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A B S T R A C T

Virulence-associated type III secretion systems serve the injection of bacterial effector proteins into eukaryotic
host cells. These effector proteins modulate host cell biology in order to promote colonization and infection,
hence type III secretion systems are often essential bacterial pathogenicity factors. The core of type III secretion
systems is a cell envelope-spanning macromolecular machine called injectisome. It consists of almost twenty
different components in a stoichiometry of one to more than one hundred. Assembly of this 6MDa complex
requires the coordinated integration of components from the cytoplasm, the inner membrane, the periplasm, the
outer membrane and even the extracellular space of Gram-negative bacteria. Here, we review injectisome as-
sembly with an emphasis on the techniques that were employed towards its investigation. In particular, we focus
on in vivo photocrosslinking, a technique that exploits the encoding of the artificial UV-inducible crosslinking
amino acid p-benzoyl-phenylalanine to identify protein-protein interactions and to delineate assembly pathways.

1. Introduction

The export of proteins is instrumental for the interaction of bacteria
with their environment. Bacteria export proteins of diverse functions,
like toxins, adhesion factors, effector proteins, transcription factors, or
proteases. Protein export across the cell envelope of Gram-positive
bacteria is relatively simple as only one membrane needs to be passed.
Export occurs mostly by means of the Sec and Tat translocons that
translocate unfolded and folded substrate proteins across the cyto-
plasmic membrane, respectively (Hamed et al., 2018). Protein export
across the two membranes of the cell envelope of Gram-negative bac-
teria requires more elaborate mechanisms. To date, nine different
protein secretion systems, termed type I to type IX, have been identified
that differ in the buildup of their machines, energization of secretion
(ATP vs. PMF, or both), secretion signal, and folding state of their
substrates (unfolded vs. folded), and whether they secrete proteins in
one step or in two steps across the two membranes of the cell envelope
(Costa et al., 2015). Three of these secretion systems (type III, type IV,
and type VI) even serve the introduction of bacterial proteins directly
into the cytosol of target cells (Fig. 1A) (Galán and Waksman, 2018).
These injection machines constitute large protein complexes of usually
more than 100 subunits, several megadalton in size. Often, they consist
of cytosolic, inner membrane, periplasmic, outer membrane, and

extracellular components. Assembly of these machines is an intricate
and costly task that requires precise orchestration and is often highly
regulated at multiple levels. In this review, we focus on the current state
of our understanding of the assembly of the type III secretion injecti-
some (Fig. 1B), whose secretion system is also found in bacterial fla-
gella. We will particularly emphasize the methodology that has been
used towards elucidating assembly mechanisms. More elaborate re-
views of assembly, structure and function of T3SS can be found else-
where (Deng et al., 2017; Diepold and Wagner, 2014; Galán et al.,
2014; Wagner et al., 2018). We will refer to the unified nomenclature of
type III secretion systems (T3SS) throughout (Fig. 1C) (Hueck, 1998;
Portaliou et al., 2016).

2. Structure and function of the injectisome

2.1. Base

The injectisome base is composed of 12–15 subunits of the outer
membrane secretin SctC and 24 subunits each of the inner membrane
proteins SctD and SctJ (Fig. 1B) (Schraidt and Marlovits, 2011; Worrall
et al., 2016). SctC forms a closed gate in the outer membrane that is
opened upon assembly of the needle filament (Hu et al., 2018; Worrall
et al., 2016). SctD and SctJ build two concentric rings in the periplasm
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with SctJ forming the inner and SctD forming the outer ring. While SctJ
comprises an N-terminal lipid anchor and often a C-terminal trans-
membrane segment (TMS), SctD has a small N-terminal domain in the
cytoplasm followed by a single TMS and a sizable periplasmic domain
that interacts with SctJ and with the N-terminus of SctC (Schraidt et al.,
2010). Traditionally, base and the below-introduced export apparatus
and needle filament have been referred to as needle complex.

