRST presented clear evidence for the membrane topology of
InvA, SpaQ and SpaS. All three could be mapped with an Nyy/Ciy orienta-
tion. For InvA and SpaS, these results were validated experimentally using
SCAM. For the remaining minor export apparatus proteins SpaP and SpaR,
the regions for TMHs could be defined; however, the exact number of TMHs
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could not be resolved. I did find indications for an Noyr/Cout orientation of
SpaP experimentally and by bioinformatics and for an Noyr/Cry orientation
for SpaR by bioinformatics.

A previous model of the major export apparatus protein InvA (SctV)
was based on cryo-electron microscopy and showed the extramembrane cyto-
plasmic C-terminus (Worrall et al., 2010). To this I can now add details
about the N-terminal transmembrane domain. The results of the topology
mapping of InvA show eight TMHs with cytoplasmic N- and C-terminus
and a large cytoplasmic fourth loop (figure 11). Earlier topology studies
of the homolog YscV (formerly LreD) in Y. pestis via PhoA fusion mapped
the first, fifth and seventh loop to be periplasmic, at residues which closely
agree with my results (Plano et al., 1991). In X. campestris the export
apparatus proteins have been studied by phoA—lacZ reporter fusions. The
study presented evidence for seven TMHs of the InvA homolog HrcV, with
an Noyr/Ciy orientation (Berger et al., 2010). These results agree with the
last seven TMHs I detected, omitting the very first one. The missing TMH is
unsurprising as the study used strongly truncated versions of InvA, missing
most of the C-terminal information which can have critical influence on the
topology.

The results of the SCAM investigation of SpaP (SctR) points to four
TMHs with a large periplasmic second loop as well as an Noyr/Couyr orien-
tation (figure 12). This is in accordance with N-terminal SpaP interaction
with the periplasmic 'inner rod’ protein PrgJ (Sctl) (manuscript IV, Dietsche
et al. (2016)). Additionally, some of the SpaR homologs (manuscript II,
supplement S11) in flagella systems may include signal peptides which also
point to an Noyr orientation (Wang et al., 2008).

As with InvA, a 3D-structure of the cytoplasmic C-terminus of SpaS
(SctU) has been published previously (Zarivach et al., 2008). Topology
mapping of this protein shows four TMHs with an Nyy/Ciy orientation
(figure 13). This is consistent with the data obtained in a PhoA fusion
study in Y. enterolitica (Allaoui et al., 1994) which I can complement with
reliable cytoplasmic signals.

Topology mapping of SpaR (SctT) proved to be more challenging than for
the other export apparatus proteins. Its homolog in Xanthomonas, Hrc'T, was
reported to have only one N-terminal TMH which stands in sharp contrast

to my bioinformatics predictions (figure 7; manuscript II: supplement S5),
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Figure 11: (a) Topology mapping of Salmonella type III secretion system export appa-
ratus protein InvA (SctV). Membrane depicted as yellow bar. Membrane external loops
are numbered in roman numerals. Visualized using PROTTER online tool (Omasits et al.,
2014). (b) Mapped amino acid positions added to topology predictions of figure 7. InvA
C-terminal cytosolic part after amino acid 350 and cytosolic mapped position 511 are
omitted. Coloring according to legend of a) (manuscript IT).
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Figure 12: (a) Topology mapping of Salmonella type III secretion system export appa-
ratus protein SpaP (SctR). Membrane depicted as yellow bar. Membrane external loops
are numbered in roman numerals. Visualized using PROTTER online tool (Omasits et al.,
2014). (b) Mapped amino acid positions added to topology predictions of figure 7. Coloring
according to legend of a) (manuscript IT).
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Figure 13: (a) Topology mapping of Salmonella type III secretion system export appa-
ratus protein SpaS (SctU). Membrane depicted as yellow bar. Membrane external loops are
numbered in roman numerals. Visualized using PROTTER online tool (Omasits et al.,
2014). (b) Mapped amino acid positions added to topology predictions of figure 7, C-
terminal cytosolic part after amino acid 205 is omitted. Coloring according to legend of
a) (manuscript II).
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which suggested four to six TMHs (Berger et al., 2010). The study used
a phoA—lacZ reporter fusion and largely concurs with my results for the
export apparatus proteins SctRUV. However, as mentioned before, these
reporter studies are based on heavily truncated versions, making the results
debatable, as SpaR seems to be especially sensitive to even small changes
such as amino acid substitutions (data not shown).

In bacterial genomes, sctT and sctU are often located consecutive in the
same operon (Van Arnam et al., 2004) and equivalents of both genes exists
as native gene fusions in Clostridium acetobutylicum and Clostridium tetansi
(Briigggemann et al., 2003; Nolling et al., 2001). This could suggest that the
C-terminal part of SctT is in the cytoplasm alongside the N-terminus of SctU.
In S. Typhimurium fT3SS a fusion of the homologs fliR-flhB was published,
though function was strongly reduced (Van Arnam et al., 2004). In the S.
Typhimurium SPI-1 vI'3SS spaR and spaS are consecutive with a fourteen
nucleotide overlap (Kroger et al., 2012) and while I was able to construct a
SpaRS fusion, the fusion was not functional for secretion (data not shown).
Furthermore, preliminary cross-link MS data (not shown) suggest interaction
between both the second to last extramembrane loop and the C-terminus of
SpaR with the periplasmic second loop of SpaP. Together with my cyto-
plasmic prediction of the last loop of SctT homologs, this underpins the
likelihood of several TMHs at the end of SpaR with a Coyr orientation.

Previously, density differences were observed in the centre of the base
between averaged cryo-electron microscopy images of wild type and export
apparatus knock out mutants (AinvA AspaPQRS and AspaP). The struc-
tures representing these differences were termed ’cup’ and ’socket’ (Wagner
et al., 2010; Marlovits et al., 2004). The proteins SpaPQR (SctRST) (Wagner
et al., 2010) or PrgJ (Sctl) with periplasmic loops of SpaPR (SctRT)
(manuscript IV, Dietsche et al. (2016)) were suggested to account for the
unassigned density of the socket and form of a defined substructure. I was
able to confirm that the large loop of SpaP is periplasmic, although the
periplasmic part of SpaR remains undefined. Nevertheless, the 5:1 stoi-
chiometry of the SpaPR subcomplex means that the five SpaP, alongside
six PrgJ (manuscript I, Zilkenat et al. (2016)) could represent a major part
of the socket structure. Neither InvA (SctV) nor SpaS (SctU) contain large
periplasmic loops. InvA though, of which a total of nine copies are present
in the T3SS (Abrusci et al., 2013; Zilkenat et al., 2016) includes a large cyto-
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plasmic fourth loop to which no structure has been assigned yet. In F1hA
(SctV) this loop has been suggested to play a role in inwardly-directed proton
flow and may interact with FIiR (SctT) (Hara et al., 2011).

In summary, I was able to define the topologies of the major export appa-
ratus protein InvA and the switch protein SpaS, and ascertain the periplasmic
orientation of the largest loop and the termini of SpaP. I also found indica-
tions for cytoplasmic orientations of the termini of Spa( and a Coyr orien-

tation for SpaR.
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5. Conclusion

The export apparatus of type I1I secretion systems is an essential part of these
membrane-spanning macromolecular machines. However, its localization in
the inner membrane at the very center of the complex has made structural
analysis very challenging.

Taken together, the four manuscripts presented in this work illustrate
how indirect structural information of macromolecular membrane complexes
can be obtained by a variety of methods.

The stoichiometric information of not only the export apparatus proteins,
but also of the base and "inner rod’ components was gained in situ by a ratio-
metric mass spectrometry approach. These results further our understanding
of the makeup of T3SS and demonstrate the applicability of these methods to
complexes of very heterogeneous composition and wide stoichiometric range
(Zilkenat et al., 2016, 2017).

The topology predictions and mapping of the export apparatus proteins
by labelling of single cysteine residues furthers structural studies and assists
in elucidating the functions of export apparatus proteins not only in vI'3SSs
but also in fT3SSs (manuscript II).

The data was subsequently used to support in vivo photocrosslinking
analysis which showed that the pentamer of SpaP (SctR) forms a central
translocation channel in vI'3SS, which may be gated through a combination
of SpaQRS (SctSTU), all present in only one copy (Zilkenat et al., 2016;
Dietsche et al., 2016).

The low stoichiometric number of PrgJ (Sctl) together with crosslinks to
SpaP and SpaR (SctR and SctS) demonstrates that the term ’inner rod’ is
misleading, but that these proteins probably build a short, direct connector
between needle and base.

This information will further structural and functional analyses and help
to develop anti-infective strategies to target both the virulence-associated
and the related flagellar systems, which are central virulence factors of many

pathogens.
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Precisely knowing the stoichiometry of their components
is critical for investigating structure, assembly, and func-
tion of macromolecular machines. This has remained a
technical challenge in particular for large, hydrophobic
membrane-spanning protein complexes. Here, we deter-
mined the stoichiometry of a type lll secretion system of
Salmonella enterica serovar Typhimurium using two com-
plementary protocols of gentle complex purification com-
bined with peptide concatenated standard and synthetic
stable isotope-labeled peptide-based mass spectrometry.
Bacterial type lll secretion systems are cell envelope-
spanning effector protein-delivery machines essential for
colonization and survival of many Gram-negative patho-
gens and symbionts. The membrane-embedded core unit
of these secretion systems, termed the needle complex, is
composed of a base that anchors the machinery to the
inner and outer membranes, a hollow filament formed by
inner rod and needle subunits that serves as conduit for
substrate proteins, and a membrane-embedded export
apparatus facilitating substrate translocation. Structural
analyses have revealed the stoichiometry of the compo-
nents of the base, but the stoichiometry of the essential
hydrophobic export apparatus components and of the
inner rod protein remain unknown. Here, we provide evi-
dence that the export apparatus of type lll secretion sys-
tems contains five SpaP, one SpaQ, one SpaR, and one
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SpaS. We confirmed that the previously suggested stoi-
chiometry of nine InvA is valid for assembled needle com-
plexes and describe a loose association of InvA with other
needle complex components that may reflect its function.
Furthermore, we present evidence that not more than six
PrgJ form the inner rod of the needle complex. Providing
this structural information will facilitate efforts to obtain
an atomic view of type lll secretion systems and foster our
understanding of the function of these and related flagel-
lar machines. Given that other virulence-associated bac-
terial secretion systems are similar in their overall buildup
and complexity, the presented approach may also enable
their stoichiometry elucidation. Molecular & Cellular
Proteomics 15: 10.1074/mcp.M115.056598, 1598-1609,
2016.

Type Ill secretion systems (T3SS), evolutionary and struc-
turally related to bacterial flagella (1), are used by many path-
ogenic or symbiotic Gram-negative bacteria to inject effector
proteins into eukaryotic host cells in order to promote bacte-
rial survival and colonization (2). The core unit of T3SSs is a
cell envelope-spanning macromolecular machine termed the
needle complex. It consists of a base that anchors the com-
plex in the bacterial inner and outer membranes (3), an inner
membrane-embedded export apparatus facilitating substrate
translocation located at the center of the base (4), and a
filamentous inner rod and needle, which protrude from the
bacterial surface and serve as conduit for substrates (2) (Fig.
1). The entire system, which also includes several cytoplasmic
components involved in targeting and preparation of sub-
strates (5-9), is composed of up to 20 different proteins with
one to several hundred copies each.

Studies using single particle cryo electron microscopy cou-
pled to molecular docking of the atomic structures of domains

" The abbreviations used are: DDM, n-dodecyl-B-D-maltoside;
HCD, Higher-energy collisional dissociation; IM, inner membrane; IP,
immunoprecipitation; IPTG, isopropyl-p-D-thiogalactopyranoside;
MBP, maltose-binding protein; OM, outer membrane; PCS, peptide
concatenated standard; SPI-1m Salmonella pathogenicity island 1;
T3SS, type Il secretion system.
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host
membrane

translocon

needle tip

inner rod/
needle
filament

Prgl (SctF)
SpaS

InvG (SctC)

PrgJ (Sctl)
base socket
PrgH (SctD)
PrgK (SctJ)
export SpaPQR (SCtRST)
apparatus Spas (SctU)
R OrgA (SctK)
cytoplasmic InvA (SctV)
components Spa0 (SctQ)

Invl (SctO)
OrgB (Sctl)

InvC (SctN)

FiGc. 1. Model of the type Ill secretion system needle complex.
Base and export apparatus components whose stoichiometry was
investigated are shown in color. Protein names of T3SS-1 of S.
Typhimurium are indicated. Protein names according to the unified
nomenclature by Hueck (50) are in brackets. On the right, a bottom
view of the base and export apparatus is shown indicating stoichi-
ometries obtained in this study. Abbreviations: IM: inner membrane;
OM: outer membrane.

of different components have begun to generate an atomic
model of the type Il secretion needle complex (10). However,
many protein densities within the structure are still unac-
counted for, leaving substantial knowledge gaps that have yet
to be filled. A challenge for this effort has been the absence of
the precise stoichiometry of all the components of the needle
complex. The determination of an accurate stoichiometry for
such a large and hydrophobic protein assembly is technically
demanding but severely needed to facilitate approaches gen-
erating an atomic view of the machine. The stoichiometry that
is known to date resulted from the analyses of the less hy-
drophobic components that have been amenable to high-
resolution x-ray crystallography and NMR and low-resolution
cryo electron microscopy. The low-resolution structural anal-
ysis of isolated needle complexes revealed a stoichiometry of
12-15 copies for the outer membrane secretin ring of T3SSs
of different bacteria and of 12-24 copies for the two inner
membrane ring proteins (11-14). The periodicity of the helical
needle is 5.7 subunits per turn as assessed by solid-state
NMR (15), but the stoichiometry of the inner rod has not been
reported. So far, only the sizeable cytoplasmic domains of
several homologs of the hydrophobic export apparatus com-
ponents SpaS and InvA were amenable to high-resolution
structural studies (16—24). While no stoichiometry could be
deduced from structures of SpaS, the C-terminal domain of
the InvA homolog of Shigella (MxiA) crystallized as a nona-
meric ring (24). Besides SpasS, the stoichiometry of the minor

export apparatus components SpaP, SpaQ, and SpaR is also
unknown.

To evaluate the stoichiometry of the complete needle com-
plex of the T3SS encoded within pathogenicity island 1
(SPI-1) of Salmonella enterica serovar Typhimurium (S. Typhi-
murium), including its hydrophobic export apparatus compo-
nents (Fig. 1, see also for nomenclature), we have employed
two complementing mass spectrometry (MS)-based strate-
gies, using peptide concatenated standards (PCS) (25) and
synthetic stable isotope-labeled peptides (26). Both strategies
employ ratiometric comparison of isotope-labeled standard
peptides of known quantity or stoichiometry with the quanti-
ties of the same peptides in assembled complexes (Fig. 2).

These approaches have been used successfully to study
the stoichiometry of protein assemblies of low complexity,
hydrophobicity, and/or stoichiometric range (e.g. (25, 27-29),
but the analysis of large, heterogeneous, and hydrophobic
membrane protein complexes remains a challenge. Using two
optimized complementary needle complex purification proto-
cols and MS analysis, we have been able to reliably deduce
the stoichiometry of the T3SS encoded by SPI-1 of S. Typhi-
murium. We reproduced the structure-based stoichiometry of
24:24:15 for PrgH, PrgK, and InvG, which validated our ap-
proach, and confirmed the proposed nonameric stoichiome-
try of InvA for the first time in situ. More importantly, we report
evidence that the export apparatus of this T3SS contains five
SpaP, one SpaQ, one SpaR, and one SpaS. Combined with
the predicted transmembrane topologies of these proteins,
this stoichiometry suggests that the inner membrane patch of
the needle complex base houses 104 transmembrane do-
mains in total, a dense assembly whose function in the se-
cretion process can now be studied in greater detail. Further-
more, we present evidence that only one helical turn
composed of six inner rod proteins PrgJ anchors the needle
to the base, which may have implications for its suggested
function in needle length control and substrate specificity
switching (30).

The stoichiometry information provided in this study will
facilitate further structural and functional studies of type Il
secretion and of the related flagellar systems and as such help
to develop inhibitors of these machines central to the viru-
lence of many pathogens. By combining gentle membrane
protein complex purification and quantitative mass spectrom-
etry, we show that MS-based stoichiometry determination
can be extended to investigating highly hydrophobic com-
plexes of a wide stoichiometric range such as multiple other
bacterial protein secretion machines.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were from Sigma-Aldrich (St. Louis, MO)
unless otherwise specified. Detergent n-dodecyl-p-b-maltoside (DDM)
was from Affimetrix-Anatrace (Maumee, OH). SERVA Blue G and
SERVAGel™ TG PRIME™ 8-16% precast gels were from Serva
(Heidelberg, Germany). NativePAGE Novex Bis-Tris 3-12% gels were
from Life Technologies (Carlsbad, CA). Primers were synthetized by
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Eurofins (Ebersberg, Germany) and Integrated DNA Technologies
(Coralville, 1A). Arg10 (°Cg, '°N, - arginine) was from Cambridge
Isotope Laboratories (Tewksbury, MA) and Lys8 (*°Cg, "°N, - lysine)
was from Silantes (Munich, Germany). Stable isotope-labeled pep-
tides were from Thermo Fisher (Waltham, MA).

Bacterial Strains, Plasmids, and Growth Conditions—Bacterial
strains and plasmids used in this study are listed in Table S1. All S.
Typhimurium strains were derived from strain SL1344 (31). S. Typhi-
murium 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.
pMAL-c5x-PCS 1 and pMAL-c5x-PCS 2 were cloned by Gibson
cloning according to published protocols (32) with primers listed in
Table S2. For PCS purification, Escherichia coli strain AT713 (e.g.
argA21, lysA22) was grown in defined M9 medium (Table S3) at 27 °C
to 37 °C and 200 rpm, supplemented with 0.3 mm IPTG to induce
expression of the maltose binding protein (MBP) fusion from plasmid
pMAL-c5x. Cultures were supplemented as required with streptomy-
cin (50 pg/ml), tetracycline (12.5 pwg/ml), or ampicillin (100 pg/ml).

Secretion Assay—Analysis of type lll-dependent secretion of pro-
teins into the culture medium was carried out as described previously
(33).

Immunoblotting—For protein detection, samples were subjected to
SDS-PAGE using SERVAGel™ TG PRIME™ 8-16% precast gels
(Serva), transferred onto a PVDF membrane (Bio-Rad, Hercules, CA),
and probed with primary antibodies anti-SipB, anti-InvJ, anti-PrgH,
antiSpaSy,, or M2 anti-FLAG. Secondary antibodies were goat anti-
mouse IgG DyLight 800 conjugate and goat anti-rabbit IgG DyLight
680 conjugate (Thermo Scientific Pierce, Rockford, IL). Detection was
performed using the Odyssey imaging system (Li-Cor, Lincoln, NE).

Needle Complex Purification by Immunoprecipitation—Membrane
fractionation, solubilization, and immunoprecipitation (IP) were car-
ried out as previously described (4, 34).

Needle Complex Purification by CsCl Gradient Centrifugation—
Purification of needle complexes of wild-type and SpaSy,ssa™"®
bacteria was carried out as published previously (3, 33), but n-dode-
cyl-N,N-dimethylamine-N-oxide was replaced by DDM (0.7% for ly-
sis/extraction, 0.1% for maintenance) for lysis of cells and extraction
of needle complexes throughout the protocol. Furthermore, an initial
concentration of 35% (w/v) of CsCl was used to prepare the gradient.

Electron Microscopy—Purified needle complexes were negatively
stained with 1% aqueous uranyl acetate on carbon-coated copper
grids. Micrographs were recorded using a JEM-1400Plus (JEOL, Tokyo,
Japan) microscope at 120 kV.

Blue Native-PAGE—Blue native-PAGE of purified needle com-
plexes was carried out as previously described (4).

Protein In-Gel Digestion—For identification and selection of suita-
ble peptides for the design of peptide-concatenated standards (PCS),
the stained protein bands corresponding to the needle complex were
excised from blue native-PAGE gels and in-gel digested with trypsin
(35). We performed a pilot experiment to evaluate whether two con-
secutive in-gel digests of the same gel piece would improve the yield
of tryptic peptides qualitatively (additional unique peptides) and quan-
titatively (more evidence of high intensity of the same peptide) (data
not shown). This procedure resulted in a quantitative improvement of
up to 20% for all peptides identified and sequenced by tandem mass
spectrometry; the yield of four critical peptides of needle complex
components was even improved by 40% or more (SpaR GATHVLE,
InvA AGIIDADAAR, PrgK LYSAIEQR, and SpaQ MDDLVFAGNK). Of
the peptides identified in the second digest, up to 38% were not
identified in the first digest. Because of these improvements, we
decided to routinely use two consecutive digests and extractions.
After each step, extracted peptides were desalted using C,4 Stage-
Tips (36). Corresponding eluates were combined and subjected to
LC-MS/MS analysis. For PCS analysis, blue native-gel bands con-

taining the purified complex were mixed with the gel bands containing
the “heavy” labeled purified PCS construct prior to in gel digestion.

For quantification using stable isotope-labeled peptides, combined
eluates were divided into three equal parts. The synthetic stable
isotope-labeled peptides QVIFLALAK (SpaQ) and VGVPVIVDIK
(SpasS), labeled with Lys8 on the C terminus (Thermo Fisher Scien-
tific), were added to the digested proteins in three different amounts:
0.375, 0.75, and 1.5 pmol. The peptide mixtures were subjected to
LC-MS/MS analysis.

Mass Spectrometry—LC-MS/MS analyses were performed either
on an EasyLC Il nano-HPLC (Proxeon Biosystems) coupled to an LTQ
Orbitrap Elite mass spectrometer (Thermo Scientific), or on an Ea-
syLC 1000 nano-UHPLC (Proxeon Biosystems, Odense, Denmark)
coupled to a Q Exactive HF mass spectrometer (Thermo Scientific),
both as described previously (37, 38). Peptide mixtures were injected
onto the column in HPLC solvent A (LTQ Orbitrap Elite: 0.5% acetic
acid; Q Exactive HF: 0.1% formic acid) at a flow rate of 500 nl/min and
subsequently eluted with either a 116 min (PCS analyses) of 5-33-
50-90% of HPLC solvent B (80% acetonitrile in 0.5% acetic acid) or
a 57 min gradient (quantification using stable isotope-labeled) of
10-33-50-90% of HPLC solvent B (80% acetonitrile in 0.1% formic
acid). During peptide elution, the flow rate was kept constant at 200
nl/min. For Orbitrap Elite analysis, the 20 most intense precursor ions
were sequentially fragmented in each scan cycle using collision-
induced dissociation, and sequenced precursor masses were ex-
cluded from further selection for 60 s. In some cases, an inclusion list
containing ions of light- and heavy-labeled PCS peptides was ap-
plied. For Q Exactive HF, the seven most intense precursor ions were
sequentially fragmented in each scan cycle using HCD fragmentation.
For quantification using stable isotope-labeled, full scan MS spectra
were acquired in a mass range from m/z 480-705. An inclusion list
containing ions of light- and heavy-labeled peptides QVIFLALAK and
VGVPVIVDIK was applied, and no additional masses were allowed for
fragmentation. Full scan resolution was set to 120,000. The target
values for the MS scan and MS/MS fragmentation were 3 X 10° and
10° charges (Q Exactive HF) or 10° and 5 X 10° charges (Orbitrap
Elite). The maximal injection time for MS/MS fragmentation was 110
ms and 25 ms, respectively.

Mass Spectrometry Data Processing—The MS data were pro-
cessed with a setting of 1% for the false discovery rate using Max-
Quant software (versions 1.2.2.9 and 1.5.2.8) as described previously
(87, 39, 40) with slight modifications. A database search was per-
formed using the Andromeda search engine (40), which is part of
MaxQuant. MS/MS spectra were searched against a target database
consisting of 10,152 protein entries from S. Typhimurium (uniprot
99287, March 1, 2009 and uniprot 216597, July 11, 2012), a database
containing the PCS sequences and 248 commonly observed contam-
inants. In the database search, full tryptic specificity was required and
up to two missed cleavages were allowed. Carbamidomethylation of
cysteine was set as fixed modification, protein N-terminal acetylation
and oxidation of methionine were set as variable modifications. Initial
precursor mass tolerance was set to 6 ppm (versus 1.2.2.9) and 4.5
ppm (versus 1.5.2.8), respectively, and at the fragment ion level 0.5 Da
was set for collision-induced dissociation fragmentation and 20 ppm
for Higher-energy collisional dissociation (HCD) fragmentation. Quan-
titative MS data acquired using isotope-labeled peptides were pro-
cessed either with or without restrictions at the false discovery rate. In
the latter case, data were filtered manually by setting the posterior
error probability (41) threshold to 0.01.

