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Abbreviations

BN Blue Native

bp base pairs

Bpa para-benzoyl-L-phenylalanine

ddH>0 double deionized water

DMSO dimethyl sulfoxide

dNTP deoxynucleotide triphosphate

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid

et al. and others

kDa / MDa kilodalton / megadalton

LB Luria broth

LMNG lauryl maltose neopentyl glycol

ODesoo optical density at a wavelength of 600 nm
OoDU optical density units (per milliliter)
PAGE polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PCR polymerase chain reaction

QC QuikChange site-directed mutagenesis
rpm revolutions per minute

SD Shine-Dalgarno

SDS sodium dodecyl sulfate

SOB super optimal broth

SOC super optimal broth with catabolite repression
SPI-1 Salmonella pathogenicity island 1
SPI-2 Salmonella pathogenicity island 2

S. Typhimurium

Salmonella Typhimurium

T3SS type lll secretion system

Taq Thermus aquaticus

TBS Tris-buffered saline

TBS-T Tris-buffered saline supplemented with Tween 20
TMD transmembrane domain

Tris tris (hydroxymethyl) aminomethane

For amino acids, the common IUPAC 1-letter code has been used. Nucleotides

are shown in lower case.
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Introduction

Every year, an estimated 93.8 million people worldwide suffer from non-typhoidal
salmonellosis (Majowicz et al. 2010). In humans, Salmonella enterica serovar
Typhimurium (hereafter referred to as S. Typhimurium) is one of the four most
common pathogens causing diarrhea (World Health Organization 2020). In the
majority of immunocompetent people, an infection leads to self-limiting diarrhea.
However, especially in children, the elderly and also in developing countries, a
more severe and complicated course is more likely (World Health Organization
2020). In crisis areas and after environmental disasters a higher rate of infection

can be observed, which can also be explained by the transmission route.

1.1 Pathogenicity of S. Typhimurium

Salmonella can be transmitted from person to person fecal-orally via smear
infection, contaminated water or food. Eggs, meat and cheese are the most
common sources. In Germany, salmonellosis is the sixth most common notifiable
infectious disease with over 13 500 reported cases per year (Robert-Koch Institut
2019). However, the proportion of reported cases of illness is estimated to be
only 10 to 20% of actual cases (Bundesinstitut fur Risikobewertung 2020).

Various pathogenicity factors can make microorganisms dangerous for the
human organism. In addition to bacteria that produce exotoxins such as Vibrio
cholerae, many others manifest their pathogenicity through adhesion, invasion
and subsequent tissue damage (Eitinger 2017). This is also the case for
Salmonella.

S. Typhimurium can be absorbed from the intestine (Figure 1 a) via microfold (M)-
cells located in the Peyer patches (Bradley 1994). Like Yersinia spp. and Shigella
spp., S. Typhimurium also has the specialty of injecting effector proteins directly
into the target cells using a needle-like complex - the so-called type Il secretion
system (T3SS) or injectisome. There are two different T3SS encoded on the so-



called Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2). The effector
proteins of the SPI-1 T3SS enable S. Typhimurium to invade intestinal cells by
causing rearrangement of the actin cytoskeleton and membrane ruffling in the
membrane (Figure 1 b) of the primary non-phagocytizing target cell (Hansen-
Wester and Hensel 2001). As a result, the bacterium is enclosed and finally taken
up into a phagosomal compartment, the Salmonella containing vacuole (SCV)
(Zhou 1999).

Once inside the cell, S. Typhimurium has the ability to produce various effectors
and translocate them into the cytoplasm using the SPI-2 T3SS. These effectors
contribute to preserve the integrity of the SCV. (Figueira and Holden 2012,
Eitinger 2017).

enterocyte

Figure 1 Enteroinvasion of S. Typhimurium into the intestinal epithelium.
(a) S. Typhimurium is taken up orally via contaminated water or food and enters the intestinal epithelium
preferably via M-cells using the Type Il Secretion System (T3SS). On the chromosome of Salmonella are
two different Salmonella pathogenicity islands (SPI), each coding for a different T3SS. T3SS encoded on
SPI-1 (shown here in green) enables uptake into the enterocytes, T3SS encoded on SPI-2 (shown in yellow)
inhibits antimicrobial activities and helps to preserve the intactness of the Salmonella-containing vacuole
(SCV). (Modified after Haraga et al. 2008:55)

(b) S. Typhimurium (red) invading cultured human cells. Colored electron microscope scan from the National
Institute of Allergy and Infectious Diseases, Source: Wikimedia commons.



1.2 Components of the Type lll Secretion System

The fully assembled T3SS consists of a base, cytoplasmic components, export

apparatus and needle with translocon (Figure 2).

The base is composed of an outer and an inner ring. The outer ring is an outer
membrane secretin complex, which consists of 12-15 units of InvG (Wagner et
al. 2018). It protrudes into the periplasm and surrounds the proximal part of the
needle. The inner ring is divided into two concentric rings, which are formed by
24 units of PrgH on the outside and 24 units of PrgK on the inside. PrgH functions
as a connecting element both to the outer membrane ring InvG and to OrgA of
the cytosolic components (Wagner et al. 2018).

OrgA, OrgB and SpaO probably play a role in the recruitment of export proteins
in the respective secretion phase and therefore form the so-called sorting
platform (Lara-Tejero et al. 2011). In the center of the cytosolic components is
located the hexameric proton motive force driven ATPase InvC. This is connected

to the export apparatus by Invl (Wagner et al. 2018).

The export apparatus consisting of five proteins is centrally located and spans
the inner membrane. The core of this apparatus is formed by SpaR, SpaQ and
SpaP, which together form a helical complex with a central passage. At the
proximal end is a circular complex of 9 InvA subunits, which is involved in the
unfolding and removal of the chaperones of the substrates. InvA is followed by
the switch protein SpaS, which attaches itself in an extension to the helically
twisted spaPQR complex in the lower region and forms a loop around the export
gate (Kuhlen et al. 2020). As its counterparts in the injectisome of Yersinia and
the flagellar T3SS of E.coli, Salmonella SpaS undergoes autocleavage at the
conserved amino acid sequence NPTH (Lavander et al. 2002). The autocleavage
serves to increase the flexibility of SpaS and confers to the system the ability to
secrete intermediate and late substrates (Monjaras Feria et al. 2015).

In the extension of the export apparatus 6 PrgJ subunits form a connection with
the proximal part of the needle (Marlovits et al. 2006). The needle itself is made



up by more than 100 copies of the helically assembling Prgl protein, which form
a pore through which effector proteins can be transported in an unfolded state.
The tip of the needle is formed by a complex of several hydrophilic SipD proteins,
which serve as a platform for two further translocators, SipB and SipC (Mueller
et al. 2008). These proteins have transmembrane domains (TMDs) that integrate

into the host cell, thus enabling cell penetration.
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Figure 2: Schematic overview of the individual components of the fully assembled T3SS.
Description of the individual components in unified nomenclature and SPI-1 of S. Typhimurium. OM: outer
membrane, IM: inner membrane. (Wagner et al. 2018)

With such a complex machine, which spans three membranes when fully
assembled, the question inevitably arises as to how the assembly can accurately

work.



1.3 Assembly of the Type Ill Secretion System

The total T3SS complex is about 6 MDa in size and consists of 20 different
proteins with copy numbers up to 100 (Zilkenat et al. 2016). Its assembly is
therefore associated with high energy and resource consumption for the
bacterium and is strictly regulated (Diepold and Wagner 2014).

The assembly starts with the export apparatus (Figure 3 a), which is examined in
more detail in this study. The initial complex is formed by 5 helically assembling
SpaP subunits, stabilized by 1 SpaR subunit (Dietsche et al. 2016).
Subsequently, 4 SpaQ and 1 SpasS subunit assemble, followed by 9 InvA subunits
(Abrusci et al. 2013, Kuhlen et al. 2018). Only the correct assembly of the export
apparatus allows faultless assembly of a fully functional T3SS (Wagner et al.
2010).

Two different scenarios have been proposed. One is the outside-in assembly
model and the other the inside-out assembly model. In both cases the export
apparatus assembles first. In the outside-in model (Figure 3 b), PrgK is connected
to the export apparatus and, independently of this, a complex of InvG is formed
after hydrolysis of the cell wall peptidoglycan (PG) polymers by PG-lytic enzymes.
With the help of pilotins, which are lipoproteins that guide other proteins to the
outer membrane (Hardie et al. 1996), InvG assembles in a pre-pore and recruits
PrgH. The outer ring of the inner membrane ring is only closed once the export
apparatus and PrgK have been incorporated.

The inside-out model (Figure 3 c) describes the inner membrane ring forming
around the export apparatus, followed by the cytoplasmic components. The still
incomplete T3SS secretes early substrates into the periplasmic compartment,
where they activate local PG-cleaving enzymes to create a pore for further
assembly (Burkinshaw et al. 2015).

Common to both models is that the export apparatus pre-pore is formed on top
of the inner membrane ring, which is then stabilized by proteins building the outer



membrane ring and completed by the gradual build-up of the needle (Figure 3 c).

The correct needle length is ensured by the regulator protein InvJ.
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Figure 3: Assembly of the export apparatus and location inside the fully assembled T3SS.
(a) Assembly of the export apparatus. P: SpaP. Schematic view of four TMDs and predicted folding. Starting
with a self-assembled complex of 5 SpaP, followed by 1 SpaR and 4 SpaQ. Subsequent assembly of 1 SpaS
and 9 InvA.

(b) Outside-in assembly model. PrgK assembles to the export apparatus. Independently, InvG assembles in
a pre-pore and recruits PrgH. The outer ring of the inner membrane ring is only closed once the export
apparatus and PrgK have been incorporated.

(c) Inside-out assembly model. Shell-wise assembly of the inner membrane ring of the base and the
cytoplasmic components. The first phase of secretion allows the transport of peptidoglycan lytic enzymes
and assembly of a pre-pore. OM: outer membrane, PG: peptidoglycan, IM: inner membrane (Wagner et al.
2018)

As soon as the needle makes contact with the host cell, the T3SS secretes the
components for the needle tip and translocators. The translocators form a pore
in the host cell membrane, which ultimately enables the transport of effectors
from the bacterium directly into the cytoplasm of the host cell (Wagner et al.



2018). In absence of a host cell, T3SS-dependent effectors are secreted into the
bacterial supernatant. In order to quantify this secretion, a reporter such as

nanoluciferase (NanoLuc) can be used (Westerhausen et al. 2019).

1.4 Protein structure and interactions of the export apparatus

Bioinformatic models predict a-helical and hydrophobic components in SpaP,
SpaQ, SpaR and SpaS (Goessweiner-Mohr et al. 2019). The whole complex of
the export apparatus has a conical shape (Figure 4 a-c) and lies slightly tilted
inside the membrane (Goessweiner-Mohr et al. 2019). Although the membrane
proteins are highly hydrophobic, the assembly of the export apparatus apparently
leads to a progressive twisting (Figure 4 d) of the complex out of the membrane
(Kuhlen et al. 2018). The architecture is such that four subunits of SpaQ and
SpaP are stacked on top of each other in a shape very similar to that of SpaR

while the fifth SpaP subunit (P5, see Figure 4 a) remains without a counterpart.

Figure 4: Complex formation and structural homology of the SpaPsQ4R1complex.

(a) Top view on the assembled SpaPsQ4R1 complex. SpaP in blue, SpaR in red.

(b) Bottom view of (a). SpaQ in yellow and orange, SpaR in red.

(c) Side view of (a).

(d) Schematic view of helical winding. The structural similarity of SpaR as a fusion of SpaP and SpaQ is
illustrated here. Colours as in (a)-(c). (Samuel Wagner, personal communication 2020)



The surface of the PQR complex has a charged upper part that partially protrudes
from the membrane (Figure 5 a and c), and a hydrophobic, lower half with a
hydrophilic part of SpaQ at the lowest peak (Figure 5 b and d). Whereas the
hydrophobic surface components are largely contributed by SpaQ, the
hydrophobic loops of SpaP and SpaR are partially located inside the complex.
The inner surface that forms the export channel has been shown to be positively
charged (Kuhlen et al. 2018).
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Figure 5: Charge and hydrophobicity on the surface of the PQR complex.

(a) Side view of the PQR complex. * charged belt, colors indicated below. Electrostatic potential was
calculated on the basis of Coulomb's law.

(b) Side view of the PQR complex. ** hydrophobic belt. Scale according to Kyte and Doolittle (1982: 110).
(c) Bottom view of (a).