2.2. Cytoplasmic components

SctK, SctQ, SctL, SctN, and SctO are the cytoplasmic components of
the injectisome (Fig. 1B). SctK, SctQ, and SctL constitute the so-called
sorting platform that has been implicated in binding chaperone-sub-
strate complexes according to the hierarchy state of secretion (Lara-
Tejero et al., 2011). SctK and SctQ form six pods that bind through a
single SctK to the cytoplasmic domains of four SctD, each (Hu et al.,
2017, 2015). Due to an internal start codon, sctQ is translated into two
polypeptides of different lengths (SctQFL and SctQC) and the presence of
both polypeptides is essential for injectisome assembly and T3SS
function (Bzymek et al., 2012; Diepold et al., 2015; Lara-Tejero et al.,
2019; McDowell et al., 2016; Song et al., 2017; Yu et al., 2011), how-
ever, SctQC may not be a structural component of the pods (Lara-Tejero
et al., 2019). Stoichiometry estimates based on fluorescence microscopy
(Diepold et al., 2017; Zhang et al., 2017) and structural analysis of SctQ
complexes (Bzymek et al., 2012; McDowell et al., 2016; Notti et al.,
2015) suggest that 24 SctQFL are associated with each injectisome, 4
SctQFL per pod. A homodimer of SctL connects each of the six pods to
the hexameric ATPase SctN (Diepold et al., 2017; Hu et al., 2017; Imada

et al., 2016; Notti et al., 2015) that is believed to support stripping of
chaperones and substrate unfolding (Akeda and Galán, 2005; Erhardt
et al., 2014). A single SctO is located at the center of the SctN hexamer
and protrudes towards the cytoplasmic domain of the major export
apparatus protein SctV (B. Hu et al., 2017; Ibuki et al., 2011; Majewski
et al., 2019). SctK, SctQ, SctL, and SctN were also found as soluble
complexes in the cytoplasm (Diepold et al., 2017, 2015; Johnson and
Blocker, 2008; Zhang et al., 2017). Dynamic exchange of soluble and
injectisome-associated complexes may be relevant for T3SS substrate
targeting and secretion.

2.3. Export apparatus

The export apparatus of T3SS consists of five hydrophobic proteins
that are highly conserved in injectisome and flagellar T3SS: SctR, SctS,
SctT, SctU, and SctV (Fig. 1B) (Wagner et al., 2010). Five SctR, four
SctS, one SctT, and one SctU form a unique helical assembly within the
SctJ ring of the base, on the periplasmic side of the inner membrane
(Dietsche et al., 2016; Johnson et al., 2019; Kuhlen et al., 2018, 2019;
Zilkenat et al., 2016). They seem to gate the export channel and form
the basis for assembly of the needle filament. In addition to con-
tributing its predicted TMS to this helical assembly, SctU contains a
cytoplasmic C-terminal domain that undergoes autocleavage at a con-
served NPTH motif (Allaoui et al., 1994; Deane et al., 2008; Lountos
et al., 2009; Wiesand et al., 2009; Zarivach et al., 2008). Autocleavage
of SctU is critical for switching of secretion from early to intermediate
substrates, hence SctU is also called switch protein (Ferris et al., 2005;
Lavander et al., 2002; Minamino and Macnab, 2000; Monjarás Feria