Design of Peptide-Concatenated Standards (PCS)—PCS candi-
dates were chosen from a pool of peptides with a mascot score of
>15, preferably without oxidized or miss cleaved forms (data not
shown). Two PCSs were assembled containing a total of two to five
tryptic peptides of each protein of interest. To retain native digestion
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behavior, one to four flanking amino acids were added before and
behind each peptide. When the peptide was at the very N-terminal or
C-terminal end of the protein of interest or when it was surrounded by
arginine or lysine, alanins were added instead of the native sequence.
In PCS 2, the native succession of peptides was retained when
successive peptides or peptides in close proximity (separated by 10
amino acids or less) were found suitable for the PCS strategy. The
synthetic PCS were fused to the C terminus of MBP using pMAL-c5x
to enhance expression and solubility, and to facilitate purification.

PCS Furification—PCSs were expressed fused to MBP from a
PMAL-c5x plasmid in AT713, grown in M9 medium containing Arg10
(°Cq, "°N,-arginine) and Lys8 ('°Cg, '°N,-lysine). MBP-PCSs were
purified using an amylose resin (New England Biolabs, Ipswich, MA).
The eluted MBP-PCS was then run on a 10%/4% SDS-PAGE, which
was subsequently stained with colloidal Coomassie. The 90 kDa band
corresponding to PCS-MBP was cut from the 4% section of the gel
and stored in 5% acetic acid until further use.

Selection of Stable Isotope-Labeled Peptides— Stable isotope-la-
beled peptides were chosen from the pool of selected PCS peptides.
The criteria for selection were: a) no missed cleavage sites, b) no
oxidized methionines, c) 6 to 15 amino acids in length, and d) a high
intensity for reliable quantification. We selected peptides QVIFLALAK
for SpaQ and VGVPVIVDIK for SpaS.

Ratiometric Quantification of Stoichiometry—For relative quantifi-
cation of the components of the needle complex, we used the light/
heavy ratios of the intensities of individual peptide sequencing events,
comprising fragmentation, quantification, and identification, which
are termed evidence hereafter. For needle complexes purified by IP or
CsCl-gradient centrifugation and measured together with the PCSs,
the following filter criteria and calculations were applied: a) Evidence
measured in the last 10 min of each run were excluded. b) Evidence
with a posterior error probability equal or higher than 0.01 were
excluded. c) To compare the light/heavy intensity ratios of the evi-
dence between the replicates, the values were transformed into a
stoichiometry by normalizing with peptides from proteins of known
stoichiometry: the InvG peptide SLLVGGYTR was used for normal-
ization for data obtained with immunoprecipitated needle complexes,
the PrgK peptide SDAQLQAPGTPVKR was used for normalization of
data obtained with needle complexes purified by CsCl-gradient cen-
trifugation. d) From these combined datasets for IP-PCS experiments
and CsCI-PCS experiments, respectively, outliers were identified as
two median absolute deviations from the median. For the analysis of
the ratio of SpaQ and SpasS in purified needle complexes using stable
isotope-labeled peptides, only the evidence with the highest intensity
was used to calculate protein ratios, which typically accounted for
90-100% of the peptides total intensity. The resulting raw data iden-
tifiers used for calculating the mean stoichiometry of each protein can
be found in Table S4.

Experimental Design and Statistical Rationale—Several measures
were taken to minimize systematic errors. a) As IP baits, the two
last-assembling export apparatus components were selected to en-
sure complete assembly of purified complexes. b) Two complemen-
tary strategies, IP and CsClI gradient centrifugation, were used for
purification of T3SS needle complexes to account for potential puri-
fication biases. c) In-gel denaturing of proteins of native needle com-
plexes by SDS and separation of MBP-PCS on a 4% SDS-PAGE were
undertaken to match the state of the proteins for in-gel trypsinization
and avoid biases because of the folding states of the proteins to be
compared. d) To account for trypsinization biases between PCS and
full-length analytes, four flanking residues were included at each side
of a cleavage site for construction of the PCS. e) Analysis of selected
proteins (SpaQ and SpaS) was performed using stable isotope-la-
beled peptides to validate results obtained using PCS.

For quality control of analytical and biological reliability, two inde-
pendent measures were taken: a) Three proteins of known stoichi-
ometry were included in the analysis: PrgH, PrgK, and InvG. Since
stoichiometry data obtained for these proteins were within 10% of the
literature data, results obtained for proteins of hitherto unknown
stoichiometry can be trusted. b) For PCS analysis, stoichiometries
were determined from measurements of up to seven different pep-
tides (Fig. 5). The very hydrophobic membrane proteins SpaQ and
SpaR allowed for the inclusion of only 2 peptides, however.

The experimental results presented were obtained with the follow-
ing sample sizes: Sample sizes for or the central IP-PCS experiment
were n = 5 for the IP-bait SpaSy,ssa” - and n = 5 for the IP-bait
InvAFYAS where n denotes biological replicates. Because of the ac-
curacy of the protocol and instrumentation used, no technical repli-
cates were performed. Sample sizes for the validating CsCl-gradient-
PCS experiment were n = 1 for the IP-bait SpaSy,ssa™*¢ and n = 1
for the IP-bait InvAT™-. Sample sizes for the validating IP and CsCl-
gradient experiments using stable isotope-labeled peptides were n =
3 for the immunoprecipitated analyte and n = 3 for the CsCl-gradient
purified analyte, where n denotes technical replicates using three
different concentrations of stable isotope-labeled peptides.

For the PCS strategy, statistical evaluation of the data was per-
formed using Microsoft Excel (version 14.06112.5000) and RStudio
(version 0.98.953). Evidence measured in the last 10 min of each run
and evidence with posterior error probability = 0.01 were removed
from the dataset. Outliers were identified as two median absolute
deviations from the median. The ratio of light to heavy intensities of
each evidence pair was normalized to compare biological replicates.
The mean of normalized evidence pairs of all peptides of a protein
was used to calculate the stoichiometry for each experimental set.

The PCS approach was validated for the selected proteins SpaQ
and SpaS by MS-based quantification using stable isotope-labeled
peptides. For this quantification, light-to heavy-ratios of the evidence
pairs were calculated from the most intense evidence of each pep-
tide, representing 90-100% of the peptide’s total intensity. Statistical
analysis was performed using Microsoft Excel.

The MS data have been deposited to the ProteomeXchange Con-
sortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository with the data set identifier PXD003113.

RESULTS

Needle Complex Isolation and Identification of Suitable
Standard Peptides—MS-based stoichiometry determination
of complexes using PCS or synthetic stable isotope-labeled
peptides requires the prior isolation of intact complexes and
the identification of suitable standard peptides (Fig. 2). First,
we employed a previously established immunoprecipitation
(IP)-based protocol (4, 34) to isolate intact T3SS needle com-
plexes from S. Typhimurium. As IP bait, we chose the two
last-assembling export apparatus components, SpaS and
InvA (brown and green in Fig. 1, respectively). These two
proteins require the presence of the other three export appa-
ratus components SpaP, SpaQ, and SpaR for assembly, thus
ensuring completeness of the isolated complexes (4, 42).
Inner and outer membranes of S. Typhimurium harboring
C-terminally FLAG-tagged alleles of either autocleavage-de-
ficient SpaS (Asn258Ala) or InvA, which are fully functional for
type lll-dependent secretion (Fig. 3A), were fractionated by
sucrose density equilibrium centrifugation. Western blotting
analysis of the 13 isolated fractions showed that needle com-
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FiG. 2. Experimental setup of the peptide concatenated standard strategy. (A) S. Typhimurium expressing needle complexes with
FLAG-tagged bait protein (SpaSy,sga Or INVA) were grown in complex media. Inner membranes (IM) were purified, solubilized by DDM, and
needle complexes were immunoprecipitated. Needle complexes were separated by blue native-PAGE, the corresponding bands were excised,
and proteins were subsequently digested with trypsin. (B) Peptides were analyzed by MS and suitable peptides were selected for concate-
nation into the PCS. (C) The PCS was expressed as MBP-fusion in Arg and Lys auxotroph E. coli grown in defined medium containing heavy
arginine and lysine. After purification via MBP, the PCS was run on a 10%/4% SDS-PAGE, mixed with purified needle complex and digested
together with trypsin in gel. (D) Digested peptides from needle complex (A) and PCS (C) were mixed and analyzed by MS. The ratio of the
evidence of light and heavy peptides was calculated for each protein. Ratios were transformed to absolute stoichiometries by normalization
with the evidence-ratios of peptides of proteins of known stoichiometry. Abbreviations: IM: inner membrane.

plexes peak in fractions three to six as judged by the signal
intensities of the inner membrane ring component PrgH
(Fig. 3B). These fractions were pooled, membranes solubi-
lized using the mild nonionic detergent dodecyl-maltoside

(DDM), and needle complexes were subsequently immuno-
precipitated. Natively eluted needle complexes were evalu-
ated by electron microscopy, SDS-PAGE, and Western blot-
ting. The purified material contained mainly bases lacking
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Fic. 3. Purification of needle complexes by immunoprecipitation and blue native-PAGE. (A) Type Ill secretion into culture supernatant
of wild-type and indicated mutant strains was profiled by immunodetection of the early substrate InvJ and the intermediate substrate SipB.
AspaO denotes a negative control strain defective in type Il secretion. (B) Membrane fractions containing needle complexes were identified
by immunodetection of the external inner membrane ring protein PrgH. The inner membrane protein YidC served as a marker for the inner
membrane. Quantification of the protein bands and of total protein content of the fractions was graphed. The average of three independent
experiments is shown. Error bars show the standard deviation. (C) Electron micrographs of immunoprecipitated needle complexes, scale bar =
100 nm. (D, E) Blue native-PAGE of immunoprecipitated needle complexes; (D) shows immunodetection of the indicated proteins; (E) shows

a Coomassie-stained gel of immunoprecipitated material.

needles (Fig 3C), possibly caused by the harsh mechanical
disruption of bacterial cells by French pressing. For further
purification and enabling of in-gel digestion, immunoprecipi-
tated needle complexes were separated by blue native-PAGE.
Needle complexes, identified by immunodetection of PrgH
and SpasS or InvA, run at an apparent native mass of >1200
kDa (Fig. 3D) as reported previously (4, 34). Bands corre-
sponding to InvA were also observed at apparent native
masses of 150 and 250 kDa, respectively, suggesting that
InvA is either expressed in excess or extracted easily from the

needle complex (Fig. 3D). To identify suitable peptides for
stoichiometry determination, the >1200 kDa bands corre-
sponding to needle complexes were cut out (Fig. 3E); con-
tained proteins were denatured by SDS, in-gel digested with
trypsin and subsequently analyzed by MS.

Construction, Expression, and Purification of the Peptide
Concatenated Standard— Suitable peptides (Table S5) were
selected for concatenation into two different PCSs (Fig. 4A).
Oxidation and acetylation-prone peptides were included in
the PCSs if too few other suitable peptides were identified for
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Fic. 4. Sequence and purification of peptide concatenated standards. (A) Sequence of PCS 1 and PCS 2. White: standard peptides.
Gray: flanking residues added to provide natural context for trypsin cleavage. Color-coding for the individual needle complex components as
indicated in the legend. (B) SDS-PAGE of MBP-PCS1 and MBP-PCS 2 with upper 10% acrylamide gel for separation and lower 4% acrylamide

gel for extraction.

the respective proteins and if the degree of the modification
was stable across different experiments and comparable be-
tween sample and standard. Where appropriate, 1-4 flanking
residues of the chosen peptides were included to accommo-
date possible effects of flanking residues on trypsinization
efficiencies (Fig. 4A). To enhance the solubility of the synthetic
protein, the PCSs were constructed as translational fusions
with MBP. MBP-PCSs were expressed in the lysine and argi-
nine auxotrophic E. coli strain AT713 in defined media sup-
plemented with heavy arginine and lysine. Heavy-isotope-
labeled PCSs facilitated MS-based discrimination of signature
peptides of PCSs and needle complexes. MBP-PCSs were
purified and subsequently run on a specially designed SDS-
PAGE (Fig. 4B) composed of a 10% section for separation
followed by a 4% section for extraction. This gel composition
was used to achieve a similar acrylamide concentration for
in-gel digestion of the SDS-PAGE-separated MBP-PCS and
of the blue native-PAGE-separated needle complex. MBP-
PCS bands were cut out, in-gel digested, and analyzed by
MS. The amount of unlabeled PCS peptides was found to be
negligible at below 2% of the total intensity of the respective
peptides (Table S6).

Stoichiometry Determination of Inmunoprecipitated Needle
Complexes by PCS Strategy—To determine the stoichiometry
of needle complex components, blue native-gel bands con-
taining needle complexes with light arginine and lysine and
SDS-gel bands containing MBP-PCSs with heavy Arg10 and
Lys8 were codigested and analyzed by MS. The light/heavy
intensity ratios of evidence pairs from a total of 10 runs were
used for calculation of stoichiometry. Because the amount of
complex and PCS varied after each purification, light/heavy
ratios were normalized using the robustly detected SLLVG-

GYTR peptide of InvG, for which a stoichiometry of 15 has
been reported (12). Outliers were identified as two median
absolute deviation from the median and disregarded for fur-
ther analysis. We obtained a stoichiometry of the control
proteins InvG:PrgH:PrgK of 15:26:27 and 14:28:24 for the
SpaSyzssa’ ¢ and INVATAC |Ps, respectively (Fig. 5). These
results are in good agreement with the reported ratio of 15:
24:24 (12). The stoichiometry of the minor export apparatus
components SpaP:SpaQ:SpaR:SpaS was 5:1:1:1 in both
preparations. The major export apparatus protein InvA was
largely absent in preparations immunoprecipitated with
SpaSyossal ¢ as bait but showed a stoichiometry of seven
proteins per needle complex when baiting with InvAT-AC,
Finally, 2-3 proteins of the inner rod protein PrgJ were de-
tected per needle complex.

Stoichiometry Determination of CsCl Gradient Centrifuga-
tion-Purified Needle Complexes by PCS Strategy—The SpaS/
InvA IP-based purification of needle complexes was chosen
to obtain completely assembled needle complexes in respect
to export apparatus components. Unfortunately, this protocol
also yielded complexes with broken needles, probably due to
bacterial lysis by French pressing. Shearing of needles might
also result in a loss of inner rod protein and thus be respon-
sible for the low number of detected PrgJ in the samples. To
accommodate for this problem, we chose to also analyze the
stoichiometry of needle complexes extracted from bacteria
without mechanical disruption but enzymatic (lysozyme) di-
gestion and detergent solubilization, followed by CsCl density
equilibrium centrifugation-based needle complex purification.
This classical protocol (3) typically results in a severe loss of
some export apparatus components due to the use of the
stringent detergent n-dodecyl-N,N-dimethylamine-N-oxide
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Fic. 5. Stoichiometry calculations based on normalized stable isotope labeling in cell culture ratios of evidence of peptides from
immunoprecipitated needle complexes and peptide concatenated standards. (A) Normalized ratios of light and heavy evidence of the
indicated peptides are shown. Normalization using InvG peptide SLLVGGYTR = 15. Error bars: standard error of the mean. (B) Literature values
of stoichiometry and averages of normalized ratios of light and heavy evidence of the indicated proteins are shown. The literature value for InvA
is based on the crystal structure of the C-terminal domain of the isolated Shigella homologue MxiA.

(4). To retain the export apparatus components and at the
same time keep needles intact, we replaced n-dodecyl-N,N-
dimethylamine-N-oxide by the milder detergent DDM. Using
this modified protocol, CsCl gradient fractions 4 and 5
showed an enrichment of intact needle complexes and
bases as judged by electron microscopy, SDS-PAGE, and
Western blotting (Figs. 6A-6C). Purified needle complexes
were separated by blue native-PAGE (Fig. 6D) and their
stoichiometry analyzed by MS as described above, except
that the PrgK peptide SDAQLQAPGTPVKR was used for
normalization.

Corroborating the stoichiometry calculations based on im-
munoprecipitated needle complexes, we obtained average
stoichiometries of the control proteins InvG:PrgH:PrgK of 14:
22:27 and stoichiometries of the minor export apparatus pro-
teins SpaP:SpaQ:SpaR:SpaS of 5:1:1:1 (Figs. 6E and 6F). The
major export apparatus protein InvA was entirely absent from
these preparations, and hence, its stoichiometry could not be

calculated. The stoichiometry of PrgJ was three per complex
as obtained by analysis of immunoprecipitated needle
complexes.

Stoichiometry Determination of SpaQ and SpaS Using Sta-
ble Isotope-Labeled Peptides—To validate the obtained re-
sults for the export apparatus components SpaQ and SpaS,
we chose to quantify the ratio of the two proteins using
synthetic stable isotope-labeled peptides. Tryptic digests of
needle complexes purified by both methods, IP and CsCl
gradients, were spiked with three different concentrations
of the standard peptides QVIFLALAK (for SpaQ) and
VGVPVIVDIK (for SpaS) at equimolar ratios, and the mixtures
were subsequently analyzed by MS. Heavy-to-light ratios
were calculated from the most intense evidence pair of each
peptide, representing 90-100% of the peptide’s total inten-
sity. Based on these results, we obtained average ratios of
SpaQ to SpaS of 0.99 and 0.76, respectively, for analysis of
needle complexes isolated by the two different methods
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FiG. 6. Stoichiometry determination of CsCl gradient-purified n

Needle complex components

eedle complexes using peptide concatenated standards. (A) CsCl

gradient fractions containing needle complexes were identified by immunodetection of the external inner membrane ring protein PrgH and of
the switch protein Spa$S. (B) Coomassie-stained polyacrylamide gels of CsCl fractions. (C) Electron micrographs showing bases and needle
complexes in fraction 4 of the CsClI gradient, scale bar = 100 nm. (D) Coomassie-stained blue native-polyacrylamide gel of purified needle

complexes. Abbreviations: EM: electron microscopy. (E) Normalized r

atios of light and heavy evidence of the indicated peptides are shown.

Normalization using PrgK peptide SDAQLQAPGTPVKR = 24. Error bars: standard error of the mean. (F) Literature values of stoichiometry and
averages of normalized ratios of light and heavy evidence of the indicated proteins are shown. The literature value for InvA is based on the
crystal structure of the C-terminal domain of the isolated Shigella homologue MxiA.

(Fig. 7). These results corroborate the calculated stoichiome-
try of 1:1 deduced from PCS-based experiments.

DISCUSSION

Needle complexes of T3SSs are complex macromolecular
machines consisting of up to 20 different proteins with one to
several hundred copies each. While the stoichiometry of some
components had been structurally elucidated, the stoichiom-
etry of the membrane-embedded export apparatus compo-
nents was largely unknown, primarily because of technical
challenges.

We adapted two MS-based relative quantification strate-
gies to evaluate the stoichiometry of complete T3SS needle
complexes. The preparation of intact and homogeneous com-
plexes is key to the successful implementation of these ap-
proaches (43) but particularly difficult for large membrane
protein complexes. We solved this critical problem using a
combination of mild detergent extraction, immunoprecipita-
tion or CsCl-gradient-based purification, and blue native-
PAGE. The subsequent analysis of these hydrophobic com-

SpaQ - QVIFLALAK
® Spa$S - VGVPVIVDIK
¥ SpaQ - QVIFLALAK
® Spa$S - VGVPVIVDIK

P

ki i

CsCl |

SpaQ/Spas ratio

QOO0 s
OB DO B DN

SpaQ/Spas ratios:
IP =0.76+0.03
CsCl=099+0.12

heavy/ light isotope ratio

0.375
heavy isotope peptide/ pmol

0.75 15

Fic. 7. Determination of the ratio of SpaQ and Spa$S using syn-
thetic stable isotope-labeled peptides. Trypsin digests of needle
complexes purified by IP or CsCl-gradient, respectively, were spiked
with stable isotope-labeled peptides at indicated concentrations and an-
alyzed by MS. Columns show the ratio of heavy (stable isotope-labeled
peptides) to light (needle complex) evidence for each measurement. Bars
show the ratio of SpaQ to Spa$S for each pair in a measurement. Average
values * S.D. of SpaQ/SpasS ratios are presented in the box.

plexes by quantitative mass spectrometry was challenged by
two major obstacles: a) the detection of only a limited number
of peptides that were suitable for quantification of the highly
hydrophobic membrane proteins and b) the bias in the acces-

1606

67

Molecular & Cellular Proteomics 15.5



SBMB

A

o~
o~

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Stoichiometry of the Complete Type Ill Secretion Needle Complex

sibility of peptides from intact complexes and standards.
Membrane proteins contain only a few charged residues,
hence also only a few cleavage sites for trypsin, cutting after
arginine or lysine. In addition, the presence of tightly bound
lipids or detergents may preclude the efficient cleavage of
membrane proteins by site-specific proteases, further reduc-
ing the yield of suitable peptides for mass spectrometrical
analysis. We were able to increase the yield of four critical
peptides of the needle complex by implementing two consec-
utive tryptic digests and extractions of each gel piece. How-
ever, despite this effort, for some proteins, only few peptides
were found, and therefore, modification-prone peptides were
considered for quantification. We identified four suitable pep-
tides containing oxidation-prone methionines and two pep-
tides prone to N-terminal acetylation. Since the degree of
oxidation and acetylation was stable throughout different ex-
periments, we could include these peptides for quantification
of the stoichiometry.

Even though suitable tryptic peptides were identified for the
proteins of interest, several factors needed consideration that
could potentially influence the yield of these peptides and
could bias quantification: Trypsinization efficiency depends
on the sequence context of the respective peptides (25),
bound lipids or detergents (44), and the folding state of pro-
teins (45); and the acrylamide concentration of gels may affect
the peptide extraction efficiency. The use of PCSs allows
minimization of differences in peptide yield because the pep-
tide context and the preparation of PCS and sample are
largely congruent. To align the digestion efficiencies of PCS
and sample, we retained the sequence context around the
tryptic digestion sites of the peptides and denatured blue
native-PAGE-separated complex components by SDS treat-
ment prior to in-gel digestion. Furthermore, we aligned the
polyacrylamide concentrations of the PCS-containing gel and
of the complex-containing blue native-gel to achieve similar
efficiencies of peptide extraction. In contrast, synthetic stable
isotope-labeled peptides are not subjected to the same pre-
parative procedures as the complex components of interest.
While concentrations of the synthetic peptides are exactly
known and invariable, a benefit for absolute quantification,
variations in the efficiencies of sample protein digestion and
peptide extraction, which are not matched by the synthetic
peptides, are likely to skew stoichiometry determination.
Therefore, we implemented only two suitable synthetic stable
isotope-labeled peptides for the validation of the stoichiom-
etry of the export apparatus components SpaQ and SpaS but
refrained from using this approach for the global analysis of
the stoichiometry of the complete needle complex.

Using the above-discussed strategy, we confirmed the re-
ported stoichiometry of the base components PrgH, PrgK,
and InvG and of the major export apparatus protein InvA. We
further report a stoichiometry of 5:1:1:1 for the minor export
apparatus components SpaP, SpaQ, and SpaR and for the
switch protein SpaS. Our data also suggest a loose associa-

tion of InvA with the other needle complex components, and
we present evidence for a low stoichiometry of the inner rod
protein PrgJ in the needle complex.

Cryo electron microscopy structural analysis of needle
complexes from the SPI-1 T3SS of S. Typhimurium revealed a
stoichiometry of PrgH and PrgK of 24 and of InvG of 15 (12).
In this study, we yielded MS-based stoichiometries of PrgH,
PrgK, and InvG that deviate in average only by 8.4% from the
literature values, which imparts confidence for the obtained
stoichiometries of the other needle complex components.

Based on a crystal structure, it has been proposed that the
isolated Shigella InvA homologue MxiA forms a nonamer, but
confirmation based on direct measurements of InvA as part of
the assembled needle complex was missing. Here, we deter-
mined a stoichiometry of seven InvA per assembled needle
complex, which is close to the proposed MxiA stoichiometry
and to the reported stoichiometry of the flagellar homolog
FIhA (24, 46). Interestingly, it was only possible to detect InvA
in needle complexes coimmunoprecipitated when baiting with
InVATHAC itself. InvA was almost entirely lost after IP of needle
complexes by SpaSy,ssa” ¢ or needle complex isolation
using mild extraction and CsClI gradient centrifugation, and
needle complexes coimmunoprecipitated at a lower efficiency
with InvVA™4C as bait than with SpaSy,sea”¢. The easy
extraction of InvA from needle complexes, even by mild de-
tergents, indicates that InvA is only loosely associated with
the base and the other export apparatus components, and it
might also mean that the herein reported stoichiometry of
seven per needle complex is still an underestimation.