(d) Bottom view of (b). (Source: Goessweiner-Mohr et al. 2019:29)

Conserved charged amino acids of SpaP, SpaQ and SpaR are essential for intra-
and intermolecular salt bridges (Kuhlen et al. 2018). SpaQ was found to be less
stable in complexes of the virulence-associated T3SS than the homologue FliQ
in the flagellar T3SS (Kuhlen et al. 2018). SpaS forms two helical hairpins, of
which crosslinks to the outside of SpaP4, SpaPs and SpaR have been detected.
A loop encircles the export gate and contacts all 4 SpaQ subunits (Kuhlen et al.
2020).

SpaP, SpaQ and SpaR have a different number of a-helical TMDs (Figure 6 a).
These hydrophobic regions suggest that co-translationally, they are first inserted
into the membrane via the Sec-translocon system before they fold (Figure 6 b)
and assemble in the complex (White and von Heijne 2004). After insertion into
the membrane, the proteins must therefore undergo a structural rearrangement
and wind themselves out of the membrane (Goessweiner-Mohr et al. 2019).
SpaR represents a structural fusion of SpaP and SpaQ. Their basic structure is



made of transmembrane hairpins, which are after folding entangled in the

assembly by 25 A, resulting in helicity (Figure 6 c).
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Figure 6: The membrane protein character with TMDs is still visible in the SpaPQR complex.
(a) Schematic view of the transmembrane domains of export apparatus proteins. SpaR as a fusion of
SpaP and SpaQ is illustrated here Peri: periplasm, Cyto: cytoplasm.

(b) Homology model of flagellar homologs FliP, FliQ and FliR. TMDs are still recognisable as twisted
alpha-helical stretches. N-terminus and C-terminus marked.

(c) Side views on homology model of the assembled PRQ complex.

(Samuel Wagner, personal communication 2020)

1.5 Genetic conservation and regulation of the export apparatus

When comparing the export apparatus of the flagellar and SPI-1 T3SS, several
aspects stand out. At first, it becomes apparent that in the SPI-1 T3SS there is
no counterpart to the flagellar chaperone FliO (Fabiani et al. 2017). Flagellar
genes in different species often lie in clusters, but show different orders and
distances between them (Macnab 2004). The genes coding for the injectisome
are usually located in pathogenicity islands on virulence plasmids or on the
genome and are more closely related than their corresponding genes in flagella
(Naum et al. 2009).



Gophna et al. performed phylogenetic analyses of the individual export apparatus
proteins exemplarily on the SpaP sequence (respective their homologues) of
19 bacterial species and the FliP sequence in flagella for 23 species. Similarly,
SpaQ and FliQ analyses were performed in 20 and 25 species, respectively. With
regard to S. enterica, these analyses showed its greatest similarity to E. coli,
followed by Shigella flexneri, Yersinia enterocolitica and other species such as
Pseudomonas aeruginosa. Flagellar proteins showed greater phylogenetic
discrepancies (Gophna et al. 2003). Comparison of the single particle cryo-EM
analyses revealed a 33% identical structure of FIIPQR in flagella of
S. Typhimurium (homologue to SpaPQR) and the corresponding proteins Spa24,
Spa9 and Spa29 in Shigella (Johnson et al. 2019).

Flagellar and virulence-associated T3SS probably share a common ancestor.
Deletions and newly acquired genes subsequently led to the loss of motility and
the acquisition of the specific export capabilities of today's T3SS (Abby and
Rocha 2012). Compared to other pathogenicity islands of E. coli or Yersinia,
SPI-1 shows a significantly longer residency time in the host genome of several
tens of millions of years (Lerminiaux et al. 2020). The export apparatus is still

highly conserved.

A good overview of the conservation of the export apparatus and other
components of the T3SS also in plant pathogens can be found in the article by
Lerminiauux et al. (2020). | have limited the overview to the export apparatus of

human pathogenic species (Figure 7).

In E. coli the spaS equivalent flnB is located at a different site in the genome, but
fliP, fliQ and fliR show high conservation. In Yersinia the genes are located on

virulence plasmids, but as in SPI-1, they are also organized in an operon.

10
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Figure 7: Comparison of the genetic organization of spaPQRS and their homologs in flagella (E.
coli) and Yersinia.

The genes of the export apparatus are labeled according to species and additionally according to the
unified nomenclature (Sct name). The bracket indicates high genetic conservation.

Sukhan et al. could show that all five genes of the export apparatus are essential
for a functional T3SS (2001). However, a deletion of invA or spaS barely
influences the assembly of the other components of the export apparatus
(Wagner et al. 2010). The application of cryo electron microscopy allows even
more detailed statements about the structure of the assembled complex. If invA
is deleted, the assembly of the other export apparatus proteins still equals the
wild type. In a AspaP, AspaQ or AspaR strain, the assembly resembles a

knockout of the entire export apparatus.

For this reason, a changed order of the genes is especially interesting for spaP,

spaQ and spaR.

The work of Dandekar et al. also reports on physical interactions of proteins
encoded by highly conserved genes (1998). This supports the hypothesis that the

highly conserved order of genes has a functional significance.

Since the gene dosage of spaPQRS on the polycistronic mRNA is 1:1:1:1 but the
stoichiometry in the final export apparatus is 5:4:1:1, the question arises which

mechanisms compensate this imbalance.

One possibility would be the differential regulation of the efficiencies of the Shine-
Dalgarno (SD) sequences. The SD sequence is a short base sequence located
generally 7-8 bp upstream of the start codon, which facilitates ribosome binding

11



and the start of translation. The ideal sequence is aggagg, but variations are often
observed. In bacteria, several genes exist under one promoter, each having its
own SD. In some cases, the reading quantity is directly related to the upstream
gene. This principle, called translational coupling, has been described for spaQ
and spaR (Zhou 2017). In the case of spaQ and spaR the SD of spaR is still within
spaQ. The coding sequences of spaR and spaS even overlap to a small extent.
In these cases, it is likely that the ribosome does not detach but reads through

continuously.

Another possibility would be differential translation as a result of the distinct
MRNA structure, as clarified below.

1.6 mRNA structure

Related to the gene sequence, but even independently of that, the mRNA
structure itself can have an influence on translation efficiency (Li 2015): By base
pairing and subsequent folding, regulatory elements of the primary RNA can
become difficult to access (John E.G. McCarthy and Claudio Gualerzi 1990).
Possibly, the stem-loop structure of the mRNA makes it more difficult for the
ribosome to bind to the SD, as shown by Zhou. By introducing point mutations
that melted the mRNA structure of spaQ, the author was able to induce the
overexpression of SpaR (2017). The structure predicted by the RNAfold-
prediction tool ViennaRNA Web Services supports these findings (Figure 8).
Paroll has suspected that spaQ apparently performs a regulatory function on
spaR (2016). This will also be examined in the present study.
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Figure 8: Predicted mRNA folding of spaR and spaQ and possible topological difficulties.

The folding of the mMRNA may impede the attachment of the ribosome to the SD of spaR, thus enabling spaQ
to perform a regulatory function on the translation of spaR. Green arrow: predicted SD of spaR, red arrow:
stop codon of spaQ, blue arrow: start codon of spaR. (Source: Zhou 2017)

1.7 Objectives

The goal of this study is to determine the relevance of the strict conservation of
the gene order of spaP, spaQ and spaR for the assembly and function of the

T3SS by assessing transcription, translation, assembly and secretion.

The conserved gene order does not match the assembly order. Is this relevant
and can efficiency be improved if the gene order is identical to the assembly
order? Are there differences observed in case of permutation of the gene order?
If yes, which conclusions regarding gene interaction can be drawn? If, upon
permutation, the assembly is defective, it would be interesting and meaningful to
investigate at which step the error occurs. This is specifically what we tested by
permutating the gene order.
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2 Material and Methods

All materials were purchased from AppliChem, Beckmann, Eppendorf, Eurofins
Genomics, Life Technologies, neoLab, ROTH, Sarstedt, SERVA, Sigma-
Aldrich, Star Lab, Thermo Fisher or VWR.

2.1 Antibodies, buffers, media

Table 1: List of antibodies used

Antibody Clonality Dilution | Origin Order Source

a-FLAG, M2 | monoclonal 1:10 000 | mouse | primary Sigma

a-Mouse

DyLight 800 polyclonal 1:10 000 | goat secondary | ThermoFisher

Table 2: Contents of buffers and media

Name | Description
Media for bacterial culture
Luria broth (LB) agar 4.5 g agar and 6 g LB Lennox were added to
medium 300 ml H20O and autoclaved before use.
LB medium 5 g NaCl, 5 g yeast extract and 10 g tryptone
were dissolved in 1 | H20 and autoclaved before
use.

LB - 0.3M NaCl medium 12.5 g NaCl, 5 g yeast extract and 10 g tryptone
were dissolved in 1 | H.O and autoclaved before

use.
super optimal broth (SOB) | 40 g bacto-tryptone, 0.373 g KCI, 1 g NaCl and
medium 10 g yeast extract were dissolved in 2 | H>O and

autoclaved. Sterile filtered (0.22 pum pore size),
MgCl> and MgSOs solutions were added to a
final concentration of 10 mM.

SOC medium 20 ml sterile filtered (0.22 um pore size) 1 M
glucose were added to 1 | SOB medium.
Stock medium 63 g glycerol and 10 g peptone were dissolved

in 500 ml H>.O and autoclaved before use.

Reagents for cloning

Gibson master mix 0.2 pl T5 exonuclease, 6.25 pl Phusion DNA
polymerase, 50 pl Thermus aquaticus (Taq)
DNA Ligase and 100 pl 5% ISO mix (containing
300 pl 1 M Tris-HCI, 30 pl 1 M MgCl,

60 ul 10 mM dNTP Mix, 30 ul 1 M DTT,
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150 mg PEG 8000, 30 pl 100 mM NAD and
600 pl H.O) were mixed with 218.6 pl H2O.

Bu

ffers for crude membranes

Buffer K

50 mM TEA, 250 mM sucrose and 1 mM
ethylenediaminetetraacetic acid (EDTA) were
dissolved in 500 ml H20. pH was adjusted to 7.5
using acetic acid.

Buffer K with additives

750 pl buffer K mixed with 1:100 protease
inhibitor from 100x stock, 1:1000 lysozyme from
10 pg / ml stock, 1:1000 MgCl, from 1 M stock,
1:500 EDTA from 0.5 M stock, 1:1000 DNase
from 10 pg / ml stock

phosphate buffered saline
(PBS) buffer (10x)

80 g NaCl, 2 g KCl, 14.4 g Na;HPOs and 2.4 g
KH2PO4 were dissolved in 1 | H20. pH was
adjusted to 7.4 using NaOH.

Buffers for Blue Native PAGE (BN PAGE)

BN PAGE loading buffer

25 mg Coomassie Brilliant Blue G-250 were
dissolved in 450 pl 250 mM aminocaproic acid
with 25% (v/v) glycerol.

Anode buffer (10x)

52.3 g Bis-Tris were dissolved in 500 ml H20.
The buffer was diluted 1:10 with deionized H>O
before use.

Cathode buffer | (10x)

44.79 g tricine, 15.69 g Bis-Trisand 1 g
Coomassie Brilliant Blue G-250 were dissolved
in 500 ml H2O and mixed for at least six hours at
4 °C. The buffer was diluted 1:10 with deionized
H>O before use.

Cathode buffer Il (10x)

44.79 g tricine and 15.69 g Bis-Tris were
dissolved in 500 ml H>0O. 20 ml of cathode
buffer | were mixed with the equal volume of
cathode buffer 1l (10x) and filled up to 210 ml
with deionized H20 before use.

Buffers for Western Blot

SB buffer (4x%)

10 mg bromophenol blue, 5 ml 80% (v/v)
glycerol, 1.6 g sodium dodecyl sulfate (SDS)
and 10 ml 0.5 M Tris-HCI were filled up with H20
to a final volume of 16 ml. The buffer was diluted
1:4 with deionized H20 and 5% (v/v) B-
mercaptoethanol were added before use.

SDS Running buffer

144 g glycine, 10 g SDS and 30 g Tris base
were dissolved in 1 | H20.

Tris-buffered saline (TBS)
buffer (10x)

84 g NaCl and 30 g Tris base were dissolved in
1 I H20. pH adjustment to 8.0 with HCI.

TBS-T buffer

0.05% (v/v) Tween20 were added to TBS.