Early studies of the flagellar system proposed a stoichiom-
etry of 4-5 of the SpaP homolog FliP and 1-3 of the SpaR
homolog FIiR based on quantitative Western-blotting and
densitometry of autoradiograms (47). The data presented in
this study suggest a similar stoichiometry of five SpaP and
one SpaR for Salmonella’s virulence-associated T3SS on
SPI-1. We furthermore deduced a stoichiometry of one SpaQ
and one Spa$, for which no previous reports exist. Clostrid-
ium encodes a natural fusion of the flagellar homologs of
SpaR and SpaS, FliR and FIhB, respectively. An artificial fu-
sion of these proteins is also functional in the flagellar system
of Salmonella (48). These observations suggest an equimolar
stoichiometry of FliR and FIhB, which, together with our data,
support a stoichiometry of one SpaQ, one SpaR, and one
SpaS. We could show previously that SpaP and SpaR form
the cup substructure at the center of the base of the needle
complex (4). Given a stoichiometry of five SpaP, it is conceiv-
able that a circular assembly of SpaP, possibly in conjunction
with SpaR, constitutes the substrate translocation pore of the
system in the inner membrane.

Prgd is the inner rod protein anchoring the needle to the
base (49). As the term “inner rod” implies, it was originally
thought to constitute the substrate conduit inside the base
while the needle extends this conduit on the outside. How-
ever, the number of PrgJ subunits forming the inner rod is
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unclear and so is its length. It is thought that PrgJ assembles
into a helix analogous to the needle structure, and crosslinks
of up to six consecutive Prgd were reported (30), suggesting
at least one complete turn of Prgd. Here, we report the de-
tection of three PrgJ proteins per needle complex, independ-
ent of the method of needle complex isolation. Different to the
other investigated needle complex components, PrgdJ itself is
a substrate of the T3SS and can only be secreted and as-
sembled into the needle complex after completion of the
principal secretion competent machine. It is possible that not
all measured complexes were competent for secretion, and
hence, we might underestimate the number of PrgJ in needle
complexes. We chose two complementing approaches of
needle complex isolation to minimize this problem. As men-
tioned before, IP of needle complexes with InvA as bait en-
sured that only complete base-export apparatus assemblies
were isolated; however, nothing can be said about the state of
assembly and the functionality of the associated cytoplasmic
components. Since needles were sheared off during the
course of this isolation protocol, the presence of needles
cannot be taken as an indicator for functional secretion. The
latter can, however, be used to estimate the number of fully
functional needle complexes in preparations from CsCl-gra-
dients. More than half of all needle complexes purified by
CsCl-gradient fractionation contained needles (Fig. 6C). If
also half of the measured complexes contain inner rods, a
stoichiometry of six PrgJ results for these needle complexes,
which supports the view that PrgJ forms only one turn of the
inner rod helix that anchors the needle to the base. This low
stoichiometry of the inner rod has conceptual implications for
the timer model of needle length control, which presumes that
the duration of PrgJ assembly determines the duration of
needle assembly and hence needle length (2, 30, 49).

In summary, we have presented evidence that the export
apparatus of bacterial T3SSs is composed of nine InvA, five
SpaP, one SpaQ, one SpaR, and one Spa$S, which suggests a
total of 104 transmembrane domains within the membrane
patch of the base of these systems. We furthermore show that
InvA is only loosely associated with the other needle complex
components and that not more than six PrgJ form the inner
rod of the needle complex. This information will facilitate
further structural and functional analyses of these and of the
related flagellar systems and as such help to develop antiin-
fective strategies targeting these machines central to the vir-
ulence of many pathogens. In addition, the herein presented
extension of MS-based stoichiometry determination to inves-
tigating highly hydrophobic complexes of very heterogeneous
composition and wide stoichiometric range may foster the
analysis of other membrane-spanning protein complexes, in
particular of different virulence-associated bacterial secretion
systems.
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Abstract

Bacterial type Illa secretion systems (T3SS) facilitate the translocation of substrate proteins in
one step across the cell envelope of bacteria. Virulence associated T3SS (vT3SS) of Gram
negative bacteria serve the injection of effector proteins into eukaryotic host cells while
flagella associated T3SS (fT3SS) serve the assembly of the extracellular parts of the bacterial
flagellum. The most conserved part of vI3SS and fT3SS is an inner membrane localized
export apparatus consisting of five different components. It is thought to facilitate substrate
recognition, specificity switching, and translocation across the bacterial inner membrane.
While the stoichiometry of its components has been determined recently, their membrane
topology has not been elucidated. We performed an in-depth bioinformatics analysis of the
transmembrane topology of the five export apparatus components and assessed the topology
of three of the five components of the vI3SS encoded by Sa/monella pathogenicity island 1,
namely InvA, SpaP, and SpaS, by substituted cysteine accessibility method. The topology
identification of these proteins alongside with recent stoichiometry and interaction studies is
an important step in determining the exact placement of the export apparatus in T3SS and

ultimately facilitates elucidation of the function of each component.

1)



Introduction

Virulence-associated bacterial type III secretion systems (vI3SS), whose structural entities
are also called injectisomes, are membrane anchored nanomachines used by a variety of
pathogenic and symbiotic Gram negative bacteria [1], [2]. They translocate effector proteins
from the bacterial cytoplasm into the host cytoplasm, energized by the membrane proton
motive force [3], [4]. Related in its export mechanism, flagella-associated type III secretion
systems (fT3SS) translocate building blocks of the bacterial flagellum across the bacterial cell
envelope [5]. Both vT3SS and fT3SS consist of a basal body that anchors the machines in the
bacterial cell envelope [6] and an extracellular filament structure protruding away from the
bacterium [7], [8]. A set of cytoplasmic components serves in substrate targeting and five
inner membrane proteins compose the actual export apparatus within the basal body (Fig. 1)
[9], [10]. The amino acid sequence of the components of the export apparatus of vI3SS and
fT3SS is highly conserved [2], and high resolution crystal structures of their soluble domains
as well as low resolution electron tomograms of injectisomes and flagella support the close

relation of these two systems [6], [11]-[17]

The components of the T3SS export apparatus are thought to facilitate substrate recognition,
specificity switching, and translocation across the bacterial inner membrane. However, the
detailed functions of the five components have only been worked out insufficiently, not lastly
because of a lack of structural information of their transmembrane regions [11], [18], [19]. In
the T3SS encoded on Salmonella pathogenicity island 1 (SPI-1), which is the subject of this
study (see Fig. 1 for reference to the unified nomenclature of injectisome components as
proposed by Hueck [2]), the major export apparatus protein is called InvA and is robustly
predicted to contain eight transmembrane helices (TMH), which was partly experimentally
validated for the InvA homologs YscV (Yersinia) and HrcV (Xanthomonas) using a PhoA-

fusion approach [20], [21]. The C-terminal domain of the Shigella InvA homolog MxiA was
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shown to form a nonameric ring located between the membrane and the ATPase, one of the
cytosolic components of the T3SS [22]. InvA and its homologs have been implicated to
facilitate sorting of substrates into the pore of the export apparatus [23] and to couple the type

IIT secretion to the proton gradient [24]

The minor export apparatus proteins SpaP, SpaQ, and SpaR mainly consist of hydrophobic
TMHs without sizable extramembrane domains. SpaP was shown to form the cup structure at
the center of the base of injectisomes [19]. At this position, a SpaP pentamer forms the central
substrate translocation channel of the T3SS in the bacterial inner membrane and connects
directly to the filament structures in the periplasm [25]. SpaP is predicted to contain four
TMHs but the prediction of the orientation of these domains varies between different
homologs. However, the presence of a cleavable signal sequence in most flagellar homologs
and the observation of crosslinks from the N-terminus of SpaP to the inner rod protein PrgJ
suggest an N-out/C-out topology. This topology is also supported by a PhoA-fusion analysis
of the Xanthomonas SpaP homolog HrcR [20] but contradicted by PhoA-fusion result of SpaP
homolog YscR in Yersinia [26]. A high resolution structure of a small hydrophilic domain
between TMH 2 and 3 of the flagellar SpaP/SctR homolog FliP has been solved but the
functional implication of this structure and the arrangement of FliP in the homooligomer

remain unclear.

SpaQ is a small hydrophobic protein of only 86 amino acids. One copy of the protein seems to
integrate the export apparatus components SpaP, SpaR, and SpaS as suggested by in vivo
photocrosslinking analysis [25]; an additional role in the secretion process is not known.
SpaQ and its homologs are robustly predicted to contain two TMHs, however, the
aforementioned Xanthomonas study came to the conclusion that the SpaQ homolog HrcS
contains only one TMH at its N-terminus with an N-in/C-out topology [8]. The prediction of

the orientation of SpaQ in the membrane yields ambiguous results.

7



SpaR associates with SpaP in a very stable SpaPsR; complex [25] but the function of SpaR
has not been defined yet. The prediction of the transmembrane topology of SpaR and its
homologs leads to very ambiguous results ranging from 5 to 8 TMH with an uncertain
orientation [20], [25]. Experimental evidence based on a PhoA-fusion approach even
suggested that the SpaR homolog of Xanthomonas, HrcT, contains only one TMH at its
N-terminus [20]. In contrast, in vivo photocrosslinking showed that SpaR interacts at residues
F20, N44, and A45 with the inner rod protein PrgJ [25]. These interactions suggest that the N-
terminus of SpaR is located in the periplasm, even though these residues are in general

predicted to be within TMHs 1 and 2 of the protein.

SpaS is also called the switch protein of the export apparatus. It has been proposed to be
involved in needle length control and switching of specificity from the secretion of early to
intermediate and late substrates [18]. SpaS and its homologs are composed of an N-terminal
transmembrane domain with four robustly predicted and experimentally verified TMHs of
N-in topology and a C-terminal cytoplasmic domain [20], [27]. Self-cleavage at a highly
conserved NPTH motif in the cytoplasmic domain is critical for substrate specificity
switching but dispensable for needle length control [13], [18], [28]. It has been suggested that
switching and late substrate secretion is implemented by the dissociation of the cleaved C-

terminus from the remainder of the protein [29].

To foster our understanding of the functional mechanism of T3SSs, a detailed picture of the
structure of its export apparatus components is indispensable. Unfortunately, determination of
high resolution structures of membrane embedded parts of macromolecular machines remains
a challenging task, even though tremendous progress has been made in this field, in particular
regarding cryo electron microscopy of single particles [30], [31]. Genetic and biochemical
approaches characterizing the stoichiometry and topology of membrane protein components

of these machines help to close our knowledge gap and facilitate functional analyses [30].
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The experimental analysis of the transmembrane topology is often conducted by inserting tags
into positions of interest. However, the results of these studies can be misleading, as many
approaches, e.g. translational reporter fusions like LacZ, PhoA or split-GFP [32]-[34],
introduce large changes and truncations to the protein of interest that can affect their
transmembrane topology [35]. Even changes as small as single positively charged residues
were shown to be able to cause a shift from N-in to N-out orientation and back [36].
Therefore, to map the transmembrane topology of the T3SS export apparatus components, we
employed a methodology that has proven to be very subtle using maleimide labelling of single
cysteine mutations at various positions of the proteins of interest (SCAM™ for single cysteine
accessibility method for transmembrane analysis [35]). In contrast to most PhoA, LacZ, or
GFP-fusion approaches the function of the protein of interest is usually retained when using
SCAM™ and can be assessed by complementation assays [37]. We have thus analysed the
topology of the five export apparatus components of the vI3SS encoded by Salmonella
Typhimurium SPI-1 by in-depth bioinformatics complemented with SCAM. The topology
identification of these proteins alongside with recent stoichiometry and interaction studies is
an important step in determining the exact placement of the export apparatus in type III
secretion systems and ultimately facilitates elucidation of the function of each component.
The conserved sequence and function of the five export apparatus components suggests that
they share a common transmembrane topology in different injectisome and flagellar T3SS and

thus this study will help to also elucidate the function of these molecular machines.

Material and Methods

Materials.
Chemicals were bought from Sigma-Aldrich unless otherwise specified. SERVAGel™ TG

PRIME™ 8-16 % and 12 % precast gels were obtained from Serva. Primers were synthetized
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by Eurofins and Integrated DNA Technologies. N*-(3-Maleimidylpropionyl) Biocytin (MPB)

and 4-Acetamino-4'-Maleimidyl (AMS) were bought from by Invitrogen.

Bacterial strains, plasmids, and growth conditions.

Bacterial strains and plasmids used in this study are listed in table S2. All S. Typhimurium
strains were derived from strain SL1344 [38]. Salmonella strains were grown in LB Lennox
medium containing 0.3 M NaCl at 37 °C and 180 rpm to induce expression of the T3SS.
Plasmids based on pTACO10 were induced with 100 uM rhamnose. Strains with arabinose

araBAD

inducible p promoter [39] were induced with 0.02 % arabinose. Main cultures for

labelling were inoculated 1:50 from overnight cultures and grown to an ODggo 0of 0.5 to 0.8.

Cysteine free mutants and single cysteine mutants.

Primers for construction of cysteine free mutants and single cysteine mutants are listed in
table S2. Native cysteines were replaces by a serine if they were predicted to be outside the
membrane and by an alanine if they were predicted to be inside the transmembrane region.
Single cysteine positions were chosen using the prediction of TOPCONS [40], TMHMMfix
[41], AGqp, [42] and PredictProtein (PHDhtm, PROFsec, SNAP2) [43]. Alignments were
performed using T-Coffee (version 11.00) [44]. Signal peptides were predicted using SignalP
(version 4.1) [45]. Single cysteines were introduced preferably at positions in predicted loops
or at the termini which were predicted as exposed and with low conservation. Serine and other

polar, uncharged amino acids were replaced preferentially (Table S2).

Secretion assay
Analysis of type III-dependent secretion of proteins into the culture medium was carried out

as described previously [18].
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SCAM adjustments and controls

As SCAM is a very sensitive method, several precautions and controls are necessary to

prevent false positive/false negative results:

To ensure that only one side of the membrane is labelled at a time experimental conditions
must be chosen so that the blocking and the labelling reagent can pass through the outer
membrane. At the same time the integrity of the inner membrane should not be compromised.
Treatment of the cells with a mixture of EDTA, lysozyme and DNase I was sufficient to allow
both the blocking and labelling reagents to reach the complex in the SCAM assay. It is
possible that partial cell lysis during labelling or blocking step leads to similar results between
the cytopasm and periplasm labelling experiment. Results indicating this have been

disregarded.

It is equally important that the introduced cysteine is accessible in context of the protein and
complex. To ensure this, if possible, amino acids predicted as exposed (using PredictProtein
PROFsec and SNAP2 [43]) were replaced with cysteine. To further improve accessibility, the
SCAM experiments were conducted in a AprgHIJK (AsctDFIJ) strain, which was previously
shown [19], [25] to assemble an intact export apparatus, but lack the periplasmic structures
that would shield it from labelling reagents. If possible, two or more amino acid positions per
terminus and loop have been tested to recognize this form of mislabelling. Cysteine positions
which were neither labelled in the periplasm nor in the cytoplasm may be located inside of a
transmembrane helix, hidden by tertiary structure of the protein or by other components of the

complex.

To reduce loss of sample after blocking of periplasmic cysteines, the blocking reagent was not
removed through washing steps. Instead the labelling reagent was added directly during lysis

of the cells, so that labelling of cytoplasm was always a competition between AMS and MPB.
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However, even though cytoplasmic labelling time was always shorter than periplasmic, the
cytoplasmic signal was overall stronger. This could be due to better accessibility in the
cytoplasm, or due to a limited permeability of the outer membrane when labelling the
periplasm. It shows that the AMS/MPB competition during the cytoplasmic labelling has no

negative effect on our screening.

Labelling and blocking properties of the reagents was tested using an InvA cysteine mutant
AS511C with known position in the cytoplasm due to analyses of the C-terminal extra

membrane domain of this protein [22].

A cysteine free negative control was run alongside each experiment. If equal labelling was
visible for both periplasmic and cytoplasmic labelled experiments of one amino acid position,
the results were excluded under the assumption that the membrane was damaged during the
first steps of the experiment. The signal strength of the labelling results was normalized using
the FLAG-IP signal and compared relative to the respective lowest and highest signal of each
experiment.

With these measures taken, SCAM offers us a precise and reliable tool to map membrane

topology.

Maleimide blocking and labelling.

Labelling protocol was modified after Bogdanov 2005 [35]. Plasmids containing the ‘single
cysteine’ mutations of the genes of interest were transformed into a AprgHIJK strain for
labelling. Cells of 50 ml culture were harvested and divided equally for labelling of
periplasmic and cytoplasmic cysteines. Buffer A (100 mM HEPES, 250 mM sucrose, 25 mM
MgCl,, 0.1 mM KCI, pH 7.5 with KOH) was optimized for each protein of interest with 0, 10

or 20 pg/ml lysozyme, 10 ng/ml DNase I, 1:100 Protease inhibitor mix (Sigma, P§8849) and 1-
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15 mM EDTA. Samples were incubated for 30 to 60 minutes in 750 pl of optimized buffer A
before the start of the labelling steps. Treatment time with MPB was optimized for each
membrane side in each protein of interest and lay between 1 to 90 minutes at 4 °C. Samples
for periplasmic labelling were first treated with 100 uM MPB to label exposed cysteines. The
reaction was quenched with 20 mM B-mercaptoethanol (8-ME) and samples were lysed with
SpeedMill plus Bacteria protocol (analyticjena). Samples for cytoplasmic labelling were first
treated with 100 uM AMS to block exposed cysteines. During the bead mill step 100 uM
MPB was added to the samples, without quenching the AMS first. After the cell lysis MPB

was quenched with 20 mM B-ME.

Immunoprecipitation.

Labelled samples were separated from the glass beads by centrifugation at 500 x g for 1 min
at 4 °C and from cell debris at 10000 x g for 2 min at 4 °C. Membranes were collected at
300000 x g for 35 minutes at 4 °C. Membrane pellets were solubilized in 100 ul Buffer A
containing 20 mM B-ME by shaking at 1400 rpm for 1h at 4 °C, followed by the addition of
100 pl of solubilisation (50 mM Tris-HCI, 1 mM EDTA, 2% (w/v) SDS) and shaking at 1400
rpm for 30 minutes at 4 °C, 30 minutes at 37 °C and 30 minutes at 4 °C again. The samples
were diluted with 300 pl IP1 buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 2%
Thesit, 0.4% SDS, pH 8.1) and after spinning down insolubilized remains by centrifugation at
10000 x g for 10 min at 4 °C the supernatant was transferred to a new tube. Anti-Flag M2
Magnetic Beads were washed once with IP1 buffer before 2.5 pl beads were added to each
sample. Samples were incubated while shaking for 2 h at 4 °C. After three 15 min washing
(2x IP1, 1x IP2 [50 mM Tris-HCI, 1 M NaCl, 1 mM EDTA, 2 % Thesit, 0.4 % SDS, pH 8.1])
steps at 4°C, proteins were eluted from the beads with 100 mM Glycin at pH 2.2 for 15 min.

Eluates were adjusted to a neutral pH with 2 pl tris-HCI, pH 9.
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Immunoblotting

For detection of the proteins SpaPRS and InvA, samples were subjected to SDS-PAGE using
12% gels cast with Hoefer system. Samples were transferred to a PVDF membrane (Bio-Rad),
and probed with primary antibodies anti-SipB and anti-InvJ or M2 anti-FLAG, secondary
antibodies were goat anti-rabbit IgG DyLight 680 (Thermo Pierce) or goat anti-mouse IgG
DyLight 680 (Thermo Pierce). Biotin labelled samples were additionally stained with
Streptavidin DyLight 800 (Thermo Pierce). Detection and quantification was performed using

the Odyssey imaging system and Image Studio, version 3.0 (Li-Cor).

Evaluation of maleimide signals

To adjust for different expression levels or loss of proteins during the preparation, maleimide
signals after immunoblotting were normalized using the FLAG signal of the corresponding
sample. Signal strength is given as percentage whereby the lowest signal of a given

experiment equals 0 % and the highest 100 %.

Visualisation of transmembrane protein topology

The web tool Protter (version 1.0) was used for visualization of the experimentally

determined topologies in this study [46].

Results

Determination of the transmembrane topology is an important step towards elucidation of the
structure and function of membrane proteins. It facilitates definition of the extent of
membrane embedded regions and extramembrane domains and thus provides a framework for
analysis of intra- and intermolecular protein-protein interactions.

Membrane protein topology prediction
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To guide and complement the experimental analysis by SCAM™, we performed an in-depth
prediction of the transmembrane topology via bioinformatics. To estimate the positions and
orientations of the TMHs, §. Typhimurium SPI-1 export apparatus proteins were analysed
using the web tools TOPCONS [40], TMHMMfix [41], AGayp [42] and PredictProtein
PHDhtm [43]. These tools, combine predictions based on sequence features, homologs
sequence features, hydrophobicity, comparison with known structures, prediction of the
corresponding apparent free energy difference, and evolutionary profiles. TOPCONS depicts
a consensus from five different prediction algorithms: OCTOPUS, Philius, PolyPhobius,
SCAMPI (multiple sequence mode) and SPOCTOPUS. The resulting nine different
predictions are illustrated in figure 2 (as well as supplement data S10 and table ST2). As a
summary, sequences predicted as transmembrane helices in all predictions are shown in dark
grey, sequences predicted as transmembrane helices at least once are shown in light grey. The
predicted number and position of TMHs of the proteins SpaS and SpaQ was very consistent.
SpaS was robustly predicted with four TMHs, and Nin/Ciy orientation. SpaQ was predicted
with two TMHSs, however, the orientation predictions were ambiguous. The major export
apparatus protein InvA was predicted with seven to eight TMHs, a reliable Nin/Ciy orientation
and a large cytoplasmic loop. The start and end positions of the TMHs of SpaS, SpaQ and
InvA shifted only marginally between predictions by 12 amino acids of less, with the
exception of the last two TMH of InvA, which were predicted as one TMH by PredictProtein.
The predictions of SpaP varied strongly with a Noyr/Cour or Nour/Ciy orientation, three to six
TMHs and a high variation of start and end positions of the helices. A large loop between
amino acids 75 and 141 was consistently predicted, however, its orientation was not clear.
SpaR was predicted with five to six TMH, mainly with an Nour/Cour orientation (only
SCAMPI Nin/Ciy).

The less robustly predicted minor export apparatus proteins SpaP, SpaQ and SpaR were

compared with 9 homologs from the vI3SSs and fT3SSs each, using AGay, [42], T-Coffee
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multiple sequence alignment [44] and review of charged residues (Fig. 3) [47]. The transitive
consistency scores (TCS, 0-100, score lower than 50 should be considered poor) [48] of SpaP
and the SctR homologs (SpaP and FliP of Sal/monella Typhimurium, HrcR of Xanthomonas
campestris, YscR of Yersinia enterocolitica, FIiP and Spa24 of Shigella flexneri, HrcR of
Pseudomonas syringae, EpaP and FIiP of Escherichia coli, and FliP of Helicobacter pylori.
Corresponding homologs from these fT3SSs and vI3SSs were also used for analysis of
SctS/SpaQ and SctT/SpaR) were between 91 and 93 (supplememnt S1). The SctR homologs
were predicted with four TMHs (disregarding the possible signal peptide sequences in cases
of FliP, supplement S11), between 18 and 40 amino acids in length with AG ranging from 2.5
to -3.6 kcal/mol (supplement S2). The positively charged amino acids arginine and lysine
have a much larger impact on membrane protein topology than the only weakly positive
charged histidine or the negative charged aspartate and glutamate. Histidine only becomes
relevant at lower that physiological pH, aspartate and glutamate affect topology only in
sufficiently high numbers (cluster of > 4) [47], [49]. The SctR homologs contain a conserved
positively charged amino acid in the first predicted loop, indicating that this loop is
cytoplasmic. This, together with few arginine and lysine at the C- and N-termini and only
occasional aspartate or glutamate, suggests an Nour/Cour orientation. The predicted
extramembrane region between amino acids 75 and 141 in SpaP contains a high number of
positively charged amino acids (5 to 12), but also a sufficiently high number of negative
charges (8 to 19) to affect the topology, especially in thecase of SpaP where we see an EDED
cluster directly adjoining the predicted second TMH. Assuming four TMHs, this loop should
be on the same membrane side as the termini (supplement S3).

The TCSs of SpaQ and the other SctS homologs were between 91 and 94 (supplement S4).
The smallest protein of the export apparatus was predicted with two TMH each, of 26 to 30
and 23 to 28 amino acids, and with a AG of -1 to -3 kcal/mol and 1 to -2 kcal/mol respectively

in the AGqpp (supplement S5). 90 % of the homologs had at least one positively charged amino
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acid in the N-terminal extra membrane region or within the first three amino acids of the
adjacent predicted TMH. The same was the case for the C-terminus, while no positive
charged amino acids were in or near the predicted loop (supplement S6). This suggests
according to the positive-inside rule an Ni/Ciy orientation for SpaQ.

The TCSs of SpaR and the SctT homologs were between 83 and 88 (supplement S7). The
SctT homologs were predicted with five to six TMH between 18 and 36 amino acids in length
and with AG ranging from 2 to -4 kcal/mol (supplement S8). The SctT homologs contained
comparatively few positively charged amino acids. A conserved positively charged amino
acid in the last predicted loop suggests a cytoplasmic orientation of this loop, indicating a
Cour orientation for the whole protein (supplement S9). However the overall topology of the
membrane protein cannot be concluded from these results.

Experimental analysis of the transmembrane topology using SCAM™

To map the transmembrane topology of the Salmonella T3SS we used the substituted cysteine
accessibility method (SCAM) [35] to gain a better understanding of the structure of the export
apparatus. SCAM is based on labelling the thiol-group of a cysteine introduced at specific
position in the protein with maleimide reagents. All native cysteines are replaced with serine
or alanine before single cysteines are introduced at positions of interest. To differentiate
between positions located in the periplasm and in the cytoplasm, two reagents are used in two
parallel approaches (Fig. 4). First, any cysteines in the periplasm are labelled with a biotin-
maleimide reagent. The reaction is quenched by adding a surplus of another thiol-group
containing reagent to prevent labelling of cytosolic cysteines during the following steps. In
parallel to this, to exclusively label cysteines in the cytoplasm, periplasmic cysteines are first
blocked with a maleimide reagent not linked to biotin. In this case the labelling reagent is
added during the lysis of the cells. Labelling of both approaches is visualized via Western

blot.
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Since immunoprecipitation and detection is a prerequisite for analysis by SCAM™,
previously described 3XFLAG epitope-tagged versions of the four export apparatus
components InvA, SpaP, SpaR, and SpaS were used throughout this study [19]. For SpaS, the
detection by a C-terminal FLAG tag necessitated the use of an autocleavage-deficient N258 A
mutant [19]. Unfortunately, attempts to also tag SpaQ only led to non-functional or
undetectable protein, thus the experimental analysis of the transmembrane topology of SpaQ

could not be performed.

Cysteine free mutants of the remaining four export apparatus proteins were created that all
retained their secretion function. This was judged by Western blot analysis of the Salmonella
SPI-1 vT3SS substrates Inv] and SipB in culture supernatants of plasmid-complemented
bacteria (Fig. 5). Subsequently, single cysteines were introduced at positions predicted to be

at the termini or within the cytoplasmic and periplasmic loops of the proteins.

While secretion was reduced for some mutants, most cysteine mutants could secrete both
substrate proteins (Fig. 5). InvA cysteine mutants could secrete SipB and Inv]J with nearly no
difference between wild type, a FLAG-tagged InvA and the cysteine free mutant. S228C
alone showed no functional secretion. Secretion of both proteins was low for cysteine
mutants D59C, S272C and G296C, only Inv] was secreted in D38C mutant, which was due to
low expression of the protein. Otherwise there was no difference in the expression level of
InvA mutants discussed in this study. SpaP cysteine mutants could also secret SipB and InvlJ,
but with a significant decrease of secretion between wild type and FLAG-tagged SpaP. No
secretion could be detected for cysteine mutants G2C and S31C. No difference in SpaP
expression was observed except for a low expression of S31C. Cysteine free SpaS mutant,
S17C, T205C and S231C secreted SipB and Inv]. Secretion of cysteine mutants was greatly
reduced compared with wild type and FLAG-tagged SpaS. Very weak secretion of Inv] was

observed for cysteine mutants G53C, S115C and G166C. There was no difference in SpaS
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expression between wild type and mutant strains. In contrast to the other tested export
apparatus proteins, secretion functionality of SpaR was already strongly reduced by the
addition of the 3xFLAG epitope-tag. As experimental mapping of this protein via SCAM did

not yield clear results, function of single cysteine mutants is not shown.

Eleven of sixteen amino acid position the major export apparatus protein InvA (SctV) could
be localized by unambiguous labelling of both the cytoplasmic and periplasmic side of the
inner membrane in at least duplicate (Fig. 6 a): S4C, A166C, S174C, S263C, S272C, S337C
and AS511C in the cytoplasm and Q104C, S225C, G296C and F297C in the periplasm. The
results of the remaining five positions offered an indication of the localization. Cysteine at
position 133 proved to be inaccessible, while cysteines at position S143C (cytoplasmic) and
S228C (periplasmic) could only be labelled once. The cysteine at position D38C was
localized in the periplasm in two out of five experiments, but proved to be inaccessible in the
rest. Position D59C was localized in the cytoplasm in two out of four experiments, but
inaccessible and in the periplasm in the remaining two. These results confirm a Nin/Civ

orientation with eight TMHs (Fig. 7).

Of the six amino acid positions of the minor export apparatus protein SpaP (SctR), only three
could be unambiguous labelled on both the cytoplasmic and periplasmic side of the inner
membrane in at least duplicate (Fig. 6 b): S31C and S189C in the cytoplasm and T224C in the
periplasm. The results of the remaining positions were ambiguous due to cytoplasmic
labelling of the negative control in many experiments, which rendered the cytoplasmic results
unusable. Looking at the periplasmic results alone offers an indication of the localization in
the periplasm for the positions G2C, S89C and S107C, while the position S157C is likely
cytoplasmic or inaccessible (Fig. 6 c). These results point to a Noyr/Cour orientation together

with, contrary to the majority of predictions, a large periplasmic loop (Fig. 8).
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For the switch protein SpaS, seven of ten amino acid positions were localized by
unambiguous labelling of both the cytoplasmic and periplasmic side of the inner membrane in
duplicate (Fig. 6 d): S23C, S115C, T131C and S231C cytoplamic and G53C, S66C and
S162C periplasmic. Position S17C and T205C (cytoplasmic), G166C (periplasmic) and could
only be localized once, respectively. This confirms the predicted Nn/Ciy orientation

prediction with four TMHs (Fig. 9).

Experimental topology mapping of SpaR (SctT) did not lead to any conclusive results, due to
cytoplasmic labelling of the negative control in many experiments similar to SpaP as well as

labelling which indicates partial cell lysis during the labelling or blocking steps.

Discussion

The export apparatus of T3SSs is the central entity of these systems facilitating substrate
translocation across the bacterial inner membrane. While high-resolution structures of the
larger extramembrane domains of its components have been solved, our knowledge of the
structure of the transmembrane regions remains limited.

The bioinformatics analysis of the Salmonella SPI-1 vT3SS export apparatus components
InvA, SpaP, SpaQ, SpaR, and SpaS and analysis of homologs of SctRST showed clear
evidence for the membrane topology of InvA, SpaQ and SpaS, all with an Npn/Ciy orientation.
For InvA, SpaP, and Spa$, these results could be validated experimentally using SCAM™.
For the remaining minor export apparatus proteins SpaP and SpaR, the regions for TMH
could be defined; however, the exact number of TMHs could not be resolved. We did find
indications for a Noyr/Cour orientation of SpaP and a Noyt/Ciy orientation for SpaR.

A model of the cytoplasmic C-terminus of the major export apparatus protein InvA (SctV)
based on cryo-electron microscopy has been previously obtained [12]. We can now verify the

number of membrane helices and position of the large loop. The results of the topology
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mapping of InvA show eight transmembrane helices with cytoplasmic N- and C-terminus and
a large cytoplasmic fourth loop (Fig. 7). Previous topology studies of YscV in Y. pestis via
PhoA fusion mapped the first, fifth and seventh loop to be periplasmic, at residues which
closely agree with our results [21]. In X. campestris the export apparatus proteins have been
studied by phoA—lacZ reporter fusions. The study showed evidence for seven transmembrane
helices of the InvA homolog HrcV, with a periplasmic N-terminus and a cytoplasmic C-
terminus [20]. These results correspond well to the last seven transmembrane helices detected,
leaving out the very first one. This is unsurprising as the study used strongly truncated
versions of the protein, missing most of the C-terminal information which can critically
influence the topology.

The results of the SCAM experiment of SpaP (SctR) points to four transmembrane helices
with a large periplasmic second loop as well as periplasmic N- and C-terminus (Fig. 8). This
is in accordance with N-terminal SpaP interaction with the periplasmic inner rod protein PrgJ
(Sctl) [25]. Additionally, some of the SpaR homologs (supplement S11) in flagella systems
may include signal peptides which also point to an Noyr orientation [50]. The strongly
positive charges in the periplasmic second loop may play a different role in structure and

function of the SpaPR subcomplex.

Similar to InvA, a model of the C-terminus of SpaS (SctU) has been published previously
[13]. The results of the topology mapping show four transmembrane helices and cytoplasmic
N- and C-terminus (Fig. 9). This is consistent with the data obtained in a PhoA fusion study in

Y. enterolitica [27]. We can complement this data with reliable cytoplasmic signals.

We were not able to conclusively map the topology of the minor export apparatus protein
SpaR (SctT). HrcT (SctT) in Xanthomonas was reported to have only one N-terminal
transmembrane helix which stands in sharp contrast to bioinformatics predictions (Fig. 2,

supplement S5) suggesting four to six transmembrane helices [20]. The study used a phoA—
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lacZ reporter fusion, obtaining data that concurs largely with our results for the export
apparatus proteins SctRUV. Nevertheless, as mentioned above, the reporter studies are based
on truncated versions, making these results debatable as SpaR seems to be especially sensitive
to even small changes such as amino acid substitution (data not shown). In bacterial genomes,
sctT and sctU are often positioned consecutive in the same operon [51]. Equivalents of both
genes exists in Clostridium acetobutylicum and Clostridium tetani as native gene fusions [52],
[53]. In S. Typhimurium fT3SS a successful fusion of the homologs f/iR-fIhB was constructed
[51]. This suggests that the C-terminal part of SctT could be in the cytoplasm alongside the N-
terminus of SctU. In the S. Typhimurium SPI-1 vT3SS spaR and spaS are consecutive with a
fourteen nucleotide overlap [38]. However, while we were able to construct a SpaRS fusion,
the fusion was not functional for secretion (data not shown). Additionally, preliminary cross-
link data (not shown) suggest interaction between the second to last extramembrane loop of
SpaR and the SpaP periplasmic second loop as well as between the same SpaP loop and the
C-terminus of SpaR. Together with our cytoplasmic prediction of the last loop of SctT
homologs, this underpins the likelihood of several TMHs at the end of SpaR and a Cour

orientation.

Density differences were observed in the centre of the base between averaged cryo-electron
microscopy images of wild type and export apparatus knock out mutants (dinv4 Aspa and
AspaP) which were termed cup and socket structure [19], [54]. It was suggested that the
proteins SpaPQR (SctRST) [19] or PrgJ with periplasmic loops of SpaPR (SctIRT) [25]
account for the unassigned density of the socket and form of a defined substructure. We can
here confirm that the large loop of SpaP is indeed periplasmic. While the periplasmic part of
SpaR remains undefined, the 5:1 stoichiometry of the SpaPR subcomplex means that the five
SpaP, alongside six PrgJ [55] could represent a major part of the socket structure. Neither
InvA (SctV) nor SpaS (SctU) contain large periplasmic loops. InvA though, of which a total

of nine copies are present in the T3SS [22], [55] includes a large cytoplasmic fourth loop to
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which no structure has been assigned yet. In FIhA (SctV) this loop has been suggested to play

a role in inwardly-directed proton flow and may interact with FliR (SctT) [56].

In summary, we were able to define the topologies of the major export apparatus protein InvA
and the switch protein SpaS, and ascertain the periplasmic orientation of the largest loop and
the termini of SpaP. We also found indications for cytoplasmic orientations of the termini of
SpaQ and a Coyr orientation for SpaR. This information will support further structural
studies, such as crosslinking experiments and assist ultimately in elucidating the functions of

export apparatus proteins in the injectisome.
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Figures:

Figure 1: Overview of virulence associated type III secretion system proteins with

Salmonella SPI-1 names as well as unified nomenclature.

Figure 2: Topology prediction of the export apparatus proteins SpaPQRS and InvA
(SctRSTUYV) using TOPCONS [40], TMHMMfix [41] and PredictProtein [43]. In the
summaries sequences predicted as transmembrane helices in all predictions are shown in dark
gray, sequences predicted as transmembrane helices at least once are shown in light gray.
InvA C-terminal cytosolic part after amino acid 310 and SpaS C-terminal cystosolic part after

amino acid 205 were omitted.
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Figure 3: Review of charged residues of the export apparatus proteins SctRST homologs
(vT3SS and fT3SS of Salmonella Typhimurium, Shigella flexneri and Escherichia coli,
VvI3SS of Xanthomonas campestris, Yersinia enterocolitica, and Pseudomonas syringae, and
fT3SS of Helicobacter pylori; Uniprot entry numbers in brackets). T-Coffee alignments are
shown simplified with transmembrane helix (TMH) predictions by AGgpp. Numbers of
arginine and lysine counted in the extra membrane regions and within the first three amino
acids of the adjacent predicted TMH. Clusters of negatively charged amino acids and
conserved positively charged amino acids are additionally marked. Detailed sequence and

TMHs in supplement S3, S6 and S9.

Figure 4: Experimental setup of the substituted cysteine accessibility method (SCAM).
(a) A strain with a single cysteine replacement mutation is grown under conditions expressing
the protein of interest. (b) The culture is divided into two samples to label cysteines either on
the periplasmic (P, light grey) or the cytoplasmic (C, dark grey) side of the inner membrane.
(c) The cells are treated with e.g. EDTA to ensure permeability of the outer membrane
(omitted in the following) for the (d) labelling (blue, star) added to P and the blocking reagent
(red, circle) added to C (e) Potential cysteines are labelled (yellow filled) in the periplasm and
the labelling reaction in P is quenched (black, filled). (f) After putative periplasmic cysteines
are blocked the labelling reagent is added to C. Both samples are lysed, e.g. by bead beater
cell lysis, allowing the unquenched labelling reagent to reach any cytoplasmic cysteines.

(g) After all reactions are quenched in C as well (h) samples are washed, membranes

solubilized and proteins analysed by Western blotting after immunoprecipitation.

Figure 5: Secretion of effector proteins SipB and InvJ into the the supernatant (sup) and
expression of export apparatus proteins InvA, SpaP, SpaR and SpaS in whole cells (wc).
Cysteine mutants are expressed from low copy number plasmid pTACO10. AinvA strain

functions as a negative control for secretion.
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Figure 6: SCAM output of Salmonella type 111 secretion system export apparatus
proteins InvA, SpaP and SpaS (SctRUYV). Number of experiments for a) InvA, b) SpaP and
d) SpaS in which the relative cytoplasmic (blue) or periplasmic (green) signal was stronger.
Number of experiments in which both signals were comparable with the negative control are

shown in gray. c) Relative periplasmic signal of SpaP. Error bars: standard error of the mean.

Figure 7: Topology mapping of the export apparatus protein InvA (SctV) based on the
results obtained in this study. a) Membrane depicted as yellow bar. Membrane external
loops are numbered in roman numerals. Visualized using PROTTER online tool [46].

b) Mapped amino acid positions added to topology predictions of figure 2. Colouring

according to legend of a).

Figure 8: Topology mapping of the export apparatus protein SpaP (SctR) based on the
results obtained in this study. a) Membrane depicted as yellow bar. Membrane external
loops are numbered in roman numerals. Visualized using PROTTER online tool [46].

b) Mapped amino acid positions added to topology predictions of figure 2. Colouring

according to legend of a).

Figure 9: Topology mapping of the export apparatus protein SpaS (SctU) based on the
results obtained in this study. a) Membrane depicted as yellow bar. Membrane external
loops are numbered in roman numerals. Visualized using PROTTER online tool [46].

b) Mapped amino acid positions added to topology predictions of figure 2. Colouring

according to legend of a).
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Supplement

Table ST1.: Strains and plasmids used in this study

Table ST2.: Summary of the predictions of TMHs using the prediction tools TOPCONS

[40], TMHMM(ix [41], AGapp [42] and PredictProtein (PHDhtm, PROFsec, SNAP2) [43]

Supplement Data:

S1: SctR T-Coffee alignment [44] of SpaP (P40700) and F1iP (P54700) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcR (GOCIR4) of Xanthomonas
campestris pv. raphani 756C, YscR (Q9ZA77) of Yersinia enterocolitica, FliP
(AOAOH2V084) and Spa24 (POA1L3) of Shigella flexneri, HrcR (A5Y193) of Pseudomonas
syringae pv. syringae, EpaP (Q3SBB6) and FliP (A0A023KQGO) of Escherichia coli, and

FliP (AOA024BZY8) of Helicobacter pylori. UniProt identifiers in brackets.

S2: SctR AGgpp [42] output of SpaP (P40700) and FIiP (P54700) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcR (GOCIR4) of Xanthomonas
campestris pv. raphani 756C, YscR (Q9ZA77) of Yersinia enterocolitica, F1iP
(AOAOH2V084) and Spa24 (POA1L3) of Shigella flexneri, HrcR (A5YJ93) of Pseudomonas
syringae pv. syringae, EpaP (Q3SBB6) and FliP (A0OA023KQGO) of Escherichia coli, and
FIiP (A0OA024BZY8) of Helicobacter pylori. Full protein scan with helix min length of 18,

helix max length of 40 and length correction on. UniProt identifiers in brackets.

S3: SctR review of charged residues of SpaP (P40700) and FliP (P54700) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcR (GOCIR4) of Xanthomonas
campestris pv. raphani 756C, YscR (Q9ZA77) of Yersinia enterocolitica, FliP
(AOAOH2VO084) and Spa24 (POA1L3) of Shigella flexneri, HrcR (A5YJ93) of Pseudomonas

syringae pv. syringae, EpaP (Q3SBB6) and FliP (A0OA023KQGO) of Escherichia coli, and
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FIiP (AOA024BZY8) of Helicobacter pylori. T-Coffee alignment (S1) with AGyyp predicted

TMHs (S2).

S4: SctS T-Coffee alignment [44] of SpaQ (POA1L7) and F1iQ (POA1LS) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcS (GOCIR3) of Xanthomonas
campestris pv. raphani 756C, YscS (Q7BFA7) of Yersinia enterocolitica, F1iQ (POAC10)
and Spa9 (POA1M4) of Shigella flexneri, HrcS (Q60237) of Pseudomonas syringae pv.
syringae, EpaQ (Q2TJ91) and FliQ (C3T4R7) of Escherichia coli, and F1iQ (POAOS3) of

Helicobacter pylori (strain ATCC 700392 / 26695). UniProt identifiers in brackets.

S5: SctS AGapp [42] output of SpaQ (POA1L7) and F1iQ (POA1LS) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcS (GOCIR3) of Xanthomonas
campestris pv. raphani 756C, YscS (Q7BFA7) of Yersinia enterocolitica, F1iQ (POACI10)
and Spa9 (POA1M4) of Shigella flexneri, HrcS (Q60237) of Pseudomonas syringae pv.
syringae, EpaQ (Q2TJ91) and FliQ (C3T4R7) of Escherichia coli, and F1iQ (POA0S3) of
Helicobacter pylori (strain ATCC 700392 / 26695). Full protein scan with helix min length

of 18, helix max length of 40 and length correction on. UniProt identifiers in brackets.

S6: SctS review of charged residues of SpaQ (POA1L7) and F1iQ (POALLS) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcS (GOCIR3) of Xanthomonas
campestris pv. raphani 756C, YscS (Q7BFA7) of Yersinia enterocolitica, F1iQ (POAC10)
and Spa9 (POA1M4) of Shigella flexneri, HrcS (Q60237) of Pseudomonas syringae pv.
syringae, EpaQ (Q2TJ91) and FliQ (C3T4R7) of Escherichia coli, and F1iQ (POA0S3) of
Helicobacter pylori (strain ATCC 700392 / 26695). T-Coffee alignment (S4) with AGay,

predicted TMH (S5).

S7: SctT T-Coffee alignment [44] of SpaR (P40701) and FliR (P54702) of Salmonella

Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcT (GOCIS6) of Xanthomonas
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campestris pv. raphani 756C, YscT (Q93KT5) of Yersinia enterocolitica, FliR (Q83R27) and
Spa29 (POAIMO6) of Shigella flexneri, HrcT (Q60238) of Pseudomonas syringae pv.
syringae, EpaR (A0A024L995) and FliR (AOAOC3METY) of Escherichia coli, and FliR
(024978) of Helicobacter pylori (strain ATCC 700392 / 26695). UniProt identifiers in

brackets.

S8: SctT AG,pp [42] output of SpaR (P40701) and FliR (P54702) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcT (GOCIS6) of Xanthomonas
campestris pv. raphani 756C, YscT (Q93KTY) of Yersinia enterocolitica, FIliR (Q83R27) and
Spa29 (POAIMO6) of Shigella flexneri, HrcT (Q60238) of Pseudomonas syringae pv.
syringae, EpaR (A0A024L995) and FliR (AOAOC3METY) of Escherichia coli, and FliR
(024978) of Helicobacter pylori (strain ATCC 700392 / 26695). Full protein scan with helix
min length of 18, helix max length of 40 and length correction on. UniProt identifiers in

brackets.

S9: SctT review of charged residues SpaR (P40701) and FliR (P54702) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720), HrcT (GOCIS6) of Xanthomonas
campestris pv. raphani 756C, YscT (Q93KT5) of Yersinia enterocolitica, FliR (Q83R27) and
Spa29 (POA1IMO6) of Shigella flexneri, HrcT (Q60238) of Pseudomonas syringae pv.
syringae, EpaR (A0A024L.995) and FliR (AOAOC3METY) of Escherichia coli, and FliR
(024978) of Helicobacter pylori (strain ATCC 700392 / 26695).T-Coffee alignment (S7)

with AGgpp predicted TMHs (S8).