Transfer buffer (10x)

144 g glycine, 2.5 g SDS and 30 g Tris base
were dissolved in 1 | H20. Before use, the buffer
was diluted 1:10 in H2O and methanol was
added to a final concentration of 10% (v/v).
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2.2 Culture conditions
For cloning procedures, Escherichia coli (E. coli) and S. Typhimurium were
grown in Luria broth (LB) medium. For the SipA-NanoLuc-assay and crude

membrane preparation, S. Typhimurium was grown in LB medium
supplemented with 0.3 M NaCl (Gibson et al. 1988).

2.2.1 Bacterial growth and storage

The tubes were shaken at 37 °C and at 180 revolutions per minute (rpm) in the

incubator. The required antibiotics were added in the following concentrations:

Table 3: Concentrations of the antibiotics used

Antibiotic Final concentration (ug/ml)
Kanamycin 25
Streptomycin 50
Tetracycline 12.5

Growth on solid media containing appropriate antibiotics took place at 37 °C.
For short-term storage, the bacteria were stored on agar plates at 4 °C, for long-
term storage they were frozen in solution with stock medium (Table 2) at
-80 °C.

2.2.2 Protein overexpression induced with L-rhamnose

To selectively increase protein expression for experimental purposes, low copy
number L-rhamnose-inducible plasmid pTACO10 (pT10) were used (Wagner et
al. 2010).

Bacteria were grown over night in 3 ml LB with antibiotics. For crude membranes,

the optical density at 600 nm (ODeoo) was measured and the bacterial culture was

16



backdiluted in 10 ml LB + NaCl with antibiotics to a final OD of 0.05. In preparation
for the SipA luciferase assay, bacteria were backdiluted in a new tube containing
2 ml LB + NaCl medium and antibiotics to a final OD of 0.1. After three hours
growth in the incubator under the conditions described in 2.2.1, rhamnose at a
final concentration of 0.1 mM was added to induce protein overexpression from

the pT10 plasmid.

2.3 Cloning procedures

For cloning, three different polymerase chain reaction (PCR)-based methods
were used. Gibson Assembly was used to rearrange whole genes, the
Megaprimer method to insert or delete gene segments and QuikChange to
introduce point mutations (see 2.6).

2.3.1 Gibson Assembly

Gibson Assembly (Gibson et al. 2009) is an isothermal method used for molecular
cloning. It allows joining of two or more DNA fragments. Gibson primers are
designed in a way that half of the base sequence is complementary to the
template DNA and the other half forms an overhang that is complementary to the
product from a second PCR. The resulting amplification products are then ligated
in the next step.

A 20-40 base pairs (bp) overlap was added via PCR with a specific primer. In a
next step, 1 pl of each fragment was added to a Gibson reaction mix, containing
buffer, exonuclease, DNA polymerase and DNA ligase and incubated for
30 minutes at 50 °C. Chemically competent E. coli were transformed with the
reaction product using standard procedure (New England Biolabs 2020). Colony
PCR was used to identify clones with the inserts of the correct length. These

clones were grown over night in 3 ml LB medium. The following day, plasmids
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were extracted with QIAprep Spin Miniprep Kit from QIAGEN and stored
at -20 °C.

2.3.2 QuikChange site-directed mutagenesis

In order to be able to investigate the effect of the SpaQ remnant protein, a stop
codon was inserted as a point mutation using QuikChange mutagenesis (Agilent
2020) .

Primers were designed with a length of 47 bp carrying the desired point mutation
in the middle, flanked by sections rich in guanine and cytosine bases in both

directions.

A PCR reaction mix with KOD Polymerase was set up as described in Table 4.

Table 4: QuikChange PCR setup

Reagent Volume added to PCR reaction

10x KOD Reaction Buffer 5ul

2 mM dNTPs 5ul

forward and reverse primer 1.25 pl each

KOD DNA Polymerase 0,5 ul

25 mM MgSOg4 4 pl

double deionized water (ddH20) 30 ul

template DNA 3ul

After amplification in the thermocycler, 1 pl of Dpnl was added and incubated at

37 °C for one hour. The restriction enzyme Dpnl cuts methylated DNA and

ensures that the template DNA is digested and the PCR product remains. Heat

shock transformation into E. coli strain NEB5a was performed as described in

2.3.1.
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2.3.3 Megaprimer mediated mutagenesis

This method was used to transfer individual gene segments of up to 74 bp from
one construct to another. This requires two PCRs, with the product of the first
PCR serving as primer in the second. (Casali and Preston 2003)

In a first step, the desired gene segment was amplified with two suitable primers
in a PCR. Dpnl digestion was then performed (see 2.3.2) and 5 pl of the PCR
product were used as Megaprimer in a second PCR (setup see Table 5).

Table 5: Megaprimer PCR setup

Reagent Volume added to PCR reaction

5x Phusion HighFidelity buffer 10 pl

10 mM dNTPs 1yl

Megaprimer 5ul

Phusion DNA Polymerase 1l

dimethyl sulfoxide (DMSO) 1.5l

ddH20 29.5 ul

template DNA 2 ul

Again, Dpnl digestion and purification were performed and the E. coli strain
NEB5a was transformed with the PCR product as described in 2.3.1.

2.4 Blue-Native (BN)- and Sodium dodecyl sulfate (SDS) - polyacrylamide
gel electrophoresis (PAGE)

The BN PAGE method is used to detect protein complexes while maintaining their
protein quaternary structure. The cytoplasmic components are too unstable for
the BN PAGE, but the needle complex (NC) consisting of base, needle and
needle tip can be analyzed using this technique (Wagner et al. 2010). The dye
Coomassie Brilliant blue G-250 binds to hydrophobic surfaces of membrane
proteins that have been solubilized with detergent. This confers an electric charge
to the proteins and forms the basis for electrophoretic complex separation on a
gradient gel (Schagger and von Jagow 1991).
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In order to be able to analyze the individual proteins quantitatively and
independently of their complexes, SDS was used as a stronger detergent
(Laemmli 1970). The proteins are extracted from the membrane and retain only
their primary structure and parts of the secondary structure. Again, the separation
is carried out electrophoretically according to size and charge.

2.4.1 Crude Membranes

In a first step, the proteins must be overexpressed and isolated from the
membrane. Bacterial cultures were prepared and induced as described in 2.2.2.
After five hours in the incubator, the ODeoo was measured and 8 ODU were
transferred to a 15 ml tube. From now on, all steps were performed on ice and
centrifugation was done at 4 °C. The tubes were centrifuged at 6000 x g for
2 minutes. The supernatant was discarded, the pellet was resuspended in 1.5 ml
PBS and the centrifugation step was repeated. After aspiration of the supernatant
with a vacuum pump, the samples were stored at -80 °C if not analyzed
immediately.

The pellet was resuspended in 750 ul buffer K with additives (Table 2) and added
to 2 ml screw cap tubes filled with 0.5 ml glass beads. The samples were
incubated on ice for 30 minutes and then lysed by a bead mill for 2 minutes. The
tubes were centrifuged at 1000 x g for 1 minute and the supernatant was
transferred to a fresh 1.5 ml tube. 1 ml of cold buffer K without additives was
added to the beads and the centrifugation step was repeated. The supernatant
was then transferred to the same 1.5 ml tube and the samples were centrifuged
at 10 000 x g for 10 minutes. Afterwards, the supernatant was transferred to an
ultracentrifugation tube and the samples were centrifuged at 120 000 x g for
50 minutes using an ultracentrifuge with a TLA-55 rotor. Afterwards the
supernatant was completely aspirated and the pellets were resuspended with
90 ul PBS. After addition of 10 pyl 10% (w/v) lauryl maltose neopentyl glycol
(LMNG) solution, the samples were solubilized at 4 °C for 1 h inside a Thermomix
device shaking at 500 rpm. The samples were then centrifuged at 20 000 x g for
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30 minutes. 45 pl of the supernatant were transferred to a new tube in order to
proceed with BN PAGE and 30 pl were used for SDS PAGE.

2.4.2 BN PAGE

The Invitrogen™ NativePAGE™ 4-16% Protein Gel was set up according to
manufacturer instructions, and anode buffer and cathode buffer were filled into
the respective chambers.

5 ul of BN PAGE loading buffer was added to each sample, and 20 pl were then
loaded into each gel pocket. 8 pl of Native Mark™ unstained protein standard
was used as a size reference. The electrophoresis ran at 130 V for 65 minutes,
then the cathode buffer | was replaced by cathode buffer Il and voltage was
increased to 300 V for 3.5 h. After the run, the gel was equilibrated in SDS running
buffer for 30 minutes.

Wet Blot was done as described below (see 2.4.4) but after the transfer onto a
membrane, the membrane was washed several times with 100% methanol to
remove blue Coomassie residuals before the blocking step. A standard Western
Blot protocol was then carried out.

2.4.3 SDS-PAGE of whole bacteria

Whole cells were pelleted, resuspended in 75 ul of 1x solubilization buffer (Table
2) and incubated at 50 °C for 10 minutes. Afterwards, the samples were vortexed
for 40 seconds and 15 pl were loaded on SERVAGel™ TG PRIME™
8-16% electrophoresis gel. The protein ladder used as size reference was
Precision Plus™ Protein All Blue standards.

The electrophoresis ran for 15 minutes at 100 V followed by 70 minutes at 210 V.
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2.4.4 Western Blotting

Transfer from the gel onto a polyvinylidene difluoride membrane by wet blotting
was done using an electrophoretic chamber filled with transfer buffer at 25-30 V
for four hours. To block unspecific binding sites on the membrane, 5% (w/v) milk
in Tris-buffered saline (TBS) buffer was used for one hour. Afterwards, the
membrane was washed with TBS supplemented with 0.05% (v/v) Tween20
(TBS-T) buffer. Incubation with primary antibody (Table 1) was done for one hour
in 10 ml TBS and washed three times for fifteen minutes with TBS-T. The
secondary antibody (Table 1) was then added to 10 ml TBS and incubated with
the membrane for one hour. Afterwards, the membrane was washed three times
for fifteen minutes with TBS-T again. The membrane was then transferred to TBS
buffer and scanned using LI-COR reader.

2.5 SipA luciferase-based secretion assay

This method is used to estimate the secretion capability of the T3SS. The
luciferase NanoLuc is fused C-terminally to the effector SipA (Westerhausen et
al. 2019). After growth and rhamnose induction in LB + NaCl, the bacteria are
pelleted. The supernatant is mixed with a substrate containing furimazine. This is
converted by luciferase to furimamide, which emits light that can be quantified.

Rhamnose induction has been done as described in 2.2.2, and after five hours of
growth, 0.5 ODU were transferred into a 1.5 ml tube, centrifuged at 10 000 x g
for 2 minutes. 25 pl of the supernatant were transferred to a white 384-well plate
(MaxiSorp). NanoLuc life substrate was prepared according to manufacturer’s
instructions and 25 pl were added to each well. After exactly 5 minutes of
incubation, the luminescence signal was analyzed by TECAN microplate reader.
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2.6 Tables of materials

Table 6: List of bacteria used

Name Species Genotype
NEBS5a | Escherichia coli fhuA2A (argF-lacZ)U169 phoA ginv44
#80A(lacZ)M15 gyrA96 recAl relAl
endAl thi-1 hsdR17 (New England
Biolabs 2020b)
SB300 Salmonella enterica | wild type
subspecies enterica
serovar Typhimurium
SB1903 | Salmonella enterica | SB300, AspaQ, flhD::tet
SB1904 | Salmonella enterica | SB300, AspaR, flhD::tet
SB2000 | Salmonella enterica | SB300, AspaQ, SpaPss ¢, flhD::tet
SB2001 | Salmonella enterica | SB300, AspaR, SpaPss™-A¢, flnD::tet
SB2009 | Salmonella enterica | SB300, AspaQ, SpaR2s:"™4¢, flhD::tet
SB2013 | Salmonella enterica | SB300, AspaQ, SpaSnassasse” ¢, flhD::tet
SB2014 | Salmonella enterica | SB300, AspaR, SpaSnzssasse’-*C, flhD::tet
MIB4592 | Salmonella enterica | SB300, AspaPQRS, SipA-NL, flhD::tet