S10: TOPCONS [40] predictions of the export apparatus proteins SpaPQRS (P40700,
POAI1L7, P40701, P40702) and InvA (POA1I3) of Sa/monella Typhimurium (strain LT2 /

SGSC1412 / ATCC 700720). UniProt identifiers in brackets.
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S11: SignalP [45] output for the flagellar SctR proteins FliP (P54700) of Salmonella
Typhimurium (strain LT2 / SGSC1412 / ATCC 700720) FIliP (AOA023KQGO) of
Escherichia coli, and FIiP (AOA024BZY8) of Helicobacter pylori. UniProt identifiers in

brackets.
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SctR homologs

SpaP (P40700) S. Typhimurium
HrcR (GOCIR4) X. campestris
FliP  (P54700) S. Typhimurium
YscR (Q9ZAT7) Y. enterocolitica
Spa24 (POA1L3) S. flexneri
HrcR (A5YJ93) P. syringae

FliP (AOAOH2V084) S. flexneri
EpaP (Q3SBB6) E. coli

FliP (AOA023KQGO) E. coli
FliP (A0A024BZY8) H. pylori

SctT homologs

SpaR (P40701) S. Typhimurium
HrcT (GOCIS6) X. campestris
FliR  (P54702) S. Typhimurium
YscT (Q93KT5) Y. enterocolitica
Spa29 (POA1MG) S. flexneri
HrcT (Q60238) P. syringae

FliR (Q83R27) S. flexneri

EpaR (A0A024L995) E. coli
FliR (AOAOC3MET9) E. coli
FliR (024978) H. pylori
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SctS homologs

SpaQ (POALL?) S. Typhimurium —Lpmm—mm+2.
HrcS (GOCIR3) X. campestris -
FIiQ (POAIL5) S. Typhimurium —t g +1
YscS (Q7BFAT) Y. enterocolitica — 2
Spa9 (POALM4) S. flexneri o+l
HrcS (Q60237) P. syringae ol
FIiQ (POACL0) S. flexneri o
EpaQ (Q2TJO1) E. coli o 2
FIiQ (C3T4R7) E. coli oy !
FIiQ (POA0S3) H. pylori e w3

+1 number of Arg and Lys
i conserved positively charged amino acid

* cluster of >4 negatively charged amino acids
[ predicted transmembrane helix
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Table S1: Strains and plasmids

Salmonella Description Reference
SL1344 (Kroger et al. 2012)
SB762 wild type (SL1344, fIhD: :tet) (Kaniga et al. 1995)
SB1892 AspaPQORS, fIhD: :tet, arahilA

SB1893 AprgHIJK, flhD::tet, arahilA

SB1901 AinvA, fIhD:: tet

SB1902 AspaP, flhD: :tet

SB1905 AspaS, fIhD: :tet

Plasmid Description Reference
pSB3292 pBAD24, hilA (Lara-tejero et al. 2011)
pSB3405 pPTACOI10, invA™C

pMIB5025 PTACOI10, invA™ %, C484A, C575A This study
PMIB5030 pMIB5025, S4C This study
PMIB5031 pMIB5025, S133C This study
pPMIB5032 pMIB5025, A166C This study
pMIB5033 pMIB5025, $225C This study
pPMIB5034 pMIB5025, $263C This study
pPMIB5035 pMIB5025, $337C This study
pMIB5036 pMIB5025, D59C This study
pMIB5037 pMIB5025, A100C This study
pPMIB5038 pMIB5025, A511C This study
pPMIB5039 pMIB5025, S272C This study
PMIB5040 pMIB5025, G296C This study
pMIB5111 pMIB5025, F297C This study
pMIB5112 pMIB5025, D38C This study
pMIB5113 pMIB5025, Q104C This study
pMIB5114 pMIB5025, S174C This study
pMIB5115 pMIB5025, $228C This study
pMIB6131 pMIB5025, Y34C This study
pMIB6132 pMIB5025, S143C This study
pMIB6133 pMIB5025, S184C This study
pSB3410 pTACOI10, spaP*™

pMIB5016 PTACO10, spaP™™™ % C26A This study
pMIB5105 pMIB5016, S31C This study
pMIB5104 pMIB5016, G2C This study
pMIB5106 pMIB5016, S48C This study
pMIB5107 pMIB5016, S§9C This study
pMIB5108 pMIB5016, S107C This study
pMIB5109 pMIB5016, S189C This study
pMIB5110 pMIB5016, T224C This study
pMIB5364 pMIB5016, A71C This study
pMIB5365 pMIB5016, A118C This study
pPMIB5366 pMIB5016, S142C This study
pMIB5367 pMIB5016, S157C This study
pSB3406 pTACO10, spaS™A©

pMIB5191 PTACO10, spaS™, C33A, C89A, C92A, C152A, C186A, CI89A This study
pMIB5119 pMIB5191, S17C This study
pMIB5127 pMIB5191, T205C This study
pMIB5121 pMIB5191, G53C This study
pPMIB5120 pMIB5191, $23C This study
pMIB5128 pMIB5191, $231C This study
pMIB5124 pMIB5191, T131C This study
pMIB5125 pMIB5191, S162C This study
pMIB5126 pMIB5191, G166C This study
pMIB5122 pMIB5191, S66C This study
pMIB5123 pMIB5191, S115C This study
pMIB5357 pMIB5191, N258A This study
PMIB5094 pMIB5191, S17C, N258A This study
pPMIB5095 pMIB5191, T205C, N258A This study
pPMIB5096 pMIB5191, G53C, N258A This study
pMIB5097 pMIB5191, S23C, N258A This study
pPMIB5098 pMIB5191, S231C, N258A This study
pMIB5101 pMIB5191, TI31C, N258A This study
pMIB5102 pMIB5191, S162C, N258A This study
pMIB5103 pMIB5191, G166C, N258A This study
pMIB5358 PMIB5191, S66C, N258A This study
pPMIB5359 pMIB5191, S115C, N258A This study
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Table ST2.:

InvA
TOPCONS
OCTOPUS
Philius
PolyPhobius
SCAMPI
SPOCTOPUS
TMHMMfix
AGapp
PredictProtein
All

at least one
diff. start
diff. end

SpaP
TOPCONS
OCTOPUS
Philius
PolyPhobius
SCAMPI
SPOCTOPUS
TMHMMfix
AGapp
PredictProtein
All

at least one
diff. start
diff. end

SpaQ
TOPCONS
OCTOPUS
Philius
PolyPhobius
SCAMPI
SPOCTOPUS
TMHMMfix
AGapp
PredictProtein
All

at least one
diff. start
diff. end

SpaR
TOPCONS
OCTOPUS

Summary of the predictions of TMH

™1
15-35
16-36
15-32
15-33
15-35
16-36
13-30
9-37
15-37
16-30
9-37
7

7

™1
2-22
6-20
7-33
6-37
2-22
6-20
15-37
5-35
9-34
15-20
2-37
13

17

™1

16-36
16-36
12-36
12-37
16-36
16-36
12-34
11-36
12-36
16-34
11-37

™1
12-32
12-32

™2

39-59
39-59
39-58
39-58
38-58
39-59
35-57
39-62
39-58
39-57
35-62

™2

51-71
52-72
49-70
48-71
48-68
52-72
49-71
46-72
47-68
52-68
46-72

™2
42-62
42-62

T™M3
67-87
67-87
67-91
69-90
61-81
67-87
69-91
64-91
64-83
69-81
61-91
7

10

T™M3

50-70
52-72
49-69
49-69
50-70
53-73
50-69
50-75
49-67
53-67
49-75

12

™3
74-94
74-94

T™M4
108-128
98-128
106-129
105-129
110-130
98-128
106-128
105-130
106-129
110-128
98-130
12

2

T™M4
143-163
143-163

159-173

143-163
141-154
141-173
18
19

™4
129-149
129-149

120

TM5
197-217
196-216
197-217
197-218
197-217
196-216
197-219
192-218
197-218
197-216
192-219
5

3

TM5
165-185
165-185
163-187
175-189
163-183
165-185
161-183
163-193
161-183
175-183
161-193
6

10

TM5
178-198
178-198

TM6
237-257
235-255
238-259
238-257
239-259
235-255
239-261
239-259
235-256
239-255
235-261
4

6

T™6
197-217
200-220
195-217
193-216
192-212
200-220
194-211
185-205
185-217
15

12

T™6
216-236
216-236

™7
274-294
282-296
270-291
276-294
274-294
282-296
274-291
274-294
286-309
286-291
274-309
16

18

T™M8

297-317
298-312
297-317
299-317
297-317
298-312
296-315
297-318

296-318
2
6



Philius 9-33
PolyPhobius 11-33
SCAMPI 13-33
SPOCTOPUS 12-32
TMHMMfix 10-32
AGapp 12-38
PredictProtein  14-33
All 14-32
at least one 9-38
diff. start 5
diff. end 6
Spas T™M1
TOPCONS 29-49
OCTOPUS 29-49
Philius 29-48
PolyPhobius 29-47
SCAMPI 29-49
SPOCTOPUS 29-49
TMHMMfix 29-51
AGapp 28-48
PredictProtein  28-48
All 29-47
at least one 28-51
diff. start 1
diff. end 4

TMHMM?2 output

Protein

InvA

sp|POAL1I3|INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3|INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3 |INVA SALTY
sp|POAL1I3|INVA SALTY

SpaP
sp|P40700 | SPAP_SALTY

40-59
41-62
39-59
42-62
37-59
41-59
37-54
42-54
37-62

™2
81-101
73-103
81-104
77-101
81-101
73-101
72-94
72-106
74-100
81-94
72-106
9

12

73-97
72-99
78-98
74-94
79-101
65-95
70-103
79-94
65-103
14

™3
136-156
136-156
138-157
135-154
135-155
136-156
136-153
138-156
132-153
138-153
132-157
6

4

Tool

TMHMM?2 .
TMHMM2 .
TMHMM?2 .
TMHMM?2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .

O O O O O O O O O O O o o o o o o

TMHMM2 . 0

121

128-143
127-151
127-147
129-149
128-150

126-149
126-150
3
8

™4
178-198
177-197
178-200
178-200
181-201
178-198
178-200
171-204
172-196
181-196
171-204
10

8

Position

inside

TMhelix
outside
TMhelix
inside

TMhelix
outside
TMhelix
inside

TMhelix
outside
TMhelix
inside

TMhelix
outside
TMhelix

inside

outside

181-202 211-234
177-202  211-235
181-201  216-236
178-198  216-236
181-203  210-232
181-206  211-235
177-194  212-235
181-194  216-232
177-206  210-236
4 6

8 4

amino acid amino acid end

1 12
13 30
31 34
35 57
58 68
69 91
92 105
106 128
129 196
197 219
220 238
239 261
262 273
274 291
292 295
296 315
316 685

1 14



sp|P40700 | SPAP_SALTY
sp|P40700 | SPAP_SALTY
sp|P40700 | SPAP_SALTY
sp|P40700 | SPAP_SALTY
sp|P40700 | SPAP_SALTY
sp|P40700 | SPAP_SALTY

SpaQ

sp|POAL1L7 | SPAQ SALTY
sp|POAL1L7 | SPAQ SALTY
sp|POA1L7 | SPAQ SALTY
sp|POAL1L7|SPAQ SALTY
sp|POAL1L7|SPAQ SALTY

SpaR

sp|P40701|SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701 | SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701 | SPAR SALTY
sp|P40701 | SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701 | SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701|SPAR SALTY
sp|P40701 | SPAR SALTY

SpasS

sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY
sp|P40702 | SPAS_SALTY

TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .

TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM?2 .
TMHMM?2 .

TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM?2 .
TMHMM2 .

TMHMM?2 .
TMHMM2 .
TMHMM?2 .
TMHMM?2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .
TMHMM2 .

o O O O o o

o O O O o

OO O O O O O O O O O o o o

OO O O O O O o o o

TMhelix
inside
TMhelix
outside
TMhelix
inside

inside
TMhelix
outside
TMhelix
inside

outside
TMhelix
inside

TMhelix
outside
TMhelix
inside

TMhelix
outside
TMhelix
inside

TMhelix

outside

outside
TMhelix
inside

TMhelix
outside
TMhelix
inside

TMhelix

outside

122

15
38
50
70
161
184

12
35
49
72

10
33
37
60
79
102
128
151
181
204
210
233

29
52
72
95
136
154
178
201

37
49
69
160
183
224

11
34
48
71
86

32
36
59
78
101
127
150
180
203
209
232
263

28
51
71
94
135
153
177
200
356
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TSFTRIIIVFGLLRNALGTPSAPPNQVLLGLALFLTFFIMSPVIDKIYVDAYQP-F-SEEKIS
TSFTRLIVVFSFLRTALGTQQTPPTQILVSLSLILTFFIMEPSLKKAYDTGIKP-Y-MDKKIS
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sp|P40700|SPAP _
tr|GOCIR4|GOCIR
sp|P54700|FLIP
tr|Q9ZA77|Q9ZA7
sp|POA1L3 | SPAP
tr|ASYJ93 |ASYJY
tr|AOAOH2VO084 |A
tr| Q3SBB6|Q3SBB
tr|AOA0O23KQGO |A
tr | AOA024BZYS8 |A

cons

sp|P40700|SPAP
tr|GOCIR4|GOCIR
sp|P54700|FLIP
tr | Q9ZA77|Q9ZA7
sp|POAL1L3 |SPAP
tr|A5YJ93 |A5YJ9
tr|AOAOH2VO084 |A
tr| Q3SBB6|Q3SBB
tr | AOA023KQGO |A
tr|AOA0O24BZYS8 |A

cons

sp|P40700|SPAP _
tr|GOCIR4 |GOCIR
sp|P54700|FLIP
tr | Q9ZA77|Q9ZA7
sp|POAL1L3 |SPAP
tr|ASYJ93 |ASYJY
tr | AOAOH2VO084 |A
tr|Q3SBB6|Q3SBB
tr | AOA023KQGO |A
tr|AOA0O24BZYS8 |A

cons

S1

LSKHVDEGLDGYRDYLIKYSDRELVQFFENAQLKRQY/GE EBIVKRDKDE IEKPSIFALLPAY

VVVLLDACREPFRQFLLKHTREREKAFFIRSAQQIWP-KD------ KADTLKPDDLLVLAPAF
MQEALDKGAQPLRAFMLRQTREADLALFARLANSGPL-Q---------- GPEAVPMRILLPAY
VEKFFDEGLAPYRMFLKQHIQAQEYSFFVDSTKQLWP-KQ------ YADRLESDSLFILLPAF
IVRFSDSGLMEYKQYLKKHTDLELARFFQRSEEENAD-LK------- SAENNDYSLFSLLPAY
LQSSLKVVIEPLQRFMTRNTDPDVVAHLLENTQRMWP-KE- ---- - MADQANKNDLLLAIPAF
MQEALEKGAQPLREFMLRQTREADLGLFARLANTGPL-Q---------- GPEAVPMRILLPAY
VVNFVETGMSGYKSYLIKYSEPELVSFFEKIQKVNSS—ED-— ---EIIDDDNISIFSLLPAY
MQEALEKGAQPLREFMLRQTREADLGLFARLANTGPL-Q---------- GPEAVPMRILLPAY
YTEAFEKSALPFKEFMLKNTREKDLALFFRIRNLPNP-K---------- TPDEVSLSVLIPAF

ALSEIKSAFKIGFYLYLPFVVVDLVVSSVLLALGMMMMSPVTISTPIKLVLFVALDGWTLLSK
TLSELTEAFRIGFLLYLVFIVIDLVVANALMAMGLSQVTPTNVAIPFKLLLFVALDGWSMLIH
VISELKTAFQIGFTIFIPFLIIDLVIASVLMALGMMMVPPATIALPFKLMLFVLVDGWQLLMG
TVSELTRAFEIGFLIYLPFIVIDLVISNILLAMGMMMVSPMTISLPFKLLLFVLLDGWTRLTH
ALSEIKDAFKIGFYLYLPFVVVDLVISSILLALGMMMMSPITISVPIKLVLFVALDGWGILSK
VLSELQAGFEIGFLIYIPFIVIDLIVSNLLLALGMQMVSPMTLSLPLKLLLFVLVSGWSRLLD
VISELKTAFQIGFTIFIPFLIIDLVIASVLMALGMMMVPPATIALPFKLMLFVLVDGWQLLVG
ALSEIKSAFIIGFYIYLPFVVVDLVISSVLLTLGMMMMSPVIISTPIKLILFVAMDGWTMLSK
VISELKTAFQIGFTIFIPFLIIDLVIASVLMALGMMMVPPATIALPFKLMLFVLVDGWQLLVG
MISELKTAFQIGFLLYLPFLVIDMVISSILMAMGMMMLPPVMISLPFKILVFILVDGFNLLTE

W g o® ©WWW ggg WgggwWas

GLILQYMDIA--T
GLVLSYR------
SLAQSFY-S----
GLVISYGG-----
ALIEQYINIP--A
SLFYSYM------
SLAQSFY-S----
GLILQYFDLSINP
SLAQSFY-S----
NLVASFKMV- - - -

T
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S2

>splP40700]SPAP_SALTY Surface presentation of antigens protein SpaP OSSals | XANCA Type Il secretion protein HrcR OSXanthomonas campestris pv
typhimurium strain LT2 SGSC1412 ATCC 700720 GMspaP PE3 SV1 ‘raphani 756C GNhreR PE3 SV1
Pradicted TM helices: Predicted TM helices:
Fasition Length Predicted AG Sequencs Posiion Length Prediced 4G Seguence
T3 0 SNATE  LALLAFSTLLPFAASGTCRVKFSIWFVIVA fsnalyrel 630 2% 1605 VBSLLIVVIMLGLLBFAAMWWISYT
§075: 26 D482 NTLNGVALLLSHFVMOVPIMHDAYVYF Janslyzel 5274 2 1385 MVLHGVALLVSCFVIAAPVGMEAF [snayze]

18218 31 -1.485 FYLYLPRVVVDLVVESVLLAL CHRMISPYTI lanatyzel 14178 3 243 LTEAFRIGFLLYLVFVIDLVVANALMAMGL [wmanyze)
18921 18 1926 STRKLYLFVALDGWILL fanaiyrel L TP T 1130 FRLLLPVALDGWSMLMGLVLSYR [anatyze]
Downioad glot in EPS farmat (==} Downioad piot in EPS formial (#=r)

s Kl

g i

3 =

@ 9

< -

g =

B 3

3 4

8 |3

n &

] 50 108 150 200 U] = 50 190 150 200
Sequence pasitisn {of center of halix) fequence position (Of center of helix)

>splP54TO0FLIP_SALTY Flagellar biasynthetic protein FiiP OSSalmanelia typhimurium strain LT2 SA|QSZATTIQSZATT_YEREN Type lll secretion system protein OSYersinia enterccolitica GNyscR

SG5C1412 ATCC 700720 GNP PET SV1 PE3SV1
Predicted TM fe. Predicted TM heli
Fosion Length PreaicteaaG Segquence Position Leagth Predicted AG Sequence
12 2 0310 MRRLLFLSLAGLWLFSRAAAARL [snatyze] 1048 31 753 LHLSLLTLL PUVSVIATSFVKFAVVFSLL [mnakeze]
1 M 2958 TLVFASLIFLRAILLIMMTSFTRIVFGLL [analyze] 5374 22 023 MANYGLAILSLYVMAPYGFAT [enalyze]
Eg105 18 DEE1  VLLOLALFLTFFMSPVI [mralyze] 13EASE 18 1802  SLFLLPAFTVEELTRAF [mnalyze]
w2 2 2€38  TAFGICFTFPFLIDLVIASVLMALGIMMIY [analyze] 156-166 40 203  FLIVLPFVDLVISHLLAMGIMMVSPUTISLPFRLLLF lanalyze]
a5 22 1987 ATIALPFKUMLPVLVDGWGLLI [analyze]
Downiload piot in EPS format (=ow)
Bownload piol in EPS format (i)
15
i £
3 3w
3 £
g =
‘ 2
-
T
g g s
g 3
g S
H H
a
'y
(] 50 100 AIS-B 200 L] 50 100 150 00
Seouence veaition (of center of helixl Ssquence pasition (of ceater of heliw)
>splPOAIL3ISPAP_SHIFL Burface presentation of antigens protein SpaP OSShigella flexneri SAASYJIIASYII3_PSESY HicR OSPseuds syringae GHhreR PE3 SV1
GhispaP PE3 SV1 Predicted TM helices:
Pradicted TM. : Fosition Length Predicted AG
Position Length Predicted AG 1-31
£-34 30 -1 NELATLEFFTLLPFLVAASTCY IKFSAVF \anatyze) 45E3
s-68 18 6eso NTLNGIALIMALFVIKPI 120-147
1E5.188 31 1898 FYLYLPRVVVDIVISSILLAL GIMMIESPITI fanstyre) 8176
1er-208 22 2378 VPIKLA fanayzel 175200
Download giot in EPS format (s=w) ‘Download pict in £PS format (=<w)
" ]
H ¥
@ o
< -
] 3
v &
3 3
3 &
& -
o Sa 100 150 200 1] 50 o0 150 00
Sequence position {of center of helix) Sequence pasition (af centsr of helix)
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21 H 084_SHIFL Flagellar bigsynthetic protein FIiP OSShigella fiexneri
GNfliP PE3 SV1
Predicted T heticas:
Positon. Length Fredicted AG Saquence.
333 W 2833 TLVFTSLTFPAILLMMTSFTRINFGLL [sralyze]
7B 8 0EE1 VILGLALFLTFFIMSPVI [snatyze]
T 32 2538 TAFQIGFTFRFLIDLVIASVLIALGUMIY [sealyze]
174195 2 1567 ATIALRFKLMLFVLVDGWOLLY [analyz:
Downioad piot in E95 formsd (rerer)

1mo1)

Frodicted AG (ke

(] 54 100 150 200

Sequence position (of center of helin)

) ECOLX Flageliar lic: protein FIiP OSE: ia coli

GNP PE3 8V
Predicted TM hafices:
Poziton Length Predicten A Sequence

1-22 23 g2y MRALLSVAPYLLWLVTRLAFAQL [aratyze)

4474 N 2833 TLVRITSLTFPALLMMTSFTRINFGLL {amatyze}

82105 18 561 VLLGLALFLTFFIMSPV) i
ez 2 253 LVIASVLMALGMMMY {aratyze
nsE 2 1187 ATIALPFRLMLAVLVDGWOLLY {anatyze}

a4 AB (kealfmol)

Pradicre

LITEET

100 150 z00
Sequence pasition (af center sf helix)

S2

>triQ3SBB6IA3ISHEE_ECOLX EpaP OSEscherichia coli GNepaP PE3 SV1

Predicted TM helices:

Fosition Length Fredicted AG

530 % 2M2Z  SLALTLFTLLPFIASGTYFIKF [snalyze]
s0-73 28 6F4T  MTLNGVALLLSHFVIMMPVGTERY [sralyze]
163483 31 72 AFIGFYIYLEFVAVDLYISSVLLTLGHIMM [snalze]
1206 20 15680 VISTPKLLFVAMDGWTHL [anaiyze]
‘Download piat in EPS format (w+)

]

¥l

g

i

t

i

H

o

] S0 o 150 200
Ssguence pasition (of center of helix)
ZY8_HELPX Flageliar biosynthetic protein FIIP OSHelicobacter pylon
GNfiP PE3 SV1
M helices:

Fosition Lengih Fregicied AG Sequence

118 18 -1.242  MRFFFLILICPLICPLM lansiyze]
w7s I 678 LVTTLNVIALLTLIVLAPSLEVITSFTRLAVFSFL [analyze]
80-187 1% 5883 WVSLSLLTFFIMEPSL |anaiyze;
167-185 18 2580  VSL [snatyze]
189221 33 2105 FLLYLPFLVIDIVISSILMANGUNMLPPVIIL {analyze]

Download plotin EP'S format ()

Predicted A (keal/mel)

0 50 100 150 200

Sequence position (of center of helix)
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S3

T-COFFEE, Version_11.00.d625267 2016-01-11 15:25:41 - Revision d625267 - Build 507
Cedric Notredame
CPU TIME: 0 sec
SCORE=935
- entirely conserved columns marked with a star (¥)
- columns comprising amino acids of same size and hydropathy marked with a colon (;)
- columns comprising amino acids of similar size or evolutionary preserved hydropathy marked with a period (.)
- positive charged amino acids (Arg and Lys) marked in blue
- negative charged amino acids (Asp and Glu) marked in
- transmembrane domains marked in
sp| P40700| SPAP_ MG- - - = - - s e m e oo NOI'S
tr| GOClI R4| GOCI R MQ- -~ = imim mimim i s m s s s e e e i s e MP
sp| P54700| FLI P_ RR PGLI SQPLA- GGGQSWSLSVQ
tr| Q9ZA77| Q9ZA7 Ml Q= =im i mim s s = s = s G e Ee R SR R DR R SR SR LP I'N
sp| POATL3| SPAP_ [ T i S
tr| A5YJ 93| A5YJ9
Er| AOAOH2VOBA| A  se<rsrrsresesse ndr fShsinaiine 8RR B8 8 Sk 5 SR Hin R 80 MQ
tr| Q3SBB6| Q3SBB [ I I I S NS
tr| AOA023KQGO| A RR PGI TSQPLP- GGGQSWSLPVQ
tr| AOA024BZY8| A R SADSALPSVNLSLNAPNDPKQ
cons 5 5 *
sp| P40700| SPAP_ RNALGLQQI PSN VTFENDI SS

tr] GOCI R4| GOCIR K
sp| P54700| FLI P_
tr| Q9ZA77| Q9ZA7
sp| POATL3| SPAP_
tr] A5YJ93| A5YJ9
tr| AOAOH2VO084| A
tr| Q3SBB6| Q3SBB K
tr] AOA0O23KQGO| A
tr| AOAO24BZY8| A

VVVLGLLRNAI GVQQVPPN
RNALGTPSAPPNQ
RNALGVQQI PPN

VMVRNALGLQQVPSN
TRNAI GVQQVPPN H
RNALGTPSAPPNQ

SI VFVI VRNALGLQQVPSN
RNALGTPSAPPNQ
RTALGTQQTPPTQ

KAAQNYSP- GAENSR
KI'YVDAYQP-F-SEQKI S
QUYLQANEVSLTNIES
AGYENYLNGPQKFOTI S
| QQRVHEHPLELSNADK
KI YVDAYQP- F- SEEKI S
NSQNENLSFNNVAS
Kl YVDAYQP-F-SEEKI S
KKAYDTGI KP- Y- MDKKI S

cons oo XoEox Lo HE T *o¥

sp| P40700| SPAP_ LSKHVDEGLDGYRDYLI KYSDRELVQFFENAQLKRQYGEETETVKRDKDEI EKPSI FALLPAY
tr| GOCI R4| GOCI R VVVLLDACREPFRQFLLKHTREREKAFFI RSAQQI WP- KD- - - - - - KADTLKP LLVLAPAF
sp| P54700| FLI P_ MQEALDKGAQPLRAFMLRQTREADLALFARLANSGPL-Q---------- GPEAVPMRI LLPAY
tr| Q9ZA77| Q9ZA7 VEKFF GLAPYRMFLKQHI QAQEYSFFVDOSTKQLWP- KQ- - - - - - YADRLES

sp| POATL3| SPAP_ | VRFSDSGLMEYKQYLKKHTDLEL ARFFQRS NAD- LK------- SAENNDYSLFSLLPAY
tr| A5YJ93| A5YJ9 LQSSLKVVI EPLQRFMTRNTOPDVVAHLLENTQRMWP - KE- - - - - - MADQANKN

tr| AOAOH2V084]| A MQEALEKGAQPLREFMLRQTREADLGLFARLANTGPL-Q---------- GPEAVPMRI LLPAY
tr| Q3SBB6| Q3SBB VVNFVETGMSGYKSYLI KYSEPELVSFFEKI QKVNSS- NE----E11 NI SIFSLLPAY
tr| AOA023KQGO| A MQEALEKGAQPLREFMLRQTREADLGLFARLANTGPL-Q---------- GPEAVPMRI LLPAY
tr| AOA024BZY8| A YTEAFEKSALPFKEFMLKNTREKDLALFFRI RNLPNP-K---------- TP

cons

sp| P40700| SPAP_  ALSEI KSAFKI G SK
tr| GOCIR4| GOCIR  TLS SQVTPTNVAI PFK

sp| P54700| FLIP_  VTSELK PP G
tr| QOZA77| Q9ZA7 I G VLLDGWTRLTH
sp| POATL3| SPAP_  ALSEI KDAFKI G S

tr| A5YJ 93| A5YJO sp R
tr| AOAOH2VO84| A  VTSELK PP G
tr| Q3SBB6| Q3SBB  ALSEIKS sp SK
tr| AOA023KQGO| A  VTSELK PP G
tr| AOAO24BZY8| A Ql G PFKILVFI LVDGFNLLT

cons

sp| P40700| SPAP_

tr| GOCIR4| GOCI R R------
sp| P54700| FLIP_ SLAQSFY-S----
tr| QOZA77| Q9ZA7 GLVI SYGG- - - - -
sp| POATL3| SPAP_ QYINIP--A
tr| A5YJ 93| A5YJ9 SLEYSYM------
tr| AOAOH2V084| A SLAQSFY-S----
tr| Q3SBB6| Q3SBB GLILQYFDLSI NP
tr| AOAO23KQGO| A  SLAQSFY-S----
tr| AOAO24BZY8| A NLVASFKMV- - - -

cons
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S4

T-COFFEE, Version_11.00.d625267 2016-01-11 15:25:41 - Revision d625267 - Build 507