Table 7: List of primers used

Primer name

Sequence (5’ to 3’)

gib_behind_spaP234_r

aatgtccatatactgtaatatcaatcc

gib_infront_spaQ_f

catcattacgagacgggatag

gib_pT12_FLAG_r

ctctcatccgccaaaacagcecaagcttcatttgtcategtcatccttgtaate

gib_pT12_spaP_f

gaaattcaggaggaattcaccatggggaatgatatctcattaattg

gib_pT12_spaS_r

catccgccaaaacagccaagcttcaatgecgtacctegtittc

gib_ptl12n_spaR_f

ctttttagactggtcgtaatgaacgttggctaaggggtaaaaaatg

gib_pT12nSpaQ_f

ctttttagactggtcgtaatgaattacgagacgggatagttaaatg

gib_pT12upoSpaP_SpaQ_r

attccccatggtgaattcctectgaatttcttaccccttagccaacgecag

gib_pT12upoSpaP_SpaR_r

attccccatggtgaattcctcctgaatttcttattcgaggacatgegtcge

gib_SpaP164_f

tittatctttatttgcectitgtegte

gib_spaP234_spaR_f

gtctaagggattgatattacagtatatggacattaaggggtaaaaaatgttttacgcg

gib_spaQ_spaR_f

cctggegttggctaaggggtaaaaaatgttttacgeg

gib_spaQ_spaR_r

catccatttaactatccegtctcgtaatgatgttattcgaggacatgegtege

gib_spaR_spaQ_f

gggcgacgcatgtcctcgaataaattacgagacgggatagttaaatgg

gib_spaS_spaP_r

catgcgtcgececctcgetegtaatgatgtcatgttgcaatgtccatatac

gib_uni_pT12_f

agcttggctgttttggcggatg

gib_uni_pT12_r

ggtgaattcctectgaatttc

gib_uni_pT12noSD_r

ttcattacgaccagtctaaaaag

gib_uni_pT12upo_f

gaaattcaggaggaattcaccatg

gib_uni_spaQ_r

ttaccccttagccaacgecag

gib_uni_spaR_r

ttattcgaggacatgcgtcge

gib_uni_spaS272_f

ttgatgccgattccgatgatce

gib_uni2_spaS_f

agcgaggggegacgcatg

prha_seq_r

gctacggcgtttcacttcty
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spaO_seq_r aacgaaacaggttcctgacg
SpaQ_seq_r2 aatgccaccaggatgataatg
spaP_seqr ctaccaggaggccgataatc
SpaP45_seq_f taacgccctgggattacagc

spaPA223KT224G_QC _f

gtctaagggattgatattacagtatatggacattaaggggtgacatcattacgagacgggata

spaPA223KT224G_QC_r

tatcccgtctcgtaatgatgtcaccccttaatgtccatatactgtaatatcaatcecttagac

SpaQ_remnant_PR_M1K_QC_f

cattacgagacgggatagttaaaaggatgatttagtgtttgcaggtg

SpaQ_remnant_PR_M1K_QC_r

cacctgcaaacactaaatcatccttttaactatcccgtctcgtaatg

SpaQ_seq_r

aatgccaccaggatgataatg

SpaR_seq_r aaatgagccatacgacaccag
SpaR207_seq_f ttattgtcgcgctttgetec
spaS_sedf gacaatgtactgcgactctc
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Table 8: List of plasmids used

Name Insert Description

pSB3398 none (Wagner et al. 2010)

pSB3704 spaP®FACQRS (Wagner et al. 2010)

pMIB5022 spaPQR»1FLASS (Wagner et al. 2010)

pMIB6089 spaPQRSn2sga>°6FHAC (Wagner et al. 2010)

pMIB6610 spaP?A%0z61+1::iNS20RY (Zhou 2017)

pMIB6666 spaPR®IFLACQ (Zhou 2017)

pMIB6670 spaP8®F A%74143:1ins20QR? (Zhou 2017)

pMIB7001, spaPQa24-231RS Made by Gibson assembly of PCR products

SpaP™RS of the following two primer/template pairs:
1. Insert: gib_pT12_spaP_f+
gib_pT12_spaS_r from SB1903
chromosomal DNA;
2. Plasmid: gib_uni_pT12_f +
gib_uni_pT12 r from pSB3398 (pT10).

pMIB7002, spaP® A%Qa24.231RS Made by Gibson assembly of PCR products

SpaPFHACLRS of the following two primer/template pairs:

1. Insert: gib_pT12_spaP_f+
gib_pT12_spaS_r from SB2000
chromosomal DNA;

2. Plasmid: gib_uni_pT12_f+
gib_uni_pT12_r from pSB3398 (pT10).

! The 20 bp insert is tatgatatattcagatcgcg

2 The 20 bp insert is tttgatataaaaggggtgaa, including the SD of spaR (aagggg)
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pMIB7003,
SpaP’'LRFLACS

spaPQaz4-231R?°FHACS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12_spaP_f+
gib_pT12_spaS_r from SB2009
chromosomal DNA;

2. Plasmid: gib_uni_pT12_f+
gib_uni_pT12_r from pSB3398 (pT10).

pMIB7004,
SpaP"tRSFHAG

spaPQa24-231RSn258a>°0FAC

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12_spaP_f+
gib_pT12_FLAG_r from SB2013
chromosomal DNA;

2. Plasmid: gib_uni_pT12_f+
gib_uni_pT12 r from pSB3398 (pT10).

pMIB7005,
SpaPQS

spaPQRa43-735S

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12_spaP_f +
gib_pT12_spaS_r from SB1904
chromosomal DNA;

2. Plasmid: gib_uni_pT12_f +
gib_uni_pT12 r from pSB3398 (pT10).

pMIB7006,
SpaPFAGQS

spaP®FACQRa43.735S

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12_spaP_f+
gib_pT12_spaS_r from SB2001
chromosomal DNA;

2. Plasmid: gib_uni_pT12_f+
gib_uni_pT12 r from pSB3398 (pT10).
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pMIB7007,
SpaPQSFLAG

spaPQR443-735SN258a%20FHAC

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12_spaP_f +
gib_pT12_FLAG_r from SB2014
chromosomal DNA;

2. Plasmid: gib_uni_pT12_f+
gib_uni_pT12_r from pSB3398 (pT10).

pMIB7008,
SpaR™ASPQS

spaR®FLACPQRa43.735S

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_spaR_f +
gib_pT12upoSpaP_SpaR_r from SB2009
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7005
(pT10).

pMIB70009,
SpaRPFACQS

spaRP8FACQR 243.735S

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_spaR_f +
gib_pT12upoSpaP_SpaR_r from SB1903
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7006
(pT210).
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pMIB7010,
SpaRPQSFHAG

SpaRPQR443-735Sn258a3°6FAC

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_spaR_f +
gib_pT12upoSpaP_SpaR_r from SB1903
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7007
(pT210).

pMIB7011,
SpaP’SRFLAGQS

spaPass6-0252RIFLACQS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_SpaP234_spaR_f +
gib_SpaQ_SpaR_r from SB2009
chromosomal DNA;

2. Plasmid: gib_infront_SpaQ _f+
gib_behind_SpaP234 _r from pMIB7005
(pT210).

pMIB7012,
SpaPFLAG"SRQS

spaP8FAC 666.0252RQS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_SpaP234_spaR_f +
gib_SpaQ_SpaR_r from SB1903
chromosomal DNA;

2. Plasmid: gib_infront_SpaQ _f+
gib_behind_SpaP234 _r from pMIB7006
(pT10).
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pMIB7013,
SpaP"SRQSMAG

spaPa6660252RQSN258a36FHAC

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_SpaP234_spaR_f +
gib_SpaQ_SpaR_r from SB1903
chromosomal DNA;

2. Plasmid: gib_infront_SpaQ f+
gib_behind_SpaP234 _r from pMIB7007
(pT210).

pMIB7014,
SpaQPRS

SpaQPQa24-231RS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_SpaQ_f +
gib_pT12upoSpaP_SpaQ_r from SB1904
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7001
(pT210).

pMIB7015,
SpaQPFAGLRS

spaQP8* A6 24.231RS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_SpaQ_f +
gib_pT12upoSpaP_SpaQ_r from SB1904
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7002
(pT10).
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pMIB7016,
SpaQPtRFHACS

spaQPQuaz4.231R#PIFLACS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_SpaQ_f +
gib_pT12upoSpaP_SpaQ_r from SB1904
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7003
(pT210).

pMIB7017,
SpaQP'*RSFHAG

spaQPQ424-231RSn258a396FHAC

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_pT12n_SpaQ_f +
gib_pT12upoSpaP_SpaQ_r from SB1904
chromosomal DNA;

2. Plasmid: gib_uni_pT12upo_f +
gib_uni_pT12noSD_r from pMIB7004
(pT210).

pMIB7018,
spaQPFAC™SRS

SpaQP8HAC 4666.0252RS

Made by Megaprimer from Plasmid
pMIB7016. Megaprimer derived from
pMIB7012 using SpaP45_seq_f +

SpaQ seq_r.

pMIB7019,
SpaQP"SRFACS

spaQPas66-0252R?°1FLACS

Made by Megaprimer from Plasmid
pMIB7016. Megaprimer derived from
pMIB7012 using gib_SpaP164_f +

SpaQ seq r.

pMIB7020,
SpaQP"SRSFAG

spaQP666-252R Sn2s8a>0HAC

Made by Megaprimer from Plasmid
pMIB7017. Megaprimer derived from
pMIB7012 using gib_SpaP164_f +

SpaQ seq r.
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pPMIB7041, spaP®F % 4666.0252RS Made by Megaprimer from Plasmid
SpaPFACSRS pMIB7015. Megaprimer derived from
pSB3704 using SpaP45_seq_f +
SpaQ seq r.
PMIB7042, spaPaes6-q252R?°IFACS Made by Megaprimer from Plasmid
SpaP"SRFHACS pMIB5022. Megaprimer derived from
pMIB7012 using SpaP45 seq_f +
SpaQ seq_r.
PMIB7043, spaPa666-Q252R Sn258a3%FLAC Made by Megaprimer from Plasmid
SpaP"SRSFHAG pMIB6089. Megaprimer derived from
pMIB7012 using SpaP45 seq_f +
SpaQ seq r.
pMIB7044, SspaQRPB8FLACS Made by Gibson assembly of PCR products
SpaQRPFACS of the following two primer/template pairs:
1. Insert: gib_spaQ_spaR_f +
gib_spaS_spaP_r from pMIB7009;
2. Plasmid in two steps. Stepl: SpaS_seq_f
+ SpaO_seq_r from pMIB7015
Step 2: gib_uni2_spaS_f + gib_uni_SpaQ _r
from PCR product derived from Step 1
pPMIB7045, spaQR?°IFLAGPS Made by Gibson assembly of PCR products
SpaQRFASPS of the following two primer/template pairs:

1. Insert: gib_spaQ_spaR_f +
gib_spaS_spaP_r from pMIB7008;

2. Plasmid in two steps. Stepl: SpaS_seq_f
+ SpaO_seq_r from pMIB7015

Step 2: gib_uni2_spaS_f + gib_uni_SpaQ _r
from PCR product derived from Step 1
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pMIB7046,
SpaQRPSFHAG

SpPaQRPSn2sga3°6FLAC

Made in two steps.

1. Plasmid used pMIB7045, Megaprimer
derived from pMIB7010 using SpaR207_f
and SpaO_seq_r.

2. Resulting plasmid from step 1 used with
Megaprimer derived from pMIB7010 using
gib_uni_SpaS272 f+ prha seq_r.

pMIB7047,
SpaRQPFACS

SpaRQP84FLAGS

Made in two steps.

1. Plasmid used pMIB7048, Megaprimer
derived from pMIB7009 using SpaR207_f
and SpaP_seq_r.

2. Resulting plasmid from step 1 used with
Megaprimer derived from pMIB7010 using
gib_uni_SpaS272 f+ prha seq_r.

pMIB7048,
SpaQPtRFHACS

spaQPQa24.231R%PIFLACS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_spaR_spaQ _f+
gib_spaS_spaP_r from pMIB7017;

2. Plasmid: gib_uni2_spaS_f +
gib_uni_spaR _r from pMIB7008

pMIB7049,
SpaQP'tRSFHAG

spaQPQ424-231RSn258a396FHAC

Made in two steps.

1. Plasmid used pMIB7048, Megaprimer
derived from pMIB7009 using SpaR207_f
and SpaP_seq_r.

2. Resulting plasmid from step 1 used with
Megaprimer derived from pMIB7044 using
gib pT12 SpaP_f+ SpaR seq r.
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pMIB7050,
SpaPfAS QRS

spaP?AC741.3::ins20QRS

Made by Megaprimer from Plasmid
pSB3704. Megaprimer derived from
pMIB6670 using gib_SpaP164 f+
SpaQ _seq r2.

pMIB7051,
SpaP_QRFAG S

spaPs75+3QR?°1FHACS

Made by Megaprimer from Plasmid
pMIB5022. Megaprimer derived from
pMIB6670 using gib_SpaP164 f+
SpaQ _seq_r2.

pMIB7052,
SpaP_QRSFLAG

SpaPe75+3QRSn258a3%6FLAC

Made by Megaprimer from Plasmid
pMIB6089. Megaprimer derived from
pMIB6670 using gib_SpaP164 f+
SpaQ _seq_r2.

pMIB7053,
SpaPfASQ RS

spaP?A6Q261+1::iNS20RS

Made by Megaprimer from Plasmid
pSB3704. Megaprimer derived from
pMIB6610 using gib_SpaP164 f +
SpaQ _seq_r2.

pMIB7054,
SpaPQ_RFLACS

spaPQa261+1::iNS20R?°1FLACS

Made by Megaprimer from Plasmid
pMIB5022. Megaprimer derived from
pMIB6610 using gib_SpaP164 f +
SpaQ _seq_r2.

pMIB7048,
SpaQPtRFHACS

spaQPQuaz4.231R#PIFLACS

Made by Gibson assembly of PCR products
of the following two primer/template pairs:
1. Insert: gib_spaR_spaQ _f+
gib_spaS_spaP_r from pMIB7017;

2. Plasmid: gib_uni2_spaS_f +
gib_uni_spaR_r from pMIB7008

pMIB7055,
SpaPQ_RSFLAG

spaPss™CQ261+1::iNS20RSN258A2°0FAC

Made by Megaprimer from Plasmid
pMIB6089. Megaprimer derived from
pMIB6610 using gib_SpaP164 f +
SpaQ _seq_r2.
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pMIB7056, spaP® AcQa24.231RQS Made by Megaprimer from Plasmid

SpaPfAGLRQS pMIB7012. Megaprimer derived from
pMIB7015 using gib_SpaP164_f +
SpaQ seq r.

pMIB7057, spaPQaz4-231R?IFACQS Made by Megaprimer from Plasmid

SpaP"'RFACQS pMIB7011. Megaprimer derived from
pMIB7015 using gib_SpaP164_f +
SpaQ seq_r.

pMIB7058, spaPQa24-231RQSn258a3°0FHAC Made by Megaprimer from Plasmid

SpaP"-RQSFAC pMIB7013. Megaprimer derived from
pMIB7015 using gib_SpaP164_f +
SpaQ seq r.

pMIB7059, SpaP8¥ G 23k 12246QRS Made by QuickChange from Plasmid

SpaPFAC o203k 12246 QRS

SB3704. Primers used:
SpaPA223KT224G_QC f+
SpaPA223KT224G _QC r.

pPMIB7127, spaP® CQz:a424.231RQS PRQS mutated SpaQ remnant peptide
SpaPFLAG LMIKRQS inbetween spaP and spaR. Made by QC
using Plasmid pMIB7056 and primer
SpaQ_remnant_ PR_M1K_QC f+
SpaQ remnant PR _M1K QC r
pMIB7128, spaPQ2:aa24-231R?FHACQS PRQS mutated SpaQ remnant peptide
SpaP ""MIKRFLAGQS inbetween spaP and spaR. Made by QC

using Plasmid pMIB7057 and primer
SpaQ_remnant_ PR_M1K_QC f+
SpaQ _remnant PR_M1K QC r
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pMIB7129,
SpaQPFLAG "LMlKRS

spaQP8FC6Q2.2124.231RS

QPRS mutated SpaQ remnant peptide
inbetween spaP and spaR. Made by QC
using Plasmid pMIB7015 and primer
SpaQ_remnant_ PR_M1K_QC f+

SpaQ _remnant PR_M1K QC r

pMIB7130,
SpaQP"LMlKRFLAGS

SpaQPQ2:an24-231R?°IFLACS

QPRS mutated SpaQ remnant peptide
inbetween spaP and spaR. Made by QC
using Plasmid pMIB7016 and primer
SpaQ_remnant_ PR_M1K_QC f+

SpaQ _remnant PR_M1K QC r




3 Results

In order to test the role of order of the spaP, spaQ and spaR genes in the
assembly and function of the T3SS of Salmonella enterica serovar Typhimurium
strain SL1344, | made the following modifications: For better handling, the flagella
were removed and the fusion protein of the late effector SipA with nanoluciferase
(SipA-NanoLuc) was chromosomally expressed to detect the secretion activity of
late substrates of the T3SS. The spaPQRS operon was deleted from the
chromosome to be able to selectively re-introduce the permutated genes into the
bacteria on the low copy number plasmid pSB3398, resulting in the generation of
strain MIB4592 (Table 6). To rule out possible influencing factors of the plasmid,
strain MIB4592 was also complemented with control plasmids carrying the genes
spaP, spaQ and spaR in the original order. Details on the plasmids carrying the

genes in a permutated order are discussed below.

3.1 Selection of the constructs to be examined

Early work by Wagner et al., revealed that a spaS null mutant can be episomally
complemented (2010). Subsequently, Paroll could show that the gene order of
the switch protein SpaS has no effect on the assembly and function of the export
apparatus (2016). For this reason, | limited myself to the export apparatus genes
spaP, spaQ and spaR, creating plasmids with all conceivable permutations
(Table 8). Using as template chromosomal DNA of different S. Typhimurium
SL1344 strains, lacking either spaQ or spaR, | rearranged and ligated individual
genes using Gibson Assembly (see 2.3.1). For changes on shorter regions | used
Megaprimer (see 2.3.3) and QuikChange site-directed mutagenesis (see 2.3.2).
The low copy number plasmid pT10 (Figure 9 a) always served as backbone for
the cloning of the genes in the new order. Insertion of the genes in the desired,

in silico designed order was verified by sequencing.
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For each permutation, | created three different variants each with a 3xFLAG tag
on SpaP, SpaR, or Spas, to allow immunodetection of the proteins (Figure 9 b).
In this study, a mutant variant of SpaS with FLAG tag was used which cannot
undergo autocleavage of SpasS in two subunits.
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Figure 9: Plasmid pTACO10 and different constructs with alternated gene order (overview).

(a) Map of plasmid pTACO10. aphAl: Aminoglycoside 3'-phosphotransferase resistance gene for
kanamycin; rep: ATP-dependent DNA helicase Rep; rhaR and rhaS: L-rhamnose responsive elements; rhaT:
promoter; rrnB: terminator; SC101ori: origin of replication.

(b) Wild type PQRS and variations. X in Paz23kt224cQRS indicates the point mutation; Qr: SpaQ remnant
peptide; x Qr: point mutation of the start codon of SpaQ remnant peptide.

A special feature | had to take into account was the transition between spaQ and
spaR. The Shine-Dalgarno (SD) sequence of spaR overlaps with the coding
sequence of spaQ in amino acid positions 85 and 86 (Figure 10 a). A conflict
arose in the attempt to place spaR directly after spaP while retaining the original
regulatory elements. On the one hand, | wanted to do justice to the translational
coupling of spaQ and spaR and, on the other hand, | wanted to leave spaP
unchanged (Figure 10 b). In order to take both aspects into account, | created
two constructs with the same order but different approaches. In the case of
P"'RQS (L stands for long), | left a fragment of spaQ between spaP and spaR,
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but shortened it to 18 amino acids (Figure 10 c). Thus, spaP was unchanged and
the SD of spaR was preserved as well, but a short, nonpolar SpaQ-remnant
peptide was created. To investigate exclusively effects at the transcriptional level,
| created another construct named P"*MIKRQS that has lysine (aag) instead of the
start codon of the SpaQ remnant (Figure 10 e). The nucleotide sequence of
P'MIKRQS was identical to that of P""RQS except for the mutation at the
beginning, so to exclude confounding effects of the SpaQ remnant peptide.

To do justice to the spatial proximity of the two genes while leaving the SD
sequence unchanged, | created another construct P"SRQS (S stands for short).
To this aim, | changed the amino acids of SpaP in positions 245 and 246 from A
and T to K and G, respectively (Figure 10 d). Thus, the artificial spaP-spaR
transition resulted identical to the original spaQ-spaR transition. To investigate
the pure, potentially distorting effect of the point mutation in spaP on complex
assembly and function of T3SS, | created an additional construct by exchanging
only two amino acids within SpaP in the context of an otherwise wild type operon
(Pa24skT2466QRS).
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Figure 10: Overview of the different S
PASRQS.

D sequences and the spaP-spaR transitions of PA'RQS and

(a) wild type: Transition from spaQ and spaR in detail, SD of spaR highlighted in red.

(b) wild type: Transition from spaP and spaQ in detail.

(c) PALR: Deletion of large parts of spaQ, with the SpaQ remnant consisting of the first 8 and the last 10
amino acids, here separated by a line. The SD sequence of spaR was preserved.

(d) P7SR: Deletion of the SpaQ remnant

and mutation of the amino acids in position 223 and 224 of spaP

to keep the SD sequence identical. SD of spaR highlighted in red.
(e) PAYMIKR: Point mutation of the start codon of SpaQ remnant to lysine (aag), marked in red.

SD: Shine-Dalgarno sequence.

To investigate the relevance
genes, Zhou used a non-cod

of the spatial proximity of the spaR and spaQ

ing sequence of 20 nucleotides which was inserted

between the two genes (Zhou 2017). These nucleotides are from now on

referred to as "spacer”. | used these spacers to create an artificial distance

between spaP and spaQ and between spaQ and spaR. My intention was to test

only the effect of a disconnection. As a result, the SD sequence and the

distance to the downstream gene remained unchanged.
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3.2 Creating the best starting conditions: Optimization of rhamnose

induction

For this study, | used the L-rhamnose-inducible expression vector pT10, which
was optimized for low copy number membrane protein expression (Wagner et al.
2008). Upon induction, bacterial cells need time to transcribe and translate the
required proteins but, at the same time, rhamnose is metabolized by
S. Typhimurium to a certain extent. This diminishes the amount of rhamnose
available for induction. In order to find a balance between both effects and to
obtain the maximum amount of proteins, | tested different time points of induction.
While maintaining a total growth period of five hours, immediate induction and
induction after one, two, three and four hours were tested (Figure 11 a). Secretion

of SipA-NanoLuc was used as readout.

The SipA-NanoLuc-Assay (see 2.5) revealed a peak of secretion levels at two
after induction. At three hours, the amount of secreted SipA-NanoLuc remained
high, but diminished afterwards (Figure 11 b). To examine whether these
dynamics in secretion were equally apparent in the amount of expressed proteins
and the presence of the needle complex, | assessed expression of the core
subunits and formation of the complex using SDS PAGE and BN PAGE,
respectively. SDS PAGE (Figure 11 c) analysis revealed an increasing
expression over time. Maximum expression was reached at the latest time point
of induction. Complex formation as visualized with BN PAGE (Figure 11 d)
showed a similar picture. The longer the time of induction, the more protein

complexes became visible.
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Taking both results into consideration, | decided for a time point of induction with

rhamnose of three hours after the set-up of the back dilutions.

harvesting
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sample 0 |—— W - 37 kDa
|
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|
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Figure 11: Optimization of rhamnose induction.

(a) Schematic view of the induction times. Small arrows: Time point of rhamnose induction, big arrow:
Time point of harvesting after five hours of growth, green: Time of bacterial growth with rhamnose in
medium.

(b) Secretion of SipA-NanoLuc of SpaP™ACQRS into the culture supernatant after different time points
of rhamnose induction. RLU: relative luminescence units.

(c-d) Expression of membrane proteins (c) and analysis of complex assembly (d) after different time
points of rhamnose induction, as detected with an anti-FLAG antibodies via SDS PAGE and Western
Blot (c) or BN PAGE (d) of separated crude membranes of Salmonella enterica Typhimurium strain
AspaPQRS complemented with pT10 plasmid carrying spaPQRS and spaP84FLAC,

3.3 Changes in the gene sequence affect protein expression, complex

formation and secretion activity

In order to examine the relevance of the gene order, | expressed the different
constructs described above and analyzed protein expression by SDS PAGE,
complex assembly by BN PAGE and overall function via the SipA-NanoLuc assay
(Figure 12 and Figure 13).

With respect to SipA-NanoLuc secretion in the different backgrounds, all values
are given relative to the luminescence measured for the S. Typhimurium strain
SL1344 AspaPQRS complemented with plasmids carrying the original gene
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order spaPQRS (referred to as spaPQRS™) and expressing the tagged SpaP™AC,
SpaR™A¢ or SpaSFAC variants, respectively
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Figure 12: Comparison of the complex assembly and NanoLuc-luciferase signal as a measure
of the secretion activity in strains carrying permutated spaPQR genes.