Cedric Notredame
CPU TINE: 0 sec.
SCORE=928

*

BAD AvG Goob

*

sp| POATL7| SPAQ_
tr| GOCIR3| GOCIR
sp| POATL5| FLI Q_
tr| Q7BFA7| Q7BFA
sp| POATNM4| SPAQ_
tr| Q60237| Q6023
sp| POAC10| FLI Q_
tr]| Q2TJ91]| Q2TJ9
tr| C3T4R7| C3T4R
sp| POAOS3| FLI Q_
cons

sp| POATL7| SPAQ_
tr| GOCIR3| GOCIR
sp| POATLS5| FLI Q_
tr| Q7BFA7| Q7BFA
sp| POATNM4| SPAQ_
tr| Q60237] Q6023
sp| POAC1O| FLI Q_
tr| Q27191 Q2TJ9
tr| C3T4R7| C3T4R
sp| POAOS3| FLI Q_

cons

sp| POATL7| SPAQ_
tr| GOCI R3] GOCIR
sp| POATLS| FLI Q_
tr| Q7BFA7| Q7BFA
sp| POATNV4| SPAQ_
tr| Q60237]| Q6023
sp| POAC10| FLI Q_
tr| Q2TJ91| Q2TJ9
tr| C3T4R7| C3T4R
sp| POAOS3| FLI Q_

cons

94
94
94
94
94
92
94
94
94
91
92

VD- - DLVFAGNKALYLVLI LSGWPTI VATI | GLLVGLFQTVTQLQEQTLPFGI KLLGVCLCLF
VDHDDLVRLTSEALLLCLKVSLPVVGVAALAGLLI AFLQAVMSLQDASI SFALKLVVVVAAI A
VTPESVMVMGTEAMKVALALAAPLLLVALITGLITSI LQAATQI NENTLSFI PKI VAVFI Al

VSQGDI | HFTSQALWLVLVLSVPPVLVAAVVGTLVSLVQALTQI QEQTLGFVI KLI AVVVTLF
VS--DI VYMGNKALYLI LI FSLWPVGI ATVI GLSI GLLQTVTQLQEQTLPFGI KLI GVSISLL
VE--A- LALFKQGMFLVVI LTAPPLAVAVLVGVVTSLLQALMQI QDQTLPFGI KLGAVGLTLA
VTPESVMVMGTEAMKVALALAAPLLLVALVTGLI I SI LQAATQI NENTLSFI PKI I AVFI Al

VD- - DI VFAGNRALYLI LVMSAGPI AVATFVGLLVGLFQTVTQLQEQTLPFGVKLLCVSI CFF
VTPESVMNVMGTEAMKVALALAAPLLLVALVTGLI I SI LQAATQI NENTLSFI PKI I AVFI Al

VES- QLMKLAI ETYKI TLNMI SLPVLLAGLVVGLLVSI FQATTQI NENTLSFVPKI LAVI GVLI

LLSGWYGEVLLSYGRQVI FLAL- AK---G
VTAPWGAS Al MQF GQAL MQAAFP- - - - - -
VAGPWVMLNLLLDYVRTLFSNLPYII---G
ATASWLGNELHSFAENMTNMNKI Q-GI ---R
LLSGWYGEVLLSFCHEI MFLI K-SG---V
NTGRMIGVELIQFINMAFDLIA-RSIVSH

| AGPWMLNLLLDYVRTLFTNLPYII---G
LMSGWYGEKLYSFGI ENLNLAF- AR---G
| AGPWMLNLLLDYVRTLFTNLPYII---G
LTVPWMTNMLLDYTKTLI KLI PKII---G
* H : III
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>sp|POATLT|SPAQ_SALTY Surface presentation of antigens protein SpaQ OSSalmenella

typhimurium strain LT2 SGSC1412 ATCC 700720 GNspaQ PE3 SV

Predicted TM helices:
FPosttion Length Frodicted G Sequence
136 2% 1431 ALYLVLILSGWPTIVATIGLLVGLF {ansiyze]
4672 27 -1698 TLPFGIKLLGVCLCLFLLEGWYGEVLL [analyze]
Download plot in EPS format {new)
T T T z
118 ——
at o —
L
133 —
193 ——
== L —
g3 € q L=25 w—
£ i
A L=2f ——
% il | 1=29 —
o L=30
e e P
< o J—
g L=33 ——
Y | L=31 e
o L=35 ——
B L=3f ——
2 =37 ——
L=38 ——
0 L=30
L=40 ——
-2 4
. . L
] 10 20 30 40 50 B0 70 80
Sequence pasition (of center of helix)
>sp|POA1LS|FLIQ_SALTY Flagellar bic ic protein FliQ O ‘
LT2 8GSC1412 ATCC 700720 GNIliQ PE3 SV1
Predicted TM helices:
Position Length Predicted AG  Sequence
1338 26 3008 LLVALITGLUSIL [analyza)
4774 28 -1.285 MTLEFIPKIVAVFIAIVAGPWMLNLLL [anatyze]
Download plot in EP'$ format (nme)
T T T 1518 ——
L=19 ——
£=20 ——
L=21
6 F L=22 ——
1=13 ——
_ L=24 ——
vl 1728 —
| 1=2s —
& Al Lo3] —
2 L=28 ——
£ 1529 ——
- 1=30
v o2t 1=31 ——
2 1=33 ——
b =33 ——
g L=31
% 0 1=35
b L=36
2 1=37 ——
I t=38 ——
L=39
=3 t=10 ——
_a n s .
0 10 20 30 40 50 60 70 B0

Sequence position (of center of helix)

>sp|POATM4|SPAQ_SHIFL Surface presentation of antigens protein SpaQ OSShigella flexneri

S5

Str{GOCIR3|GOCIR3. XANCA Type
raphani 756C GNhrcS PE4 SV1

Predicted TM helices:

Position Length Predicted 4G
1342 3 2413
47700 2 008

protein HreS O c

Sequence
ALLLCLKVSLPVVGVAALAGLLIAFLQAVM
ASISFALKLVVVWAMAVTAPWGA

Download plot in EFS format (sew)

Predicted AG (keal/mol)

an 30 40 50 &0 70

Secuence position (of center of helix)

o

strain >tr|Q7BFA7|Q7BFAT_YEREN Putative type Ill secretion protein QSYersinia enterocolitica GNyscS
PE4 8V

Predicted TM hefices:
Postion Length Predicted AG Sequence

GNspaQ PE3 SV1
Predicred TM helices:
Position L Predicted AG  Sequence
1036 27 2211 KALYLILIFSLWPVGIATVIGLSICLL [analyze|
4572 A 93287 TLPFGIKLIGVSISLLLLSGWYGEVLL [analyze|
Download plot in EPS format (i)
v N L=18 ——
=19 ——
g} 1=20 ——
13t
L=22 ——
L=23
L=gi ——
| BUF =25 ——
g L=26 ——
= =27 ——
ki 128 ——
g af L=29 ——
e =30
o) L3l —
= L=32
3 2F { =33 —
i L34 ——
=35 ——
g L=36 ——
& £=37 ——
e 0 L=38 ——
L=39
1=4) ——
= 1
s s

0 10

20

30

10

50

&0

70

Sequence pasition (of center of helix)

80

1

1338 26 -1.067 ALWLVLVLSMPPVLVAAVVGTLVSLY [analyze]
4870 23 0949 TLGFVIKLIAVWVTLFATASWLG [analyze]
Download plot i EPS Remiat {ie)
s b
I8
d
£
W
i
=Y
u
<
¥
8
=
0 3
4
2
a
]
—2 L . n
0 10 20 L] 40 50 &1 70 &0
Sequence positicn (of center of helix)
>t Q602371Q60237_PSESY HrcS OSPs ngae pv ‘GNhrpO PE4 SV1
Predicted TM hefices:
Pasition Length Predicted AG Sequence
435 32 -1.179 LALFKQGMFLVVILTAPPLAVAVLVGVVTSLL [analyze]
4588 M 0851 TLPFGIKLGAVGLTLAMTGRWIGY [anaiyza]
Download plot in EPS format {nww)
Y -
£ —
F —
g —
S b
o _
< —
o p—
3
g e
- —
o
= p—
o —
B E—
0
-2 E L i I

o 10 z0 40

Sequence position (of center of helix)

30 50 &0 70
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S5

>sp|POAC10|FLIQ_SHIFL Flagellar biosynthetic protein FIiQ OSShigella flexneri GNfliQ PE3 SV1 *riQ2TJ91]Q2TI91_ECOLX EpaQ OSEscherichia coli GNepaQ PE4 SV1

Predicted TM helices: Predicted TM helices:
Posifion Length Predicted AG Sequence. Position Lengthi Predicied AG “Sequence
1842 27 2736 VALALAAPLLLVALVTGLESILOAAT [analyze] 1036 27 <1832 RALYLILVMSAGPIAVATFYGLLVGLF [analyze]
AT 28 1860 MTLSFIPKIAVFIAAGPWMLNLLL [anatyze] 4568 23 4451  TLPFGVKLLCVSICFFLMSGWYG [analyze]
Download plot in EPS format (mew) Download plot in EPS format (me)
g P—

7 7 st

£ 4 = 2

= i

& =K

s — s

o S— o

9 a

g = §*

| — 2

- N

o
-z |
-2
s | . n "
L] 10 20 30 40 50 80 70 80 0 10 20 30 40 &0 &0 70 80
Sequence position (of center of helix) Sequence positicn (af center of helix)

~tC3T4R7ICIT4RT_ECOLX Flageliar biosynthesis protein OSEscherichia coll GNfIQ PE4 SV1  >sp|POADS3|FLIQ_HELPY Flageliar bigsynthetic protein FIiQ OSHelicobacter pylori strain ATCC
ot i ki 700392 26695 GNIQ PE3 SV1
Position Length Predicted AG Sequence Predicted TM helices:
1842 27 2736 VALALAAPLLLVALVTGLISILQAAT [analyze] Fosttion Length Predicled 4G Sequence
474 2% 1860 MTLSFIPKIAVFIAIAGPWMLNLLL [analyze] 1237 26 2025  TYKITLMISLPVLLAGLVVGLIVSIF [analyze]
4673 28 40.389 MTLSFVPKILAVIGVLILTMPWNITNMLL [anatyze]
Download plot in EP'S format (nws)

Download plot in EP'S format (wev)

— i ’ 1=18

b
i
e

T

Predicted AG (keal/mol)
"

Fredicted AG (kcal/mol|

o 16 20 30 4 sa & 70 80 0 10 20 3 48 S0 &0 70 8D
Sequence position (of center of helix) Sequence position (of center of helix)

130



T-COFFEE, Version_11

Cedric Notredame
CPU TIME: 0 sec.
SCORE=928
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- entirely conserved columns marked with a star (*)

- columns comprising amino acids of same size and hydropathy marked with a colon ()

15525541 &

Revision

S6

- columns comprising amino acids of similar size or evolutionary preserved hydropathy marked with a period (.)

- positive charged amino acids (Arg and Lys) marked in blue

- negative charged amino acids (Asp and Glu) marked in
- transmembrane domains marked in

sp| POA1L7| SPAQ_
tr| GOCIR3| GOCIR
sp| POATLS| FLIQ_
tr| Q7BFA7| Q7BFA
sp| POATM4| SPAQ_
tr| Q60237| Q6023
sp| POACTIO| FLI Q_
tr] Q2TJ91|Q2TJ9
tr| C3T4R7| C3T4R
sp| POAOS3| FLI Q_

cons

MD- - DLVFAGNK
MOHODLVRLTS
MTPESVMMMGT
MSQGUI I HFTSQ
MS- - DI VY MGNK
ME- - A- LALFKQG

K

MTPESVMMMGT E AMK

MD- - DI VFAGNR

MTPESVMMMGT E AMK

MES- QL MKLAI

K

131

QTVTQLQ
SLQ
QAATQI N
QALTQl Q
QTVTQLQ
Ql Q
QI N
QTVTQLQ
QI N
QATTQI N

d625267

SYGRQVI FLAL- AK- - -«

S Al MQF GQAL MQAAFP- - - - -
YVRTLESNLPYI |- -~
NELHSFAEMT MMKI Q- GI - -
SFCHEI MFLI K- SG- - -

LI QFI NMAFDLI A- RSGVS
YVRTLFETNLPYI I -- -
KLYSFGI EMLNLAF- AR- - -
YVRTLFTNLPYI | ---
YTKTLIKLIPKII---"



ST

T-COFFEE, Version_11.00.d625267 2016-01-11 15:25:41 - Revision d625267 - Build 507
Cedric Notredame

CPU TIME:0 sec.
SCORE=843

*

Bzo ave coop

*
sp|P40701|SPAR
tr|GOCIS6|GOCIS
sp|P54702 |FLIR
tr|Q93KT5|Q93KT
sp|POA1M6 | SPAR _
tr|Q60238|Q6023
tr|Q83R27|Q83R2
tr|A0OA024L995|A
tr |AOAOC3METO |A
tr|024978|02497
cons

sp|P40701|SPAR_
tr|GOCIS6|GOCIS
sp|P54702|FLIR
tr|Q93KT5|Q93KT
sp|POAL1M6 | SPAR_
tr|Q60238[Q6023
tr|Q83R27|Q83R2
tr|A0OA024L995|A
tr | AOAOC3MET9 |A
tr|024978|02497

cons

Sp|P40701|SPAR_
tr|GOCIS6|GOCIS
sp|P54702|FLIR_
tr|Q93KTS5|Q93KT
sp|POAL1M6 | SPAR
tr|Q60238|Q6023
tr|Q83R27|Q83R2
tr | AOA024L995|A
tr | AOAOC3METI9 |A
tr|024978|02497

cons

87

84

87

84

84

83

87

88

87

88

84
MFYA------ LYFE-IHHLVASAALGFARVAPIFFFLPFLNSGVLSGA-PRNAIIILVALGVW
MSDT-LSSQfGVSLLTLLALCGVRVFVLFFVLPATAQDSLPGMfTRNGVIYVLSSFIA
MIQV------ TSEQ-WLYWLHLYFWPLLRVLALISTAPILSERAIPKR-VKLGLGIMITLVIA
MIAD------ LIQ----RPLLTYTLLLPRFMACFVILPVLSKQLLGGVLLRNGIVCSLALYVY
MDIS------ SWFEIIHVFLILLNGVFFRLAPLFFFLPFLNNGIISPS*IRIPVIFLVASGLI
MPFD------ AHS--AFQFMLGMGLAMARLMPCMLLVPAFCFKYLKGP-LRYAVVAVMAMIPA
MMQE - - - - - - TSDQ-WLSWLSLYFWPLLRVLALISTAPILSERSVPKR-VKLGLAMMITFAIA
MGEA------ ILYQ-LHSLLAATALCFCRLAPTFYLLPFFASGNIPTV-VRHPIIIVVSCALV
MMQV - ----- TSDQ-WLSWLSLYFWPLLRVLALISTAPILSERSVPKR-VKLGLAMMITFAIA
MLDF - ----- IQEL-STPHVRDFFLLFLRVSGVLSFFPFFENHLVPLS-VRGALSLYVSAIFY

3 B D e

PHALNEA-PPFL--SVAMIPLVLQEAAVGVMLGCLLSWPFWVMHALGCIIDNQRGATLSSSID
YGQPADA-LARI-EAAGLVGLVFKEAFIGLLIGFAASTVFWVAESVGLLIDDVSGYNNVQMIN
PSLPAND-TPLF--SIAALWLAMQQILIGIALGFTMQFAFAAVRTAGEFIGLQMGLSFATFVD
PAVANQPIIEVD——AFTLMLLIGKEFILGLLIGFVATIPFWALESAGFIVDNQRGAAMASLLN
TSGKVDI-GSSV--FEHVYFLMFKEIIVGLLLSFCLSLPFWIFHAVGSIIDNQRGATLSSSID
PAITRALfESLD-WFAIGGLLIKEAVLGTLLGLLLYAPFWMFASVGALLDSQRGALSGGQLN
PSLPAND-VPVF--SFFALWLAVQQILIGIALGFTMQFAFAAVRTAGEIIGLQMGLSFATFVD
QHYHYEL-LNLN--EIDIALFAAREIIIGLFIACLLASPFWIFLAIGSFIDNQRGATLSSTLD
PSLPAND-VPVF--SFFALWLAVQQILIGIALGFTMQFAFAAVRTAGEIIGLQMGLSFATFVD
PTLEFSN-AAYT--PEGFIIACLCELFLGVCASVFLQIVFASLVFATDSISFSMGLTMASAYD

1 m
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sp|P40701|SPAR_
tr|GOCIS6|GOCIS
sp|P54702|FLIR
tr|Q93KT5|Q93KT
sp|POA1M6 | SPAR
tr|Q60238|Q6023
tr|Q83R27|Q83R2
tr | AOA024L995|A
tr|AOAOC3METO |A
tr|024978[02497

cons

sp|P40701 | SPAR_
tr|GOCIS6|GOCIS
sp|P54702|FLIR
tr| Q93KT5|Q93KT
sp|POAL1M6 | SPAR
tr|Q60238[Q6023
tr|Q83R27|Q83R2
tr | AOA024L995|A
tr | AOAOC3METY |A
tr|024978|02497

cons

sp|P40701|SPAR_
tr|GOCIS6|GOCIS
sp|P54702|FLIR_
tr| Q93KT5|Q93KT
sp|POAL1M6 | SPAR
tr|Q60238|Q6023
tr| Q83R27[Q83R2
tr|AOA024L995|A
tr | AOAOC3METY |A
tr|024978|02497

cons

ST

PANGIDTSEMANFLNMFAAVVYLOQNGGLVTMVDVLNKSYQLCDPMNECTPS----LPPLLTFI
PLSGEQSTPVSTVLMQLAIVSFYALGGMLMLLGALFESFRWWPLSQLMPDMGAIGESFVIQQT
PGSHLNMPVLARIMDMLAMLLFLTFNGHLWLISLLVDTFHTLPIGSNPVNS--NAFMALARAG
PGLDSQTSPTGLLLTQTLITIFFSGGAFLSLLSALFHSYVNWPVASFFPEVSEQWVDFFYNQF
PANGVDTSELAKFFNLFSAVVFLYSGGMVFILESIQLSYNICPLFSQCSFR----ISNILTFL
PALGPDATPLGELFQETLIMLVILTGGLSLMTQIIWDSYSVWPPTAWLPGMNAGGLDVFLEQL
PGSHLNMPVLARIMDMLALLLFLTFNGHLWLISLLVDTFHTLPIGSEPLNS--NAFLAPTKAG
PATGVDTSELARLFNLFSAAVYLTKGGMNFILETLWQSYNLWPSGNFNFPK----LEPLFSYI
PASHLNMPVLARIMDMLALLLFLTFNGHLWLISLLVDTFHTLPIGGEPLNS--NAFLALTKAG
PISGSQKPIVGQALLLLAILILLDLSFHHQIILFVDHSLKAVPLGQFVFEP--ALAKNIVKAF

& 8 o 5 3 o 8 3 8 II

NQVAQNALVLASPVVLVLLLSEVFLGLLSRFAPQMNAFAISLTVKSGIAVLIMLLYFSPVLPD
DGMMAAIVKLSAPVMLVLVLVDLAIGFVARAADKLDPSNLSQPIRGVLALLLLALLTSVFIAQ
GLIFLNGLMLALPVITLLLTLNLALGLLNRMAPQLSIFVIGFPLTLTVGIMLMAALMPLIAPF
SQILLIAAVLAAPLLIAMFLAEFGLALISRFAPSLNVFVLAMPIKSAIASLLLVIYCMQMMSH
TLLASQAVILASPVMIVLLLSEVLLGVLSRFAPQMNAFSVSLTIKSLLAIFIIFICSSTIYFS
NQTMQHMLLYAAPFIALLLLIEAAFAIIGLYAQQLNVSILAMPAKSMAGLAFLLIYLPTLLEL
SLIFLNGLMLALPLITLLLTLNLALGLLNRMAPQLSIFVIGFPLTLTVGISLMAALMPLIAPF
NNIMTHTIVYASPVIAVMLGGEAVLGLLARYASQLNAFAISLTVKSALAFLILIIYFGPILAE
SLIFLNGLMLALPLITLLLTLNLALGLLNRMAPQLSIFVIGFPLTLTVGISLMAALMPLIAPF
SHLFVIGFSMAFPILCLVLLSDIIFGMIMKTHPQFNLLAIGFPVKIAIGFVGIILIASAIMGR

NVLRLS- - - FQATGLSS - - - WFYERGATHVLE
SGDAL -@FLEFQQQLEDAANASAKGGASH- - -
CEHLFS---EIFNLLA---DIVSEMPINNNE-
ASKVML- - - LVMDPISLELPVLE------ - -
KVQFFL- - -GEHKFFTN- - -LEV--- - - - - -
GTGQLLKEVDLKSLLTLLVQV - - - - - - - B---
CEHLFS---EIFNLLA---DIISELPL---
RVMPLS- - -FFPEQLQL- - -YIE--------
CEHLFS---EMFNLLA---DIISELPL- - -
FKEEIS---LAFSAISK---T----------
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>splP40TO1ISPAR_SALTY Sudface presentation nianbgem pramnSpaR S Salmonella
typhimurium strain LT2 SGSC1412 ATCE 700720 GspaR PE3

TM hatices:

Position Length Pregicted AG Sequence

3 9 ; WFYALYFEHHLVASAALGFARVAPFFFLPFL [enatyze]

4159 19 1361 APRNAILVALGVWPHAL {anatyze}
8585 3 DT FLSVAMIPLVLGEARVGUNLGCLLSWRFRVM

181206 26 1382 AVLASPVVIVLLLSEVFLGLLSRFA Tonetyze}
mars 2 £383  ARMSLTVKSSIAVLIMLLYFSPVL lanatyze]
Download plotin EPS farmal (=)

Predicted AS (keal/mai)

v 58 100 150 299 Z50

Sequence pesition (of center of helix)

>splPSATORIFLIR_SALTY Flagellar m,mm protein FliR OSSalmonella typhimurium strain LT2
SGSC1412 ATCC 700720 GHAIR PE2 5V2

Predicted TM helices:
Leagth Pregicied MG Sequence

8. 2% -0.404 VILYWLHLY FWPLLRVLALISTAPL [snayze]

488 18 eee RVKLGLGMTLVIAPSL

8597 3 S1560  LFSAAUVLANQGLIGIALOFTMQFAFAAVRT [anstyzel
124350 28 -1262 vununuummmunmv [enatyze}
" % -394s MM}ML"MLM’LH‘?—NMWLL {onaryae)
11240 30 1861 Brvtsa:mtcumuL {enatyze)
‘Downioad pigl in EPS tormat ()

l
g
3
2
=
3
-
o 100 150 00
Sequence positisn (of center of helia)
>splPOAIMBISPAR ¢ Surface ion of antigens protein SpaR OSShigella flexner
GhispaR PE3 SV1
Predicted TM helices:
Fosition Length Pregicted AG  Sequence
M 2 -0.282 VFLLLNGVFFRLAPLFFFLPFL {anatyze]
s R 1706 ISPSRPVIFLVASGLITSS anpiyze}
7186 26 1788 VYFLMFKEIVGLLLSFCLSLPPWIF [osiyze!
126348 23 0455 LAKFENLFSAYVFLYSGOMVFIL [snalyze]
72 3 2530 LTFLTLLASQAVILASPVMVLLLSEVLLGVL [sosyze]
nr oA 1788 LTKSLLAFIFICSSTIF {enatyze)
Download plot in EP5 tarmat ()
wuF
12
- 1l
i
3
3 1
FE
i}
0 50 100 200 50