(a) Schematic overview of the constructs tested below. P_Q/Q_R: 20bp spacer inserted between
two genes.

(b) NanoLuc-based secretion assay of different constructs carrying SpaP-A®. spaPQRS"* set as
100%.

(c — e) Lauryl maltose neopentyl glycol (LMNG)-solubilized crude membranes obtained from
Salmonella enterica Typhimurium strain MIB4592 (AspaPQRS, SipA-NL, flhD::tet) complemented
with pTACO10 plasmids carrying (c) PFf"ACQRS, QRPFACS, RPFLACQS, RQPFAACS, PFLAG QRS and
PFLAGQ_RS, (d) PQRFLAGS, QRFLAGPS, RFLAGPQS, RFLAGQPS, p_QRFLAGS and PQ_RFLAGS, (e)
PQRSFAG, QRPSFHAC, RPQSFHAC, RQPSFHAG, P QRSTC and PQ_RSFAC, were separated on BN
PAGE and SDS PAGE and blotted with anti-FLAG antibodies. Constructs contain SpaPg, ™4,
SpaR2s: ™A or autocleavage-deficient SpaSnzssasss™AC. Shown is one out of three replicates. NC:
needle complex, the triangle <! marks bands only appearing with SpaRF-A¢, the black dots ® mark
bands only appearing in SpaP ™A€ the white dots O and the asterisk * mark bands that only appear
in certain constructs, to allow better comparison among the different blots.
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Figure 13: Comparison of the complex assembly and NanoLuc-luciferase signal as a measure of
the secretion activity in strain carrying different spaP-spaR transitions.
(a) Schematic overview of the constructs tested. X indicates the point mutation spaPa223kT2246, Qr:: SpaQ
remnant.
(b) NanoLuc-based secretion assay of different constructs carrying SpaP™¢, spaPQRS" set as 100%.
Pa24skT2466QRS: point mutation in spaP, P"SR: short version of the link between spaP and spaR, P"'R:
long version of the link between spaP and spaR including SpaQ remnant peptide.
(c-f) LMNG-solubilized crude membranes obtained from Salmonella enterica Typhimurium strain MIB4592
(AspaPQRS, SipA-NL, flhD::tet) complemented with the following plasmids:
(c) PQRS, Pa223k12246QRS, P"SRQS, P"'RQS, QP"SRS and QP"'RS (SpaPF-A¢),
(d) PQRS, PSRQS, P'RQS, QP"SRS and QP"RS (SpaRFLAG),
(e) PQRS, P*SRQS, P*RQS, QP"RS and QP™RS (SpaS4€), were separated on BN PAGE and SDS
PAGE and blotted with anti-FLAG antibodies.
(f) Direct comparison of different FLAG tags of PQRS, P"SRQS and QP"SRS. Shown is one out of three
replicates.
NC: needle complex, the asterisks * bands marked with O contain SpaP and SpaR, bands marked with @
contain SpaP but no other proteins.
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The majority of the constructs (P"SRQS, QP*SRS, QRPS, RPQS, RQPS and
PQ_RS) was unable to secrete SipA-NanoLuc, as indicated by secretion levels
below 3%, compared to the wild type (Figure 12 b, Figure 13 b).

The sole point mutations in the 3’ region of spaP (construct Pa2sskT246c6QRS)
reduced the secretion to 60%, and still represented the third strongest secretion
activity of all constructs.

The effect of disconnecting the two genes by introducing a 20 bp spacer while
maintaining the original gene order depended on the location. Disconnecting
spaP and spaR showed only a slight reduction of secretion efficiency to 90%,
whereas disconnecting spaR and spaQ reduced the secretion to almost zero.

Interestingly, P"*RQS and QP/'RS (Figure 13 b) displayed low levels of secretion
(27,6% and 21,3%).

The reduced secretion ability of strains carrying constructs with altered gene
order raised the question to which extent and at which point the complex
assembly was defective.

To test the hypothesis that a change in the gene order alters assembly as
evidenced by a changed band pattern in the BN PAGE, | supplemented the S.
Typhimurium strain MIB4592 (AspaPQRS, SipA-NL, flhD::tet) with plasmids
carrying the following variants of the spa operon: PQRS (control), QRPS, RPQS,
RQPS, P_QRS and PQ_RS (Figure 12 a). To be able to examine the composition
of the formed complexes, each construct (including the controls) carried a tagged
SpaPFAS  (Figure 12 c¢), SpaRf*A¢ (Figure 12 d) and SpaStA¢ variant
(Figure 12 e), respectively.

The size of the solitary band at above 1200 kDa, that became visible with all three
anti-FLAG antibodies (Figures 12 ¢, d, e and 13 ¢, d, e, f), indicated the presence
of the needle complex as described by Wagner et al. (Wagner et al. 2010, p.
17745). The complex of SpaP, SpaQ, SpaR and SpaS was also visible with all
three FLAG-tags at the same level of approximately 232 kDa (Figures 12 c, d, e

and 13 c, d, e, f). The complexes of PsQsR1 and PsR: could also be clearly
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distinguished in the wildtype. The remaining bands were assembly intermediates,
of which the composition cannot yet be determined.

With all three FLAG tags, the complex consisting of SpaPsQ4R1S1 was visible on
the BN PAGE blot, particularly strong in PQRS and P_QRS (Figure 12 e). The
band at about 220 kDa (marked with a black dot e) just below the SpaPsQ4R1S1
complex with SpaP™4% was better visible in the P"SRQS and QP SRS constructs
(Figure 13 c, d and f), but was also observable at the same height in RPQS and
QRPS (Figure 12 c and d). There were no visible bands at the same height on
the PAGE blots of the constructs with SpaR™A¢ (Figure 12 d) or with SpaSF-A¢
(Figure 12 e), suggesting the sole presence of SpaP in the subcomplexes,
possibly a complex constisting of 6 SpaP as described for FliPs in flagella.

In the same constructs a bit below at about 160 kDa, a band marked with a white
dot (o) was visible with SpaP™A¢ and particularly outstanding with SpaRfA¢
possibly representing complexes with varying numbers of both proteins as
SpaP4Ro.

When spaR was located upstream of the other genes in the gene sequence or
had no direct upstream gene due to the 20 bp spacer as in the case of RPQS,
RQPS and PQ_RS, the expression of SpaR was increased, as shown by SDS
PAGE (Figure 12 d, bottom panel).

In RPQSFAC, the expression of SpasS as visualized by SDS PAGE was extremely
low in comparison to the other constructs. When comparing all three FLAG-tags,
the band pattern of P_QRS was the most similar to that of PQRS. Especially with
SpaPFAS (Figure 12 c) and SpaR™¢ (Figure 12 d), the similarity of the bands
marked with asterisk in both constructs was striking.

In the approach described in 3.1, two possible transition sequences between
spaP and spaR were tested.

The constructs selected to observe possible effects of a changed transition
between spaP and spaR were the following: PQRS (control), P"SRQS, P"'RQS,
QP"SRS and QP"'RS (Figure 13 a). To be able to examine the composition of the
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formed complexes, each construct carried a FLAG-tagged SpaPf-A¢
(Figure 13 c), SpaR™¢ (Figure 13 d) and SpaSF“4C variant (Figure 13 e),
respectively. In order to detect possible influences of the point mutation,
PFLAC p 223k 12246QRS was additionally examined in Figure 13 c.

When the connection between spaP and spaR was changed, the constructs
P"SRQS and QP"SRS each stood out by band patterns that differed from PQRS,
and visible in all three FLAG tags (Figure 13 c-e). Instead, P""RQS showed
similarities to QP"'RS, especially in SpaR™A¢ (Figure 13 d) and SpaSFA°¢
(Figure 13 e). The band at the level of the expected SpaPsQ4R1S1 complex was
clearly visible in both of these constructs. This was less apparent for
PFLAC v 223k 12246QRS. Nevertheless, bands similar to PFACQRS were also visible

here, although much more faded (Figure 13 c).

When looking at the construct QP'RS, a larger amount of SpaS was noticeable
in all replicates in both the BN PAGE and SDS PAGE blots (Figure 13 e).

To better compare the three FLAG tags, | loaded PQRS, P"SRQS and Q"SPRS
side by side on a PAGE, alternating the FLAG tags (Figure 13 f).

The different running behavior of the FLAG tags must be taken into account. In
Figure 13 f, an asterisk marks the same subcomplex containing SpaP and SpaR
but running with different FLAGs at different heights. The same applies to the

complexes marked with o.

Comparing all three FLAG tags, it became clear that the uppermost band of the
PSR constructs (marked with a black dot ®) could not be the SpaPsQ4R1S:

complex, because it occurred exclusively in SpaP™AC,

There were differences between the isolated P-mutation and spaPQRS", but
they were less pronounced when compared to the other constructs. Minor
differences between P""RQS and Q"-PRS were observable, as described
above.

A change in the gene sequence resulted in bands of different height and intensity
compared to the control. Differences in the presence and absence of the
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SpaPsQ4R1S1 complex were particularly evident with SpaR™A¢ and SpaS4¢. A
separation of two genes using a 20 bp spacer while maintaining the original
sequence showed almost no effect when located between spaP and spaQ, but
when present between spaQ and spaR it led to the formation of complexes
completely absent in the wild type.

When comparing the two spaP-spaR transitions, P"'R looked more similar to the
control than P"SR. This raised the question as to the reasons for the differences

between the two versions.

3.4 Further investigation of the SpaQ remnant peptide

To investigate a possible influence of the SpaQ remnant peptide on the observed
differences between P"'R and P"SR, | created constructs with a point mutation in
the SpaQ remnant gene to prevent translation (P""MRQS and QP"‘MXRS).
| expressed the mutant SpaQ with either SpaP™A¢ or SpaR™A¢ and compared
them with the controls PQRS and the two non-mutated constructs P"-RQS and
QP''RS (Figure 14 a).

The similarity of the band pattern of the non-mutated constructs in the BN PAGE
to that of the control spaPQRS* was stronger when expressed with SpaP™AC
than with SpaRF*¢ (Figure 14 c). With SpaR™A¢, the P"*RQS and QP"'RS
constructs showed a greater size dispersion of the bands (Figure 14 d).
Nevertheless, in both cases the SpaPsQsR1S: complex was clearly visible in all
BN PAGE blots. Interestingly, the band pattern of the point mutations resembles
those of P"SRQS and QP"SRS (Figure 13).

When looking at the band intensity and the associated amount of protein in the
SDS PAGE blot, a slight increase in the expression of SpaR in the two constructs
P"'RQS and QP"'RS was noticeable for SpaR2s:"-¢ (Figure 14 d, bottom panel),
and a decrease in the expression of SpaR in P"'"MIXRQS and QP"'"MXRS when
compared to PQRS.
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Figure 14: Effect of the SpaQ remnant peptide on complex assembly.

(a) Schematic overview of constructs tested below. Qr: SpaQ remnant. x Qr: SpaQ remnant with point
mutation (spaPMXR) preventing translation.

(b) NanoLuc-based secretion assay of different constructs carrying SpaP™¢, spaPQRS" set as 100%.
(c — d) LMNG-solubilized crude membranes obtained from S. Typhimurium strain MIB4592 (AspaPQRS,
SipA-NL, flhD::tet) complemented with the constructs (c) PQRS, P""QRS, P"*"MIKRQS, QP™RS and
QP""MIKRS (SpaPF4¢), and

(d) PQRS, P''RQS, P""MIXRQS, QP"'RS and QP""MXRS (SpaR™A®) were separated on BN PAGE and
SDS PAGE and blotted with anti-FLAG antibodies. Shown is one out of three replicates. NC: needle
complex

In both cases, a clearly altered pattern could be seen when the translation of the
SpaQ remnant peptide was prevented by the point mutation. Since the position
of spaQ seemed to have only little effect in both cases, we became interested to
know which subcomplexes contain SpaQ.
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3.5 Influence of spaQ

To unravel the role of SpaQ in the correct assembly of the core complex, we
assessed in how many assembly intermediates SpaQ was present. To this aim,
we compared constructs with deletion of either spaQ or spaS with constructs
having either the longer spaP-spaR transition P"-RQS, which retained the SpaQ
remnant peptide (Figure 15 b), or the shortened version P"SRQS (Figure 15 c).

spaQ was deleted in the three constructs that carried a FLAG tag on a different
complex component and compared on the same PAGE with control constructs
still containing spaQ. Since the band patterns of PRQS and QPRS were similar
(Figure 13 a-c), | limited myself to the order PRQS and did not additionally
investigate QPRS. Both versions of the spaP-spaR transition were analyzed on
a separate PAGE.

For the version containing the SpaQ remnant peptide (Figure 15 b), | used as
control P""RQS. To determine which bands are still present, | used the construct
P'RS, each tagged with SpaP™A¢, SpaRF¢ and SpaSF4C, respectively. To
observe the effect of a deletion of spaS, | added PRQ tagged with SpaR™-AC,

For the shortened transition (Figure 15 c) | used as control P"SRQS. To visualize
possible changes due to spaQ deletion, | used P*SRS. Each construct carried a

FLAG-tagged SpaP™A¢, SpaR™A% and SpaSF-A¢ variant, respectively.

As expected, comparison of P""RQSFA¢ and P"-*RSFAC revealed a clear band at
the level of the expected SpaPsQ4R1S1 complex in the presence, but not in the
absence of spaQ. When comparing constructs P""RQS and P"'RS as well as
P"SRQS and P"SRS, the strongest bands visible on both PAGE blots were present
in both absence and presence of spaQ. Most likely, these represent
subcomplexes containing SpaP and SpaR, but no SpaQ. With P"SRQS and
P"SRS it became even more obvious that the bands visible in presence of spaQ
were also apparent in its absence. P""RQS showed at least a couple of bands
marked with a triangle <, which were not visible in the AspaQ version. With the

exception of SpaS in the SpaPsQ4R1S:1 complex, SpaS™A¢ was not detectable,
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not even in assembly intermediates. When spaS was missing, no SpaPsQ4R1S1
complex was detectable, just as in the absence of spaQ, and with SpaRfA¢
(Figure 15 b) only a few, indistinct bands appeared on the PAGE blot.

Taken together, only a few of the bands were no longer visible when spaQ or
spaS were deleted. After completion of the complex comparison, the functional
assessment may provide further insights into the significance of the gene

sequence.
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Figure 15: Direct comparison of constructs with and without spaQ or spaS with different
FLAG-tagged components.

(a) Schematic overview of constructs tested below. Qr: SpaQ remnant.

(b-c) LMNG-solubilized crude membranes obtained from Salmonella enterica Typhimurium
strain MIB4592 (AspaPQRS, SipA-NL, flhD::tet) complemented with the plasmids (b) long PR-
transition (P"-R) of PFAGRQS, PRFLAGQS, PRQSFLAG, PFLAGRS PRFLAGS PRSFLAG and
PRFAGQ, and (c) short PR-transition (P"SR) of PF“ACRQS, PRTACQS, PRQSFACG, PFLAGRS,
PRFACS and PRSFHAC were separated on BN PAGE and SDS PAGE and blotted with anti-
FLAG antibodies. The position of the FLAG-tag is specified in the construct name Bands
marked with a triangle <« are not visible in knockout versions. Shown is one out of three
replicates.
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4 Discussion

We know that the gene order of the components of the export apparatus is
strongly conserved, in Salmonella as well as in E. coli and Yersinia (Hueck 1998).
Conservation is often a sign of functional significance in evolution. This raises the
guestions: Does a change in the gene order have an influence on the assembly
and function of the T3SS and if so, which one? Which conclusions can we draw
from possible changes in the regulation and assembly of the export apparatus?

The aim of this work was to find out more about the regulation of the native genes
encoding for the components of the T3SS. It thus represents an addition to the
comprehensive work of Song et al., which dealt with gene scrambling, but in a
rather artificial context. Indeed, they were placed under synthetic promoters,
5’ untranslated regions, ribosome binding sites and terminators (Song et al.
2017). In contrast, my work focused more on the interaction and order of genes

in the native context with the limitation of episomal expression.

When looking at the NanoLuc secretion (Figure 12 - Figure 14), it becomes clear
that the vast majority of changes in the order of the genes leads to a strong
reduction in the ability of secretion. This result supports the hypothesis that the
original gene order is indispensable for the functionality of the complex and leads
to the question which factors cause this drastic functional loss.

Any change in the gene sequence leads to a drastic reduction in secretion. In the
case of the modified transition this is not exclusively due to the point mutation in
SpaP, as shown in Figure 13. Direct comparison of the constructs helped in the
search for explanations to the observed differences in secretion.
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4.1 spaQ has aregulatory function in the assembly of the export
apparatus

Differences in functionality and complex assembly of some constructs are related
to the position of spaQ. If spaQ is upstream or downstream of spaPR, no effect
is observed. However, spaQ in the transition between spaP and spaR seems to
have a regulatory effect and prevents overexpression of spaR, which is consistent
with the observations of Zhou (2017).

It was shown that the assembly order is 5 SpaP subunits and 1 SpaR subunit
followed by 4 SpaQ subunits and finally 1 SpaS subunit (Wagner et al. 2010,
Dietsche et al. 2016, Kuhlen et al. 2018, 2020). Considering the assembly order,
the PRQS construct should actually work very efficiently. In a first attempt this
assumption was not confirmed. And contrary to our expectations, the shortening
of the transition from spaP to spaR, which was intended to lead to a more natural
and thus more functional construct, had the opposite effect. It seems plausible
that a more efficient assembly is due to the fact that SpaP and SpaR assemble
together more efficiently when forming the initial complex.

A single mutation in the 3’ region of spaP (construct Paz4sk12466QRS) in absence
of any gene order change influences the band pattern representing the
subcomplexes compared to spaPQRS* (Figure 13 c) without significantly
affecting the secretion of SipA (Figure 13 b). This does not sufficiently explain the
observed severe impairment of secretion in the constructs P"SRQS and QP"SRS
to 0.8% and 0.7% (Figure 13 b), respectively, suggesting that factors other than

the introduced point mutation influence functionality.

It is interesting that the constructs P""RQS and QP"RS apparently retain a
residual functionality, which is, however, reduced by almost 80% compared to the
wild type. The severe functional limitation is contrasted by an apparently effective
complex assembly, also of the needle complex. This discrepancy cannot be
explained by the BN PAGE. Possibly this is due to defective assembly despite
correct stoichiometry e.g. due to incorrect SpaP-SpaR interaction. The
comparison of the two constructs PR and P"SR shows that the presence or
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absence of the SpaQ remnant peptide has a stronger impact on the assembly
and function of the export apparatus than an influence on the mRNA structure.
This could be shown with the insertion of a point mutation, which converted the
start codon of the SpaQ remnant peptide to lysine and thus significantly reduced
the secretion ability of the strain carrying this construct (Figure 14 b). The peptide
upstream of spaR thus appears to have an important regulatory function, which
is consistent with the observations of Paroll (2016). Interestingly, in terms of
assembly and secretion levels the constructs P"SRQS and QP"SRS (Figure 13 ¢
and d) show great similarity to P"*"MIKRQS and QP""MIKRS (Figure 14 c and d). In
both cases, the common feature that no peptide is translated between spaP and
spaR seems to play an important role.

The assembly of the SpaPsQsR1S1complex (see Figure 13 e) looks effective, but
secretion is still reduced. Possibly the SpaQ remnant peptide binds somehow to
SpaR, so that, on the one hand the SpaRx self-assembly is prevented. On the
other hand, too strong binding reduces the secretion ability.

If the SpaPsR1 complex is defective, the assembly of SpaQ is less likely and,
thus, also an addition of SpaS. Unassembled SpaQ and SpaS are probably
degraded. Proteins that have been incorporated into the SpaPsQ4R1S1 complex
at any time seem to be protected from degradation.

4.2 The wrong stoichiometry leads to self-assembly

The mRNA levels of the different genes within a polycistronic mRNA can be
equal, even if the stoichiometry of the encoded proteins in the target complex is
different. Here, the translational efficiency has a major influence and reflects the
stoichiometry in the target complex (Li et al. 2014).

One possible explanation for the intermediate complex in QRPS, RPQS, RQPS
and PQ_RS (marked with @ in Figure 12 c) would be a SpaP-only complex

(Figure 16). Here, SpaP may not be able to interact with SpaR and aggregates
with itself. For the SpaP homologue FIliP in flagella from Salmonella, a FliPe
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complex was described by Fukumura et al. upon exclusive expression of fliP
(2017). For unexplained reasons, the SpaP-only complex runs a little higher on
the PAGE as described by Dietsche et al. (2016). Possibly the lower subcomplex
(marked with O in Figure 12 c and Figure 13 c and d) consists of SpaP and SpaR,
possibly in a dysfunctional stoichiometry, e.g. SpaP4R: (Figure 16). However, the
possibility of a stoichiometrically correct complex of SpaPsR1 cannot be excluded
by the BN PAGE method alone.

Some of the assembly intermediates of the BN PAGEs might also contain
different numbers of SpaQ (Figure 16). This effect of differential extraction with
detergents was shown for Shigella flexneri, where complexes containing
SctRsS2T1 (corresponds to SpaPsQ2R1 in S. Typhimurium), SctRsS3T: and
SctRsS4T1were observed with cryo electron microscopy (Johnson et al. 2019).

As already reported (Dietsche et al. 2016), the assembly of SpaQ seems to be a
critical factor. This could be confirmed in this study. Due to its small size, there is
no functional FLAG- tagged version of SpaQ. To still be able to gain insight into
the role of spaQ, | compared P"*RQS and P"SRQS with spaQ knockouts of the
same construct (Figure 15 b and c). The comparison revealed the presence of
the same subcomplexes independently of the presence of spaQ with few
exceptions. These shared subcomplexes do not contain SpaQ. The
subcomplexes marked with « can be seen in P""RQS, but are missing in the
spaQ deletion mutant and could therefore contain spaQ (Figure 15 b). However,
they do not appear in the PRQ construct. In the PAGE blots with SpaStA¢, SpaS
is always only visible in the NC or SpaPsQsR1S: complex. Both together these
data suggest that the extraction of the proteins with LMNG in combination with
BN PAGE let SpaQ and SpaS appear only together in complexes. However, this
seems to be related to the analytical technique used: in contrast to what observed
here, Kuhlen et al. also report of complexes containing SpaQ without Spa$S in
their investigations of the export apparatus using mass spectrometry of
membranes solubilized with LMNG (2018).

The subcomplexes visible in the constructs PQRS and P_QRS (marked with
asterisk * in Figure 12 c and d, Figure 13 c, d and e) contain SpaP and SpaR.
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Spas is not part of this complex and no definite statement can be made about
SpaQ. Considering the result that SpaQ only seems to be part of very few
complexes (as described above, Figure 15 b), it is reasonable to assume that
these bands probably consist of the initial SpaPsR1 complex, possibly with SpaQ.

SpaP, SpaR,
IM W ‘ ' + Q —_—> M 0 Q ?
SpaP  SpaP; SpaR SpaPR SpaP,Q,R,
SPaP.QRS, SpaP.Q,R,S,INVA,
\
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Figure 16: Possible defective assembly complexes of the export apparatus.

Correct assembly of the export apparatus (blue background), possible inefficient assembly complexes
(yellow background), blue: SpaP, yellow: SpaR, orange: SpaQ, green: SpaS, grey: InvA

SpaPs: Helical assembly as similarly observed in Flagella, SpaRx. Suspected self-assembly of unknown
SpaR quantity, SpaP4R;: Defective complex containing SpaP and SpaR in wrong stoichiometry, IM: Inner
membrane

In the case of RFACPQS, the significantly reduced amount of Spas is striking. It
does not seem plausible that SpaS would be particularly unstable here and
therefore rapidly degraded. If the position of spaQ upstream of spaS were
responsible for this, a reduced protein amount of SpaS would not only be
observed in RPQS but also in P""RQS (Figure 12 e and Figure 13 €). The same

effect cannot be observed if spaQ is upstream of spaP.

As shown by Zhou, due to the overlapping open reading frames of spaR and
spaQ, a translational coupling of both proteins exists on the polycistronic mMRNA
(Zhou 2017). The disconnection of spaQ and spaR with a 20 bp spacer leads to
the inability of complex assembly and secretion (Figure 12). It is possible that the
ribosome cannot read continuously and detaches from the mRNA.