Sequence position (of cemter of helix)

S8

mssmss - XANCA Type lll secretion protein HreT OSXanthomonas campestris pv
raphani 756C GhhreT PE3 SV1

Predicted T hefices!
Position Length Predicted AG Segusnos
1g40 22 -2068  LUTLLALCGVRVFVLFFVLRATA

Tz 2% o7 LvGLv A [wnatyzel
126-166 (1534 LANSFYALGOMLMLLGALFESFRVWV/PL Janatyze]
188217 30 e MMAANKLSAPYMLVLVLYDLAIGE VARAA [unatyze)
2927 19 ALE1E  RGVLALLLLALLTSVFIA faoatyze]
Download piot in EPS format (=)

£ 3
|
~ g
=
T
g
i 2

8 50 18 150 280 258
[

Seguence position (OF venter of helis)

>triQI3KTSIQIIKTS_YEREN Putative type lll secration protein OSYersinia enterocolitica GhlyscT
PE3 8V1

Pregficted TM helices:
Position Lengih Predicted AG
w4 2 -1433 LTV TLLLPREMACFVILPVLSKQLLGEYLLR Tanatyze]
B854 29 -z AFTLMLLIGKEFILGLLIGFVATIPFWAL
128450 25 <1355 LLLTGTLIFFSCOAFLS ]
185-208 30 3445 ILLIAAVLAAPLLIANFLAEFGLALISRFA
ez 25 BE38  WFVLAMPKSAISLLLVIVEMOKM {ssiyre]
Bownload g in EF§ format (s=+w)

Fredicted Af (keal/mol)

0 50 100 150 200 250

position (of senter of heliz)

HArlQB0238|Q60238_PSESY HicT 0SPseudomonas syringae pv syringae GNhrpX PE3 SV1

Predjcted TM hefices:
Posiion Length mmamm: Sequence
M3 2T FUUGHGLAMARLMPCMLLYPAFCFKYL |sratyre]
s 2 azss LRVAVVAVIAMPAPAITRAL [analyze]
€887 30 ATIT WPAIGGLUKEAVLGTLLGLLLYARFWIRFA {snatyre]
125152 24 0072 LFQETLMIVITGGLSLMTONY {snaiyze]
5862 26 3433 MLLVAAPFIALLLLEAAFAIGLYA [anaiyze}
g4y 23 0165  LANPAKSHAGLAFLLIVLFTLL fanalyze]
Download plot in EPS format {serw)

{heal/

Fredicted AG

[] 50 100 159 200 250

Sequence position (af ceater of helin)
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S8

>tr{Q8IR27|Q83R27_SHIFL Flagellar bit ic protein FIiR OSShi i PE3 >triADADZAL995|A0ANZ4L995 | EOOU(E;:TY.::MHIWW!! secretion system export
svz2 apparatus protein OSEscherichia coli GNepaR PE3
Predicted TM hetices: Predicted TM helices:
Position Lengin Predicted A5 Sequence Position Length Fredicted 4G Sequence
933 25 D067 WLSWLSLYFWPLLRVLALISTAFL fanatyze] 423 3, o291 ALVOLHSLLAATALCFCRLAPTFYLLPFF {janatyze}
4158 18 1187 RVKLGLAMMTFAIRPSL [anatyze} 3863 26 2205 PTVVRHPINVSCALVOHYHYELL amatyra}
6507 33 1685 VPSFRALWLAVOQGILICIALCFTMOFAFAAVAT [anatyze} 7088 28 -3E73  IALFAARENCLFIACLLASPPWIFLAL [amatyzay
124151 28 72 VLARMOMLALLLFLTPRGHLWLISLLY [analyzel 1B1-206 28 [ KL+ TV YASPYIAVIMLGGEAVLGLLARYA fanstyre]
ez 27 3288 LFLNGLMLALPLITLLITLRLALGLL [snslyze} MaE % S13f4  AFASITVKSALAFLILIVFGPLA Janstyre}
2m23r 27 BTS2 LSFVIGFPLTLTVGISLMAAL MPLIA tensiyze} 2
‘Downioad plgi m EPS farmat (mew)
Downioad plat in EP§ format (=)
3 7
& <
3 b
3 -
g 2
7 T
] 3
i k
4 i
i £
- -
ak
u =0 100 150 200 50 ] 50 Loe 150 00 50
Sequere pezition (0f center of helix) Sequanze position (nf seater of heliw)
IADADCIMETIAOAGCIMETS_ECOL Flagellar biosynthetic protein FIiR OSEscherichia coli >1r/0249TB|024978_ HELPY Flagellar biosynthetie protein FIiR O pylon strain ATCC
GNfiR PE3 S\1 700392 26695 GNHP_0173 PE3 8W1
Predicted TM hefices: Predicted TM helices:
Posmion u-mm Predictea AG  Sequence Fosition Length Pregicted AG Ssquence
933 -6.007 WLSWLSLYFWPLLRVLALISTAPL [onaiyre) 18-33 1@ De08 FFLLFLRVSBVLSFFPFF [anakyze)
s w 1967 RVKLGLAMMITFALSRSL [aralyre} N @ 1562 LVPLSVAGALSLYVSAFYRTL fonoivze}
8587 3 1585 VESFRALWLAYOGILIGIALGFTMOFAFAMVRT fanstyze! 7098 %0 2284 FBACLCELFLGVCASVFLONFASLVEAT {anayre
1244851 28 T2 VLARMDULALLLFITFRGHLWLISLLY {analyze} 126142 18 4548 MGQALLLLALILLDLSF [anaiyze]
168204 36 3649 FLALTKAGSLFLNGLMLALPLTLLLTLNLALGLL lanalyze: 179205 27 2235 LFVIGFSMAFPLELVLLSIFGHIM [snatyze)
w2 2 752 LSFVIGFPLTLTVOIBLIAALMPLA lanstyrel 243240 28 SITEE LLAGFPVKIAGFVGILIASANGRE foosyze]
Download piot in EPS tarmal (<=) Download piot in ERS format ()
1
10
3
3 % §
& i
3 R
P 8
e ¥
v 2 3
¥ H
1 . S
[ T
2t
2
- " .

100 150 200 az0 ] 50 100 150 200 50

et iee (AP et i aF bl B8 Sequence pesition (of centai of helim)
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T- COFFEE,

Cedric Notredame
CPU TI ME: O
SCORE=843

sec.

Version_11.00.d625267 2016-01-11

S9

15:25: 41 - Re

- entirely conserved columns marked with a star (*)

- columns comprising amino acids of same size and hydropathy marked with a colon (:)
- columns comprising amino acids of similar size or evolutionary preserved hydropathy marked with a period ()
- positive charged amino acids (Arg and Lys) marked in blue
- negative charged amino acids (Asp and Glu) marked in

- transmembrane domains marked in

sp| P40701| SPAR_
tr| GOCIS6| GOCIS
sp| P54702| FLI R_
tr| Q93KT5| Q93KT
sp| POATM6| SPAR_
tr| Q60238| Q6023
tr| Q83R27| Q83R2
tr| AOA024L995] A
tr| AOAOC3METO| A
tr]| 024978| 02497

cons

sp| P40701| SPAR_
tr| GOCIS6| GOCI S
sp| P54702| FLIR_
tr| Q93KT5| Q93KT
sp| POATM6| SPAR_
tr| Q60238| Q6023
tr| Q83R27| Q83R2
tr| AOA024L995] A
tr| AOAOC3METO| A
tr]| 024978| 02497

cons

sp| P40701| SPAR_
tr| GOCIS6| GOCIS
sp|P54702| FLI R_
tr| Q93KT5| Q93KT
sp| POATM6| SPAR_
tr| Q60238| Q6023
tr| Q83R27| Q83R2
tr| AOAO24L995| A
tr| AOAOC3METO| A
tr| 024978| 02497

cons

sp| P40701| SPAR_
tr]| GOCIS6| GOCIS
sp|P54702| FLI R_
tr| Q93KT5| Q93KT
sp| POATM6| SPAR_
tr| Q60238| Q6023
tr| Q83R27| Q83R2
tr| AOA024L995| A
tr| AOAOC3METO| A
tr| 024978| 02497

cons

sp| P40701| SPAR_
tr] GOClI S6| GOCI S
sp| P54702| FLIR_
tr| Q93KT5| Q93KT
sp| POATM6| SPAR_
tr| Q60238| Q6023
tr| Q83R27| Q83R2
tr| AOA024L995| A
tr| AOAOC3METO| A
tr| 024978| 02497

cons

MSOTATALLALSSQ- GVS

M QV------ TSEQ-
Ml AD- - - - - - L1 Q----RP
MOIS------ SWFESI H
MPFD------ AHS- - AFQ
MMQE - - - - - - TSDQ-
MG
MMQV- - - - - - TSDQ-
MLOF------ I QEL- STPHVR
* *
NEA-PP
YGQPADA- LARI - EAAG
PAND- TP
PAVANQPYI EVD- -
KVDI - GSSV--FEH
RAL- ESLDDN
PAND- VP
NLN- - £
PAND- VP
FSN- AAYT--PEG
PANGI DTSEMANFLNMFAAVVYLQNGGLVTMVDVLN

PLSGEQSTPVSTVLMQ
PGSHL NMP
PGLDSQTSPTG
PANGVDTS K
PALGPDATPLG

S1Q

PGSHL NMP
PATGVOTSELARLFNLFSAAVYLTKGGMNFI LETLWQSYNLWPSGNFNFPK- -
PASHL NMP
Pl SGSQKP FHHQI I LFV
NQVAQN RFAPQMN
G R KL
NRMAPQ
SQ RFAPSLN
SRFAPQMN
NQT MQH QQLN
S NRMAPQ
NNI MTH RYASQLN
NRMAPQ
SHL KTHPQFN

NVLRLS---FQATGLSS---WFYERGATHVL
SGDAL- GFLHFQQQLHDAANAS AKGGASH- - -

HLFS---EIFNLLA---DIVSEMPI NNNP-
ASKVML---LVMOPISLLIPVLE-------- K
KVOQFFL-- - GEHKFEFTN-~- LE¥--r-r -~ R
GTGQLLKLVDLKSLLTLLVQV------- P---
CEHLFS---EI FNLLA---DII SELPL---1-
RVMPLS---FFPEQLQL---YIE-------- K
CEHLFS---EMFNLLA---DIISELPL---1-
KEE| S---LAFSAl SK-~-[~-or==r==- F

vision d625267 - Build 507

LNSGVLSG R
QUSLPGM- TRNGVI YVLSSFI A
SERAI PKR
RNGI VCSLALYVY
NNG
KYLKGP- LR
SERSVPKR
ASGN
SERSVPKR- VK
NH

HALGCI | DNQRGATLSSSI
SVGLLI VSGYNNVQMI N
RTAGEFI GLQMGLSFATFV
SAGFI VONQRGAAMASLLN
HAVGSI | DNQRGATLSSSI
SVGALLDSQRGALSGGQLN

RTAGEIl GLQMGLSFATFV
GSFI DUNQRGATLSSTL
RTAGEI | GLQMGLSFATFV

SI SFSMGLTMASAY

KSYQLCDPMNECTPS----LPPLLTFI
SQLMPIDMGAI GESFVI QQT
TFHTLPI GSNPVNS- - NA
HSYVNWPVASFFPEVSEQWDFFYNQF
LSYNI CPLFSQCSFR----1SN
SYSVWPPTAWLPGMNAGGLDVFLEQL
TFHTLPI GSEPLNS- - NAFLAPTKAG
--LEPLFSYI
NA
ALAKNI VKAF

TFHTLPI GGEPLNS- -
HSLKAVPLGQFVFEP- -

P
PSNLSQPI R Q
SH
AFSVS s
Vs
PF
PF
R



S10

InvA == |nside == Outside TM-helix (IN->OUT) [] TM-helix (OUT->IN) Il Signal peptide
TOPCONS | =T L —:_ puE—— f | |
OCTOPUS |sor e L T L7 ]

Philius s 1 s T LT .
PolyPhobius | seT 1w 1w T 1 sl .
SCAMPI s —m—T 1 s T L ol
SPOCTOPUS |t o L w1 o]
SPaP 1opcons ——
OCTOPUS [~ S E— 1
Philius —————1 -
PolyPhobius m—————1 | 1|
SCAMPI I 1 \ T [
SPOCTOPUS 1 1 T 1
SpaQ
TOPCONS —— \
OCTOPUS = \
Philius =— |
PolyPhobius = ]
SCAMPI - | \ |
SPOCTOPUS - ]
SpaR TOPCONS 1 | —:; I E— |
OCTOPUS | | — 1 I I — |
Philius 1 — 1 -
PolyPhobius — 1 o E— e E—— ]
SCAMPI | g — 1 —— 1
SPOCTOPUS 1| 1 — T 1| ]
SPaS  topcons —— —

OCTOPUS .

Philius

SCAMPI

PolyPhobius s 1 o \

SPOCTOPUS
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S11

SignalP 4.1 Server - prediction results

CALSEQUE . i .
rrr EANAR Technical University of Denmark

»8p_P54700_FLIP_SALTY Flagellar biosynthetic protein F11P 0S_Salmonella typhimurium _strain LT2 _ SGSC1412 _ ATCC 700720_ GN_fI11P PE 1 SV_1

SignalP-4.1 prediction [gram- networks) sp_P54700_FLIP_SALTY

Cscore '
1.0 Sscore. —— 1
Y-score ——
:
08 N /‘\\ i
,/r' e |
08 4
. i
3 04 ] ‘ 1
B
02 b ey i
s | /\\T L
oo MO0 O T FTTTFRRRE AT
S G o
4] W‘D 2ID 20 4‘0 5‘0 8‘0 0
Paosiion
# Measure position value cutoff aignal peptide?
e

n.s10 ¥ES
SP=ryEs® Cleavage site between pos. 21 and 22: ARA-QL D=0.537 D-cutoff=0.510 Networks-signale-M

>tr AOAD2IKDGD A0AD23KQG0 ECOLX Flagellar bicsynthetic protein FI1P 08 Escherichia coli GN f11P PE 3 8V 1

SignalP-4.1 prediction [gram- networks): tr ADA023KOGO AOADZIKQGO _ECOLX

Cscore ———
10 S-score ——
Y-score. ——
0.8 4
08 E
@
3
o 04 1
02— - ‘L‘_ ]
S
.
T i !
oo U 1] TR HTHTTT]
WRALLSVAPVLLWLYT PLAFAQL RG | T S0P L PEGQQSWS LPVAT LY FITSLTF | PA I LLWNT SFTRI ||
a 10 20 30 40 50 860 el
Fasition
# easure Position value  Cutoff  signal peptidst
0.875
0.580
o761
olase
1 0.531  0.510  yas
*_AOR023KQG0_ROA023KQG0_ECOLX SP='YEE' Cleavage site betwsen pos. 21 and 22: AFA-QL DE0.533 D-cutoff=0.510 Networks=Signalp-ms

>tr A0A024PZYS AOA024BzY8 EELPX Flagellar biosynthetic protein Fli? os Helicobacter pylori G £1ip PE 3 8V 1

SignalP-4.1 prediction [gram- netwerks): tr ADAD24BZYE_ADAD24BZYE_HELPX

i i X - Cscare' —
1.0 Sscore ——— 1
Y-scare. ———
08 q
it
.N\
[415) ‘ 4
2 T
@ 04 ) 1
R
02 t—— jig2 |
-
oo U0 TR b
S S e A i
[of 1ID ZID 30 dIO 5‘0 6‘0 0
Pasiton
# Measure Posirion value cutoff smignal peptide?

xo
£P='NO' D=0.415 D-cutoff=0.510 Networks=Signal®-TH

138



Manuscript 111

Stoichiometry analysis of macromolecular
membrane protein complexes

This research was originally published in Biological Chemistry
Zilkenat S., Grin I., Wagner S. Stoichiometry analysis of macromolec-
ular membrane protein complexes. Biological Chemistry. 2016; Vol:
398(2):155-164. DOI: https://doi.org/10.1515/hsz-2016-0251.

139



140



DE GRUYTER

Biol. Chem. 2017; 398(2): 155-164

Review

Susann Zilkenat, lwan Grin and Samuel Wagner*

Stoichiometry determination of macromolecular
membrane protein complexes

DOI 10.1515/hsz-2016-0251
Received July 15, 2016; accepted September 20, 2016; previously
published online September 23, 2016

Abstract: Gaining knowledge of the structural makeup of
protein complexes is critical to advance our understand-
ing of their formation and functions. This task is particu-
larly challenging for transmembrane protein complexes,
and grows ever more imposing with increasing size of
these large macromolecular structures. The last 10 years
have seen a steep increase in solved high-resolution mem-
brane protein structures due to both new and improved
methods in the field, but still most structures of large
transmembrane complexes remain elusive. An impor-
tant first step towards the structure elucidation of these
difficult complexes is the determination of their stoichi-
ometry, which we discuss in this review. Knowing the
stoichiometry of complex components not only answers
unresolved structural questions and is relevant for under-
standing the molecular mechanisms of macromolecular
machines but also supports further attempts to obtain
high-resolution structures by providing constraints for
structure calculations.
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Introduction

Membranous lipid bilayers act as sophisticated barriers
in biology by facilitating intracellular compartmentaliza-
tion of different functions as well as separation of indi-
vidual cells. The selectivity of these barriers is achieved
by a diverse set of proteins traversing these membranes,
which fulfill functions like nutrient, ion, or metabolite
transport, communication, or adhesion. Many of these
functions, in particular the transport of large macro-
molecules like proteins, DNA, or RNA, require very large
multi-subunit complexes that sometimes span several
biological membranes. To understand functional mecha-
nisms of these complexes on a molecular level, structural
information of the macromolecules involved is indispen-
sable and so the obtainment of a high-resolution struc-
ture for a given protein assembly is often the ‘Holy Grail’.
While the solution of high-resolution structures has seen
enormous successes in the last decade, most recently due
to major enabling improvements in cryo electron micros-
copy (EM) (Callaway, 2015), the analysis of very large
complexes, in particular of large transmembrane com-
plexes, remains very challenging. In this review, we will
point out the major difficulties in structure determination
of large transmembrane complexes and present solutions
to determine the stoichiometry of these complexes as an
important first step towards structure elucidation if high
resolution structures remain unachieved. The topic is
illustrated by focussing on four different transmembrane
complexes: the 650 kDa Thermus thermophilus V-ATPase
(TtATPase), the 3 MDa type III secretion system (T3SS)
found in Gram-negative pathogens, the 5 MDa plant cel-
lulose synthesis complex and lastly the 50 MDa (yeast)
to 110 MDa (human) nuclear pore complex (Table 1).
Figure 1 illustrates the size range and complexity of three
of these large transmembrane complexes addressed in
this review.
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Table 1: Examples for macromolecular membrane complexes.
Complex Size [MDa] Number of Total number Occurrence Methods used (s. Table 2) References
different proteins of proteins
Thermus 0.65 9 26 Homologues  Cryo electron microscopy (16 A (Leeetal.,
thermophilus- in bacteria resolution); 2010; Lau and
V-ATPase and X-ray crystallography Rubinstein, 2011;
eukaryotes (peripheral stalk); Zhou et al., 2011;
Native mass spectrometry Chait et al., 2016)
(mass determination)
Type lll 3 (without <20 ~200 Gram negative Cryo electron microscopy (10 A (worrall etal.,
secretion cytosolic pathogenic resolution); 2010; Schraidt
system components) bacteria (e.g.  X-ray crystallography and Marlovits,
Salmonella (C-terminal domain of export 2011; Romano
Typhimurium) apparatus protein); etal., 2016;
Stable isotope-labeled Zilkenat et al.,
standards mass spectrometry; ~ 2016)
Photobleaching (translocator)
Cellulose >5 3 18 Plants Cryo electron microscopy; (Kimura et al.,
synthesis Quantitative immunoblotting 1999; Chen et al.,
complex (CESA4, 7 and 8); 2014; Hill et al.,
Photobleaching (CESA3) 2014)
Nuclear pore  ~50 ~30 > 456 (S. Eukaryotes Cryo electron microscopy (Rout et al., 2000;
complex (Saccharomyces  (S. cerevisiae) cerevisiae) (human, 23 A resolution); Alber et al., 2007;
cerevisiae), Cross-linking mass Stuwe et al.,
~110 (human) spectrometry; 2015; von Appen

X-ray crystallography (coat
nucleoporin complex);

Stable isotope-labeled standards
mass spectrometry (6 nuclear
pore complex proteins)

etal., 2015;
Kosinski et al.,
2016; Lin et al.,
2016)

The methods mentioned in this review which were used to study these complexes are further detailed in Table 2.

Figure 1: Structures of three macromolecular membrane protein complexes discussed in this review.

Membrane protein complexes range from relatively small assemblies of few subunits to enormous machineries of up to 100 MDa com-
prised of dozens of components. Structures are to scale; individual protein chains were colored for easier discrimination; experimental
electron densities shown in gray on the right half of the structure; dark gray bars represent the approximate position of the membrane(s).
(A) T. thermophilus V-ATPase (Lau and Rubinstein 2011), (B) S. Typhimurium type Ill secretion system (Schraidt and Marlovits, 2011; Radics
etal., 2013; Demers et al., 2014; Bergeron et al., 2015) and (C) the human nuclear pore complex (von Appen et al., 2015). Visualized using
Visual Molecular Dynamics (Humphrey et al., 1996). Scale bar: 100 A.
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Challenges for high-resolution
structural analysis of large
transmembrane complexes

The major obstacles for the structural analysis of large
transmembrane complexes are (a) the sheer size of these
complexes, often exceeding 1 MDa (Figure 1); (b) the pro-
nounced hydrophobicity of their transmembrane domains;
(c) the structural complexity involving many different
complex components; and (d) the dynamic heterogeneity
many complexes exhibit during their functional cycles. For
these reasons, it is often difficult to obtain high-resolution
structures of large transmembrane complexes with the
methods currently available, even more so, if structures of
different functional states are required to elucidate func-
tional mechanisms at the molecular level.

Both electron and X-ray crystallography depend on
the successful crystallization of proteins and protein
complexes. There have been many improvements in the
production of membrane proteins for crystallization
(Clark et al., 2011; Schlegel et al., 2014) and the forma-
tion and stabilization of crystals (Carpenter et al., 2008;
Klara et al., 2016). However, as seen in crystal structures
of components of the TtATPase, different subunits of type
I1I secretion systems, as well as the nuclear pore complex
(Lee et al., 2010; Worrall et al., 2010; Stuwe et al., 2015),
mostly structures of soluble components or extramem-
brane domains of transmembrane proteins have been
solved for large membrane-spanning complexes. While
providing immense help in the elucidation of their overall
structure and function, lack of structural information on
the hydrophobic core of these complexes impedes a com-
plete understanding of their molecular mechanisms.

Single particle cryo EM, a method in which datasets
of many 2D electron micrographs of single particles are
averaged to generate a high resolution 3D map (Lau and
Rubinstein 2010), is playing an increasingly important role
in structural analysis of proteins and has been used suc-
cessfully to gain a better understanding of the makeup of
many membrane-spanning macromolecular complexes. A
16 A resolution 3D map of the 0.65 MDa Tt-V-ATPase was
generated using single particle cryo EM. A surface view of
the 3 MDa needle complex of a Salmonella type III secre-
tion system was reconstructed to a resolution of 10 A,
helping to establish the stoichiometry of the three trans-
membrane ring forming elements (Schraidt and Marlovits,
2011). Furthermore, aided by cryo EM maps, the 110 MDa
human nuclear pore complex could be reconstructed to a
resolution of 23 A (von Appen et al., 2015) (Figure 1). Sig-
nificant improvements in direct electron detection have
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most recently boosted single particle cryo EM analysis and
have enabled the solution of structures at sub-nanometer
resolution down to 3.4 A, even for some transmembrane
domains (Bai et al., 2015; De Zorzi et al., 2016). Despite
these important improvements, flexibility of protein
domains and bound lipids and detergents limit the power
of cryo EM for many macromolecular complexes, in par-
ticular in their transmembrane regions.

Solid state nuclear magnetic resonance (ssNMR) spec-
troscopy enables the study of membrane protein struc-
tures in their native or native-like environment. While in
theory molecular weight is not a limiting factor in ssNMR
(Brown and Ladizhansky, 2015) and large improvements
have been made in sample preparation, hardware and
experimental design, such as magic angle spinning, no
structures of large membrane-spanning macromolecular
complexes have been solved using this method, so far
(Shahid et al., 2012; Goldbourt, 2013; Ward et al., 2014).

Stoichiometry determination
as a first step towards structure
elucidation

As high-resolution structures are out of reach for many
large transmembrane complexes at the moment, an
important first step towards structural and functional
understanding of these macromolecular assemblies is the
determination of the stoichiometry of their components.
Towards this end, the only available direct strat-
egy is subunit counting by single-molecule fluorescence
photobleaching. Photobleaching of protein complexes
reduces their fluorescence intensity in increments that
correspond to the number of fluorescent protein-tagged
protomers in the complex at hand (Ulbrich and Isacoff,
2007). The notable advantage of this approach is the ability
to count complex components in their native context,
without the need of prior purification. This even allows
analysis of less stable complexes that resist purification
as well as dynamically associated complex components
(Diepold et al., 2015). However, the approach requires
the functional fusion of a fluorescent protein to complex
component of interest, a premise that is often not met for
very hydrophobic proteins or components buried deeply
within their respective complex. Nonetheless, counting by
single-molecule photobleaching has been used success-
fully to resolve the stoichiometry of transmembrane pro-
teins of different transmembrane channels (Hines, 2013)
as well as type III secretion and flagellar components
(Leake et al., 2006; Morimoto et al., 2014; Romano et al.,
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2016), TAT translocon components (Leake et al., 2008), or
components of the Arabidopsis thaliana cellulose synthe-
sis complex (Chen et al., 2014).

For components of membrane-spanning macro-
molecular complexes that are incompatible with direct
counting by single-molecule photobleaching, indirect
approaches of stoichiometry determination have to be
employed. As a first step, most indirect approaches require
the prior isolation of a homogeneous preparation of the
complex of interest and the identification of the compo-
nents contained therein. The extraction of membrane
protein complexes from the lipid bilayer is facilitated by
detergents and thus the choice of detergents plays a criti-
cal role in complex purification. Typically, mild, non-ionic
detergents like dodecyl-maltoside are prefered, however,
the detergent that optimally retains the integrity of the
transmembrane complex of interest needs to be identi-
fied empirically (Arnold and Linke, 2008). Isolation of the
complex is best achieved by affinity purification strategies,
where the bait is a component that assembles last into the
complex and requires the presence of all other compo-
nents for its own assembly. This strategy ensures isolation
of completely assembled complexes and avoids handling
of a heterogeneous mixture of assembly intermediates.
Often a final size-based separation of affinity-purified
complexes is necessary to obtain a homogeneous prepara-
tion of only one complex species. Towards this end, size
exclusion chromatography (SEC) is suitable for complexes
in solution while blue native PAGE (see details below) is
well-suited for separation of membrane protein complexes
and subsequent in gel digestion for analysis by mass spec-
trometry. Blue native PAGE in combination with mass
spectrometry or immunoblotting is also well suited as a
measure of compositional analysis and quality control of
isolated complexes. A visual inspection of the complexes is
best achieved by EM of negative stained material.

The determination of complex stoichiometry by most
means requires the separate analysis of complex mass
and component ratios, from which the stoichiometry can
be calculated. Below, we first present a brief overview of
approaches to determine the mass of protein complexes
and subsequently discuss the analysis of the ratio of
protein components in more detail.

Analysis of the molecular mass
of protein complexes

Blue native PAGE is a commonly used technique to analyze
the composition and mass of membrane protein complexes

DE GRUYTER

in a relatively simple format that does not require prior
purification of the analyte. The technique utilizes the size-
dependent differential migration of Coomassie G-charged
membrane protein complexes in polyacrylamide gradient
gels under non-denaturing conditions (Schagger and von
Jagow, 1991). It allows for the separation of protein com-
plexes between 20 kDa and 10 MDa (Wittig et al., 2006;
Weiland et al., 2014), however, the resolution of the tech-
nique is very limited, in particular above 1 MDa. Its ana-
lytic power is further limited by the fact that bound lipids,
detergents, and Coomassie affect the migration behavior
of membrane proteins, which often leads to an overesti-
mation of the mass of analyzed complexes (Stenberg et al.,
2005; Hill et al., 2014). Blue native PAGE has been used
extensively for the analysis of composition and assembly
of complexes of bacterial type III, IV, and VII secretion
systems (Krall et al., 2002; Wagner et al., 2010; Houben
et al., 2012; Kuroda et al., 2015), however, due to the large
size of these complexes, reliable masses or stoichiometry
could not be determined. Over all, blue native PAGE is a
suitable technique to obtain an estimate of complex size
and composition but it cannot be used for a mass analy-
sis that is sufficiently accurate to support stoichiometry
determination.

Size exclusion chromatography (SEC) is another com-
monly employed method to determine the molecular mass
of purified soluble proteins up to 2 MDa, however, like for
blue native PAGE, bound lipids and detergents alter the
stokes radius of membrane proteins and thus compromise
the use of SEC for the accurate estimation of their mass
(Slotboom et al., 2008). This problem can be partially
overcome by complementing the on-line measurement of
the absorbance of SEC-separated protein complexes with
measurements of their light scattering and refractive index
(a.k.a. SEC-multi angle laser light scattering, SEC-MALLS).
This approach allows to separately calculate the masses of
protein and detergent content (Folta-Stogniew, 2006) for
non-ionic detergents that are transparent at a wavelength
of 280 nm (Arnold and Linke, 2008). The typical mass
error of SEC-MALLS is 5-10% for membrane protein-deter-
gent complexes, which makes the technique suitable for
determination of the oligomeric state of complexes made
of up to 20 components (Slothoom et al., 2008).

Analytical ultracentrifugation allows the determina-
tion of sedimentation velocity or sedimentation equilib-
rium of macromolecular particles, which can be used to
calculate the size, mass, composition and interaction of
macromolecules in solution (Ebel, 2011). For the analysis
of membrane protein-detergent complexes, the analysis
of sedimentation velocity is preferred over sedimenta-
tion equilibrium, since it has fewer constraints in terms
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of homogeneity and stability of the sample (Ebel, 2011;
Zhao et al., 2013). Depending on the centrifugation set-up
proteins of a size between 100 Da and 100 MDa can be
studied (Zhao et al., 2013); for instance part of the TonB-
dependent energy transduction system of ~260-520 kDa
was analyzed using measurements of its sedimentation
velocity.

The most accurate approach for mass determination
of protein complexes is native mass spectrometry in which
(membrane) protein (-detergent) complexes are brought
into the gas phase by direct electrospray ionization (ESI)
(Fenn et al., 1989; Laganowsky et al., 2014). Membrane
proteins are liberated of detergent by collision-induced
dissociation in an inert gas, after which their mass can
be analyzed accurately (Barrera et al., 2008; Borysik and
Robinson, 2012; Reading et al., 2015). Collision-induced
dissociation does not only remove detergents but can also
dissociate complexes and thus enable their compositional
analysis (Laganowsky et al., 2014). Native mass spectro-
metry requires only small amounts of purified complexes
(pmol or less) (Wohlgemuth et al., 2015) and allows for
the mass determination of membrane protein complexes
of up to 700 kDa as exemplified by the analysis of V-type
ATPases from T. thermophilus and Enterococcus hirae
(Zhou et al., 2011).

Analysis of component ratios
of protein complexes

Once the constituting components of a complex and its
mass have been determined, the ratio of components
needs to be resolved in order to enable the calculation of
their stoichiometry.

Gel-based approaches

Densitometry of Coomassie-stained protein bands of SDS
PAGE-resolved components of purified protein complexes
is a commonly employed approach to estimate the ratio
of complex components. While this approach is techni-
cally very simple, quick, and does not demand specialized
equipment, accuracy suffers from differential staining effi-
ciencies of different proteins. These depend on the extent
of unfolding in the gel, bound detergent, and number
of basic residues. Independent of these shortcomings
is the use of [*S]-Met/Cys labeling for autoradiography
of protein samples, which also features a high dynamic
range and a linear relationship between detection signal
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and protein amount. This classical approach has been
used for instance for the first estimation of the stoichiom-
etry of bacterial flagella (Jones et al., 1990). Also immuno-
blotting of complex components instead of staining offers
a more robust basis for quantification but requires well-
characterized specific antibodies or the use of epitope
tags for each protein studied as well as purified individual
complex components for generation of a standard curve.
A major obstacle in quantitative immunoblotting is the
low dynamic range and quick band saturation of chemi-
luminescence-based detection systems, for which reason
the detection via (near-infrared-)fluorescent secondary
antibodies is preferable. A more detailed discussion of the
strengths and weaknesses of quantitative immunoblotting
has recently been presented by McDonough et al. (2014).
Its use for stoichiometry determination is exemplified by a
report of a 1:1: 1 ratio of the three different CESA proteins
of the cellulose synthesis complex (Hill et al., 2014).

Mass spectrometry-based approaches

Because of their high precision, quantitative power, and
multiplexing capability, mass spectrometric approaches
are the preferred choice for the determination of ratios
of complex components. State of the art is the use of
stable isotope-labeled standards for direct ratiometric
or absolute quantification of complex components. The
strategy is based on co-analyzing stable isotope-labeled
standard peptides of complex components together with
a non-labeled sample of the complete complex to deter-
mine the ratio between labeled and non-labeled material
(Figure 2A). Besides a homogeneous and well-defined
preparation of the analyte complex, this approach also
requires a careful selection of standard peptides, which
can be challenging for membrane-spanning complexes.
Hydrophobic transmembrane proteins tend to have few
tryptic peptides due to the sparsity of positively charged
arginine and lysine residues in the transmembrane seg-
ments. Additionally, SDS-resistant secondary structures of
transmembrane domains often reduce digestion efficiency
thus leading to frequent missed cleavages. Even though
sequence coverage has been significantly improved by the
use of alternative enzymes like thermolysin or alternative
chromatographic or SDS PAGE separations, some trans-
membrane domains remain resistant to detection and
analysis (Whitelegge, 2013).

Stable isotope-labeled standard peptide strategies
exist in three principle variations, which are described in
more detail below: Absolute quantification (AQUA) pep-
tides (Gerber et al., 2003), QconCAT artificial proteins
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Figure 2: Comparison of (A) basic and (B) hierarchical approaches
of stable isotope-labeled standards mass spectrometry.

(A) For the absolute quantification (AQUA) strategy and the peptide
concatenated standard (PCS) strategy concentrations and ratios of
the proteins are determined by measuring the ratios between the
unlabeled sample and a stable isotope labeled standard. (B) For

the equimolarity through equalizer peptide (EtEP) strategy and the
hierarchical PCS strategy, a stable isotope labeled standard of dif-
ferent amount can be added, depending on the predicted stoichiom-
etry range. For the EtEP strategy amounts of labeled standards are
determined by the secondary standard of known amount. Concen-
trations of unlabeled sample peptides are measured analogous to
AQUA. For the hierarchical PCS strategy ratios are determined by
measurements between both the unlabeled sample and the labeled
standard, as well as between the labeled standard and an unlabeled
secondary standard.

(Pratt et al., 2006), or peptide concatenated standards
(PCS) (Kito et al., 2007).

For the AQUA strategy, synthetic stable isotope-
labeled, i.e. ‘heavy’, peptides are used as standards.
These peptides, selected from tryptic peptides of the pro-
teins of interest, are accurately quantified and spiked into
the unlabeled, i.e. ‘light’, purified complex for subsequent
mass spectrometry-based ratiometric or absolute quanti-
fication. This method has been used very successfully in
quantifying the level of posttranslational modifications
(Gerber et al., 2003; Chahrour et al., 2015), in analyzing
complexes of lower stoichiometric range (Schmidt et al.,
2010; Wohlgemuth et al., 2015), and in defining part of
the human nuclear pore complex (von Appen et al., 2015).
While this approach is well suited for absolute quantifica-
tion, it bears the risk of obtaining a skewed stoichiometry
of complex components since the spiking with synthetic
peptides does not take into account differences in diges-
tion efficiencies that occur in particular for transmem-
brane proteins. A major drawback of the approach is also
the high cost factor of quantified synthetic isotope-labeled
peptides.

QconCAT (previously termed QCAT) uses stand-
ard peptides of components of the complex of interest
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concatenated into one artificial protein at a 1:1 ratio. As
the artificial standard protein is labeled with heavy iso-
topes by the SILAC approach (Ong, 2002), the produc-
tion of the standard is very cost-efficient. The 1:1 ratio
of concatenated standard peptides allows for ratiomet-
ric quantification when the heavy standard protein and
the light complex are co-digested and analyzed by mass
spectrometry. If the difference in protein concentration in
the complex of interest is greater than one order of magni-
tude, it becomes advisable to design several QconCAT pro-
teins with peptides grouped according to their estimated
abundance (Pratt et al., 2006). The QconCAT strategy
has been used to determine the stoichiometry of several
membrane associated protein complexes (Nanavati et al.,
2008; Olinares et al., 2011) but not for transmembrane
complexes.

The PCS strategy takes an approach very similar to
QconCAT. However, in addition to just the tryptic pep-
tides of interest, native flanking regions upstream and
downstream of each peptide are also included in the
concatenated standard (Kito et al., 2007). Since flank-
ing regions influence the efficiency of tryptic digestion,
this trick results in a more similar digestion behavior of
sample and standard, in particular for transmembrane
complexes (Kito and Ito, 2008). We were able to use the
PCS strategy to determine the stoichiometry of the com-
plete needle complex of a type III secretion system of
Salmonella Typhimurium, a multi-MDa transmembrane
complex with a stoichiometric range of 1-24 (disregarding
the needle filament itself) (Zilkenat et al., 2016). Knowl-
edge of the stoichiometry of three of its components
(Schraidt and Marlovits, 2011) allowed the calculation
of absolute numbers per complex from protein : protein
ratios obtained by the PCS approach.

Both, PCS and AQUA approaches have been refined to
cover a wider dynamic range of ratios (Figure 2B). The equi-
molarity through equalizer peptide (EtEP) strategy adds a
non-native equalizing peptide to each synthesized, stable
isotope labeled standard peptide, separable by a trypsin
cleavage site. This allows quantification of all standard
peptides while knowing only the absolute amount of the
non-labeled version of this equalizer peptide (Holzmann
et al., 2009). This feature improves the cost efficiency of
the AQUA approach and allows for more accurate results
since a higher number of peptides from the same protein
can be analyzed in parallel.

Hierarchical PCS were introduced to quantify more pro-
teins over a wider dynamic range (Kito et al., 2016). Each
stable isotope-labeled primary PCS is extended by a unique
ID-tag peptide, which sequence is not part of the complex of
interest. The ID-tags of different PCSs are then concatenated
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in a non-labeled secondary PCS. The peptides are grouped
in different PCSs according to the estimated abundance of
the respective complex components. This allows the adjust-
ment of the concentration of the standards so that every
single ratio of labeled : unlabeled peptides remains below
10, as ratios above 10 have been reported to lead to meas-
urement errors in complex mixtures (Hanke et al., 2008). As
this method has been published very recently, no data on its
use on transmembrane complexes is available yet. However,
based on our good experience with the standard PCS strat-
egy, hierarchical PCS should be a powerful development.

Conclusion

In the last decade, immense improvements have been
made towards the determination of membrane protein
structures (Hendrickson, 2016) but the study of large
structures in the MDa range remains challenging, even
though the number of tools available to researchers has
been significantly expanded (Table 2). Cryo-EM and crys-
tallography can offer great insights on atomic details,
however, obtaining high resolution images of membrane
protein complexes above 0.5 MDa is often difficult and
even if atomic resolution structures can be achieved, parts
of the structure, especially transmembrane domains, may
remain unresolved (Schraidt and Marlovits, 2011; Stuwe
et al., 2015). Elucidating the stoichiometry of the compo-
nents comprised in a complex by other methods can both
support the structural efforts as well as answer unresolved
questions. Especially for ‘ill-behaving’ membrane com-
plexes, it is worth to study the components making up the
structure of a complex in parallel to pursuing an atomic
resolution structure.

To resolve the stoichiometry of a complex, the mass
of the total complex as well as the ratio of each protein
towards each other has to be known. Recent progress in
native MS has led to the capability of measuring greater
masses, allowing for calculation of complete complexes.
However, investigations of membrane complexes have not
yet reached the same mass range as, e.g. bacteriophage
particles (Chait et al., 2016). For very large transmem-
brane protein complexes, analytical ultracentrifugation
is a very suitable choice for mass determination while
smaller complexes below 1 MDa are also approachable by
SEC-MALLS. To determine the ratios of transmembrane
complex proteins, stable isotope-labeled standard mass
spectrometry based approaches are promising as ratios of
all complex components can be analyzed in one multiplex
run. We were able to obtain stoichiometries ranging from 1
to 24 for a 3 MDa complex, using an AQUA-complemented

DE GRUYTER

PCS strategy (Zilkenat et al., 2016). Exploiting the recently
introduced hierarchical standards may further improve
both range and error margins of this approach and thus
may facilitate the robust and accurate stoichiometry deter-
mination of large membrane-spanning protein complexes.
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Abstract

Bacterial type Il 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
SpasS are closely associated to the SpaP gate and may function in the gating mechanism,
and that the protein Prg] 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 I1I 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$ 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 15A 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 Spa$ 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 PrgJ,
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 PrgJ. 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™ 4%, 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 SpaR™4S (calc. 164 kDa) or 5 SpaP + 1 SpaR"™S (calc. 158 kDa). Native mass spec-
RSTREP (o

trometry was then performed to assess the exact stoichiometry of a purified SpaP
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™A% 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™*% complex and of its FLAG-
deficient control (left). Immunodetection of SpaP (green) and SpaR™ € (red) on Western blot from purified SpaPR™4% complex
separated by SDS PAGE (right). (C) Traces of indicated detector signals from size exclusion chromatography—multi angle laser
light scattering of purified SpaPRT-A® complex (left). ASTRA-calculated mass profile of total components of peak of purified
SpaPR™AC complex (polypeptides and detergent, middle). ASTRA-calculated mass profile polypeptide components of peak of
purified SpaPR™ "% complex (right). (D) Native mass spectrum of the SpaPRSTREF complex. Peak series corresponding to the
SpaP:SpaRS™REP complex in a 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.g001
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158.595 kDa. These masses are consistent with a stoichiometry of 5 SpaP and 1 SpaRSTREP (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™AS 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 SpaRFA were purified, UV-irradiated,
resolved by SDS PAGE, and gel slices of the positions of the crosslinks were analyzed by mass
spectrometry (S3 Fig). This analysis identified crosslinks between SpaP and the export appara-
tus components SpaS and SpaQ, and between SpaP and the inner rod protein PrgJ. Further-
more, crosslinks between SpaR and SpaP, SpaQ, and PrgJ 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™*S-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 SpaPr;sx' - expressed in E. coli in the absence of other
T3SS components showed the same crosslink ladder (Fig 3A); and second, crosslinking plas-
mid-complemented SpaPrysx in an S. Typhimurium strain with chromosome-encoded
SpaP™ 4G also produced the 40 kDa FLAG-containing crosslink, which proved at least a bipar-
tite SpaPrsx-SpaP™*“ 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 SpaP™ A% 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 SpaPQRF-A®S. (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.g002

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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these mutants is unlikely due to improper folding or assembly but rather due to subtle confor-
mational changes that alter their function.

Opverall, 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;go (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.

SpaqQ, SpaR, and SpaS 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 SpaS (Fig 2,
S3 Fig, S2 Table). To validate these results by immunoblotting, we assayed the SpaP-SpaR as
well as the SpaP-SpasS 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
SpaS, we could further validate interactions between SpaS and SpaPvpox/SpaPy203x (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-SpaS$, and SpaR-SpaQ
interactions identified by the crosslinking studies in strains deficient in the inner ring protein
PrgK. These mutants are deffective for base assembly thus allowing to prove the requirement
of a fully assembled base for the assembly of the export apparatus. Indeed, we detected
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Fig 4. Interactions among the export apparatus components SpaP, SpaQ, SpaR, and SpaS. (A) Inmunodetection of SpaR™4% on
Western blots of SDS PAGE-separated crude membrane samples of AspaPQRS S. Typhimurium expressing indicated SpaP-pBpa
mutants from a pT10-spaPQR %S plasmid. (B) Immunodetection of SpaP™"% on Westem blots of SDS PAGE-separated crude
membrane samples of AspaPQRS S. Typhimurium expressing indicated SpaR-pBpa mutants from a pT10-spaP “*¢QRS plasmid. (C)
Immunodetection of SpaSyzssa” - on Western blots of SDS PAGE-separated crude membrane samples of S. Typhimurium expressing
indicated plasmid-complemented SpaP-pBpa mutants. (D) As in (C) but assessing the SpaP-Spas$ interaction in absence of the inner
ring protein PrgK. (E) Immunodetection of SpaP™-% on Westem 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 SpaRz0ex’ €. (G) Immunodetection of SpaP™A% 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
SpaPy70xQR™CS to reveal the SpaP-SpaR interaction in E. coli.

doi:10.1371/journal.ppat.1006071.g004

SpaP-SpaQ and SpaP-Spas$ interactions at SpaPx,; in the absence of PrgK (Fig 4D and 4E),
and SpaR-SpaQ interactions at SpaRyx»g9 (Fig 4F). SpaP-SpaP and SpaPy70x-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

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 Prg]J in both cases (S3 Fig,
S2 Table). In an effort to characterize the extent of the SpaP-Prg] 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, 15, 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 SpaPg,x"*“ and SpaPsex’ - after expression from their native
chromosomal context (Fig 5B). 2-dimensional blue native/SDS PAGE analysis of the crosslinks
resulting from UV-irradiation of SpaRA45XFLAG showed that the observed SpaR-Prg] interac-
tion is only observed when SpaR is incorporated into the needle complex (Fig 5C). Further-
more, SpaP-Prg] as well as SpaR-Prg] interactions were not observed in an ATPase activity-
deficient InvCy 655 mutant, demonstrating that the detected interactions dependent on active
type III secretion, which is consistent with the observation that incorporation of Prg]J 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 PrgJ. (A) Immunodetection of SpaP™ A% 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
SpaPnsx’ - was re-probed with PrgJ antibody to show the presence of SpaP and Prgd 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 SpaRassx’ - separated by 2-dimensional blue native/SDS PAGE. (D) Immunodetection of SpaP™A% or SpaRF-% 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.g005
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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 SpaPRF"*“ complex by electron microscopy. 11202 individual particles
were classified and aligned into 91 class averages (S4 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 SpaPRF-*S complexes, it cannot be ruled out that SpaP and
SpaRFAS partly dissociated during sample preparation so that a mixture of SpaPs and
SpaPsR; complexes was imaged, explaining the diversity of observed classes. It is therefore pos-
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 SpaPs 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, flhD::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.1006071.9006
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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=* 4
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 in vivo photocrosslinking
revealed that SpaQ, SpaR, and SpaS 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 SpaPsR; 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 51,x
and SpaPry5x. 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 SpaS 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 Spa$ 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 PrgJ. 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 Spa$S,
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
SpasS. (C) Model of needle complex assembly. The unified Sct nomenclature [23] is shown in parenthesis.

doi:10.1371/journal.ppat.1006071.g007
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interaction of SpaP, SpaR, and Prg] 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 Prg] [32,33].

The positions of SpaP and SpaR that interact with Prg] 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 SpaS 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 Prg] 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,

PLOS Pathogens | DOI:10.1371/journal.ppat. 1006071 December 15, 2016 15/25

167



@' PLOS | PATHOGENS

Characterization of the Bacterial Type Il Secretion Export Apparatus

and secondary antibodies goat anti-mouse IgG DyLight 800 conjugate and goat anti-rabbit
IgG 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 SpasS 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 ug/mL), tetracycline (12.5 ug/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*F*4, SpaPQRFASS, or SpaPQRSTREP,
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 SpaPRS™*FF, 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 SpaP**** and the SpaPQR™*SS, com-
plexes were subsequently purified by anion exchange (Mono Q 5/50 GL, GE), while this step
was omitted for the SpaPQRS™* P 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™*S 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 SpaPRS™EP 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 PVDF 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™4%, SpaPF-ASQRS or
SpaPQR™ 4SS from low copy number pTACO10 plasmids [9]. To boost general SPI-1 expres-
sion, S. 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 pl buffer K (50 mM triethanolamine, pH 7.5, 250 mM sucrose, ] mM EDTA, 1 mM
MgCl,, 10 ug/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 SpaP™ 4%
amber mutants or SpaPQRS with SpaR™4% 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™4¢ 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
C,s 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

Isolated SpaPR*S 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 EMAN2 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"S were moderately overexpressed in S. Typhimurium strain SB1770
(AprgHIJK, flhD: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

PLOS Pathogens | DOI:10.1371/journal.ppat. 1006071 December 15, 2016 19/25

171



@' PLOS | PATHOGENS

Characterization of the Bacterial Type Il Secretion Export Apparatus

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 pg/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 TLAS55 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)

S2 Table. Crosslinked adducts identified by mass spectrometry.
(XLSX)

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

$4 Table. Strains and plasmids.
(XLSX)

$5 Table. Oligonucleotides.
(XLSX)

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

$2 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)

$3 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™S, respectively, on Western
blots of purified needle complexes of S. Typhimurium expressing indicated SpaP or SpaR pBpa
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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,
flhD::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)

S6 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)

S1 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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