4.3 Overexpression of spaR
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As similarly observed for the spaQ deletion mutant (Wagner et al. 2010), the
accumulation levels of plasmid-expressed SpaR increased to above wild type
levels in the absence of simultaneous coexpression of spaP and spaQ (Figure
12 c, bottom panel). Non-complexed proteins often end up in aggregates
(Tyedmers et al. 2010). The excess of SpaR could statistically increase the
probability of SpaR-only complex formation (Figure 16). SpaR might have the
property of helical self-aggregation just like SpaP, since it is structurally similar to
a fusion of SpaP and SpaQ (Kuhlen et al. 2018). The triangle <l indicates possible
complexes that could represent such an assembly (Figure 12 d). This self-
assemblies would make the attachment of further proteins impossible and thus
represent a "dead end assembly”.

Interestingly, overexpression of spaR does not affect spaS. The two genes
overlap in spaPQRS™ and the stoichiometry in the export apparatus is 1:1, so it
is reasonable to assume that the two are regulatory coupled. This was neither
confirmed when the transition between spaR and spaS was left unchanged (see
P_QRS and PQ_RS in Figure 12 c and d) nor when the genes were separated
(see RPQS in Figure 12 c and d).

Also in the SDS PAGE of the constructs P""RQS and QP™"RS (Figure 13 d,
bottom panel) the overexpression of SpaR is particularly noticeable. Despite an
excess of SpaR, there is apparently no functionless self-assembly, as it might be
the case with PQ_RS, RPQS and RQPS. One possible explanation could be that
the proteins in the complex might be stabilized to such an extent that they are no

longer degraded.

4.4 Technical limitations

The detergent LMNG is mild, which means that SpaQ and SpaS are still part of
the complexes, and therefore allows distinguishing a large number of assembly
complexes. The resulting intermediate complexes cannot be determined beyond

doubt at this stage without further analysis, so that any interpretation of the
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individual bands by comparison of the different PAGE blots has to be taken with

caution.

To allow full comparison of the results of the NanoLuc assay with the PAGE
analyses, | used the same constructs, i.e. those with the FLAG tag. With SpaS |
would not have expected a secretion due to the autocleavage mutation. However,
a secretion activity is actually detected. Although this is lower compared to
SpaPFAG and SpaR™A¢, it shows the same signal differences in all the constructs

carrying the different FLAG-tagged proteins (see Appendix).

The interpretation of the bands is further complicated by different running
behavior in the PAGE. For instance, SpaP ¢ runs slightly higher on the PAGE
than SpaR™A¢ despite the lower molecular mass.

The fact that expression occurs from the plasmid and not from the genome could

also have an influence.

4.5 Conclusion

Changes in the gene sequences have a massive impact on assembly and
function of the T3SS. As soon as the original order spaPQRS" is changed, the
secretion activity decreases to 0-30% compared to the wild type in all constructs.
A decoupling of the genes in the original sequence using a 20 bp spacer shows
only a minimal effect if inserted between spaP and spaQ. However, when inserted

between spaQ and spaR, the spacer reduces the secretion activity below 3%.

Moreover, the individual permutations did lead to changes in complex assembly
as shown by BN PAGE analysis. Especially five things are striking here. First:
The less functional the construct is, the lower the expression of the SpaPsQ4R1S1
complex. Secondly, as soon as spaR is upstream of the other genes or has no
gene directly upstream because of a spacer insertion, the expression of spaR is
clearly increased. Thirdly, when spaQ is between spaP and spaR, it has a

regulatory function and may take over the targeting of SpaR. To a limited extent,
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this task might also be performed by the SpaQ remnant peptide, which has been
shortened from 87 amino acids to 18 amino acids.
Fourthly:  Numerous assembly-intermediates are apparent. Possible
explanations for individual bands could be self-aggregation of SpaR and a SpaPs
aggregate as described for flagella in Salmonella. Fifthly, to a certain extent, the
secondary structure of the mRNA can also have an influence, which is reflected
in reduced expression of Spas.

The newly acquired knowledge about gene regulation allows better
understanding the export apparatus of T3SS of S. Typhimurium, and serves as
basis for further studies to reduce bacterial pathogenicity

4.6 Outlook

Despite the attempts to make the linkage of the genes as natural as possible, it
cannot be ruled out that the introduced changes have led to artificial errors that
are not due to the genes but to other factors. To get as close as possible to the
natural situation, a secretion assay with constructs that do not contain a FLAG
tag would also be worth considering.

SpaS acts as internal control for the amount of protein analyzed because the
band intensity on SDS-PAGE is mostly constant. SpaS is not affected by up- or
downregulation, although it could be degraded. To ensure that the amount of
MmRNA is comparable, a control by real-time quantitative PCR would be

necessary.

It would also be interesting to clarify whether the observed assembly defects arise
during translation or during the assembly itself, i.e. whether less protein is
produced from the outset or whether the proteins are degraded due to lack of
complex formation. It is possible that a translational effect occurs, which would
have to be investigated. A pulse chase assay can be used for this purpose.
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In order to confirm with absolute certainty which proteins are present in the
individual complexes visible as bands, further investigations are necessary. One
possibility is immunoprecipitation followed by mass spectrometry.

Whether the unusual intermediate complexes are SpaR-SpaR aggregates could
be investigated by in vivo photo-crosslinking. This involves the insertion of an
unnatural amino acid para-benzoyl-L-phenylalanine (Bpa) at previously selected
exposed positions. Under UV irradiation, Bpa forms a covalent bond with
neighbouring amino acids, and these bonds are stable enough to be analyzed by
other methods (Hino et al. 2005). This method could also be used to investigate
whether the SpaQ remnant peptide presentin P""RQS and QP™RS interacts with
SpaR.

It would also be important to clarify whether the SpaQ remnant peptide itself
carries out a function or the sole fact that something is translated between spaP
and spaR impacts on the translation of these genes. This could be investigated,
for instance by interposing GFP.
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5 Summary

The T3SS is an important pathogenicity factor of Salmonella enterica
Typhimurium. It is used to inject proteins directly into the host cell and enables
the uptake of bacteria by intestinal cells. The correct assembly of a central
component of the T3SS, the export apparatus, is crucial for the function of this
molecular machine. The order of the genes encoding for the subunits of the
export apparatus is highly conserved. In the present work, the effects of a
changed order of the genes spaP, spaQ and spaR on the assembly and function
of the T3SS were investigated. A S. Typhimurium AspaPQRS SipA-NL was used
as background strain for the episomal expression of the spaPQRS operon with
different permutations. Complex formation was investigated by BN PAGE
analysis, and protein expression by SDS-PAGE analysis. Functionality of the
system was estimated on the basis of effector secretion levels as quantified via
the SipA-NanoLuc assay. The comparison of the different complexes revealed a
significant reduction of the secretion ability of all constructs with altered gene
order compared to spaPQRS*. Among the most functional variants are those that
show a SpaQ remnant peptide between spaP and spaR. Nonetheless, these do
show a reduced secretion activity to 27.56% and 21.25%, respectively.
Surprisingly, both the variants with a shortened spaPR transition without the
SpaQ remnant peptide as well as those with a nonsense-mutation in the SpaQ
remnant peptide have a drastically reduced secretion activity, i.e. below 1%. The
most important finding of the work is the demonstration of the functional relevance
of the conserved gene order. Furthermore, the data show that spaQ has a
regulatory function that can be partially executed even when the gene is
shortened to 54 base pairs. The role of SpaQ as well as the presence of possible
defective intermediate complexes such as SpaPs and the SpaRx-self-assemblies
will require further investigation. Nevertheless, the work contributed to a better
understanding of the assembly of the export apparatus and confirmed the

importance of spaQ and the translational coupling of spaQ and spaR.
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6 Deutsche Zusammenfassung

Das T3SS ist ein wichtiger Pathogenitatsfaktor von Salmonella enterica serovar
Typhimurium. Es dient der Injektion von Proteinen direkt in die Wirtszelle und
ermdoglicht die Aufnahme von Bakterien in die Darmzellen. Der korrekte
Zusammenbau einer zentralen Komponente des T3SS, des Exportapparats, ist
entscheidend fir die Funktion dieser molekularen Maschine. Die Reihenfolge der
Gene, die fur die Untereinheiten des Exportapparates kodieren, ist hoch
konserviert. In der vorliegenden Arbeit wurden die Auswirkungen einer
veranderten Anordnung der Gene spaP, spaQ und spaR auf den Aufbau und die
Funktion der T3SS untersucht. S. Typhimurium AspaPQRS SipA-NL diente als
Stamm fir die episomale Expression des spaPQRS-Operons mit verschiedenen
Permutationen. Die Komplexbildung wurde mittels BN-PAGE-Analyse und die
Proteinexpression mittels SDS-PAGE-Analyse untersucht. Die Funktionalitat des
Systems wurde auf Basis der Effektorsekretionswerte geschéatzt, die mittels SipA-
NanoLuc-Assay quantifiziert wurden. Der Vergleich der verschiedenen Komplexe
ergab eine signifikante Reduktion der Sekretionsfahigkeit aller Konstrukte mit
veranderter Genreihenfolge im Vergleich zu spaPQRS*. Zu den funktionellsten
Varianten gehoren diejenigen mit SpaQ-Restpeptid zwischen spaP und spaR.
Nichtsdestotrotz zeigen diese eine reduzierte Sekretionsaktivitat auf 27,56%
bzw. 21,25%. Uberraschenderweise haben sowohl die Varianten mit einem
verkiirzten spaPR-Ubergang ohne das SpaQ-Restpeptid als auch die Varianten
mit einer Nonsense-Mutation im SpaQ-Restpeptid eine drastisch reduzierte
Sekretionsaktivitat, d.h. unter 1%. Das wichtigste Ergebnis der Arbeit ist der
Nachweis der funktionellen Relevanz der konservierten Genreihenfolge. Zudem
zeigen die Daten, dass spaQ eine regulatorische Funktion hat, die teilweise auch
ausgefuhrt werden kann, wenn das Gen auf 54 Basenpaare verkrzt ist. Die Rolle
von SpaQ sowie das Vorhandensein mdoglicher defekter Intermediarkomplexe
wie SpaPs und der SpaRyx bedurfen weiterer Untersuchungen. Dennoch konnte
die Arbeit einen Beitrag zum besseren Verstandnis des Exportapparates leisten
und die Bedeutung von spaQ und der translatorischen Kopplung von spaQ und
spaR bestatigen.
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Figure 17: NanoLuc-luciferase signal as a measure of the secretion activity from different
constructs in percentage of the wild type spaPQRS".
NanoLuc-based secretion assay of spaPQRS* set as 100%.

(a) Constructs with RFXAG, P*SR: short version of the link between spaP and spaR, P"'R: long version of the

link between spaP and spaR including SpaQ remnant peptide, P""MKR: P*LR with point mutation of the
start codon of SpaQ remnant, preventing the peptide to be made, P_Q/Q_R: 20bp spacer inserted

between two genes.
(b) Constructs with SF-AC,

Table 9: Relative secretion activity compared to the wild type in constructs

containing SpaP™C,

Plasmid (pMIB) number Name relative secretion
activity (wt 100%)
3704 PORS 100
7059 Pa223kT2246QRS 59.93
7012 PASRQS 0.79
7056 P''RQS 27.56
7127 PAMIKRQS 0.35
7018 QP"SRS 0.67
7015 QP/'RS 21.25
7129 QPAMIKRS 0.34
7044 QRPS 0.69
7009 RPQS 0.73
7047 RQPS 0.82
7050 P_ORS 84.72
7053 PQ_RS 2.79
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der von mir generierten Plasmide eine Punktmutation in SpaP (S178R)
enthielten, die ich nicht zu verschulden habe. Folgende Plasmide sind davon

betroffen:

Plasmid (pMIB) Nummer Name betroffene Abbildung
7044 QRPFLACS 12

7045 QRFAGPS

7046 QRPSFLAG

7009 RPFLACQS

7008 RFACPQS

7010 RPQSFLAC
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Plasmid (pMIB) Nummer Name betroffene Abbildungen
7012 PFLAG'SRQS 13, 15

7011 P'SRFLAGQS

7013 P"SRQSF-AG

7018 QPFLAC'SRS 13

7019 QP"SRFAGS

7020 QP"SRSFLAG

7041 PFLAG™SRS 15

7042 P"SRFLACS

7043 P"SRSFLAG

Diese Mutation fuihrt zu einem Assemblierungsdefekt von SpaP, so dass die

Assemblierungs- und Stabilitatsdaten der von der Mutation betroffenen

Konstrukte hinféllig sind. Nacharbeiten haben allerdings ergeben, dass die

grundsatzliche Aussage, dass die Reihenfolge der Gene des Exportapparats fur

die Effizienz der Assemblierung zwingend ist, weiterhin Bestand hat.
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Mirjam Forberger
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