Fig. 1. Cartoon of the assembly of the T3SS injectisome.
Protein names are indicated by their last letter, omitting “Sct”.
The assembly pathways are drawn from left to right. A.
Assembly of the inner membrane export apparatus starts with
membrane-integrated SctR. SctR (and also SctS and SctT, not
shown) folds into a conformation that permits helical as-
sembly. Then, five SctR, followed by one SctT and four SctS
assemble into a helical assembly, winding up from the mem-
brane. Recruitment of one SctU and then nine SctV finish ex-
port apparatus assembly, which is then enhoused by 24 sub-
units of the inner ring protein SctJ. B. 15 secretin subunits
assemble, supported by pilotins, into a pre-pore. The secretin
forms a pore in the outer membrane and recruits the outer
inner ring protein SctD. Closure of the outer inner ring is not
permitted until the SctJ-export apparatus assembly has been
incorporated. Recruitment of the cytoplasmic components and
subsequent assembly of the needle filament complete as-
sembly of the injectisome. Abbreviations: IM, inner mem-
brane; OM, outer membrane; PG, peptidoglycan. This figure is
adapted with permission from reference (Wagner et al., 2018).
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et al., 2015). It was proposed to mediate injection of substrates into the
secretion channel formed by SctV, SctRSTU, and the filament proteins
(Evans et al., 2013). Also SctV is located within the central inner
membrane patch of the base (Fig. 1B) (Abrusci et al., 2012). The N-
terminal half of SctV forms a transmembrane domain (TMD) with 8
predicted TMS. Its C-terminal half is exposed to the cytoplasm, forming
a nonameric ring with a central pore of 50 Å in diameter (Abrusci et al.,
2012). SctVC is involved in establishing the substrate secretion hier-
archy by binding secretion adapter proteins for early and intermediate
substrates (e.g., the gatekeeper SctW) (Diepold et al., 2012; Gaytán
et al., 2018; Portaliou et al., 2017; Yu et al., 2018) as well as substrate-
chaperone complexes (Bange et al., 2010; Portaliou et al., 2017; Xing
et al., 2018). The N-terminal TMDs of SctV serve to utilize the inner
membrane proton motive force for secretion (Erhardt et al., 2017; Hara
et al., 2011; Minamino et al., 2011) and possibly form the actual sub-
strate translocation channel in the inner membrane (Fig. 1B).

2.4. Filament, needle tip and translocon

The helical needle filament is composed of more than 100 copies of
SctF (Broz et al., 2007). It is connected to the distal end of the SctRSTU
complex by about six copies of the inner rod protein SctI (Fig. 1B)
(Dietsche et al., 2016; Kuhlen et al., 2018; Marlovits et al., 2006;
Torres-Vargas et al., 2019; Zilkenat et al., 2016). The inner lumen of the
needle shapes a right handed spiral, surfaced with polar and hydro-
phobic residues. Its axial diameter is 15 Å, which only allows passage of
unfolded substrates (Hu et al., 2018; Loquet et al., 2012). The needle of
most injectisomes ends with a pentameric needle tip complex formed by
the hydrophilic translocator protein SctA (Broz et al., 2007; Epler et al.,
2012; Mueller et al., 2005). Penetration of the host cell membrane is
achieved by formation of a so-called translocon complex, which is
composed of multiple copies of two different hydrophobic translocator
proteins, SctB and SctE (Dickenson et al., 2013; Montagner et al., 2011;
Park et al., 2018). These proteins are predicted to contain 1–2 TMS that
insert into host cell membranes with support from the tip complex
(Marenne et al., 2003). Translocon assembly within these membranes
may be influenced by host factors like Rac1 (Nauth et al., 2018).

3. Assembly of the injectisome

Assembly of the injectisome is a highly coordinated process to en-
sure the efficient formation of secretion- and membrane translocation-
competent machines. Two phases of injectisome assembly are dis-
tinguished: assembly of the principle secretion-competent machine –
relying on Sec-mediated translocation and membrane insertion of many
of its components – and type III secretion-dependent assembly of the
needle filament, tip, and translocon. Here, we will only consider the
type III secretion-independent assembly. We will discuss injectisome –
and if relevant, flagellar – assembly according to the methodology that
was used for its investigation.

3.1. Electron microscopy

Early electron micrographs of isolated flagellar basal bodies of wild
type Salmonella Typhimurium and a wide array of flagellar gene dele-
tion mutants indicated that flagellar assembly starts with formation of
the membrane and supramembrane (MS) ring in the inner membrane
(Kubori et al., 1992). The MS ring, which is composed of FliF (Fig. 1C),
was the minimal observable unit, whose formation did not require the
presence of any other structural component. An analogous genetic and
electron microscopic analysis of the assembly of the Salmonella in-
jectisome showed that base structures could form in the absence of all
non-base components (Sukhan et al., 2001). When Salmonella inner ring
proteins SctD and SctJ were overexpressed in Escherichia coli, ring
structures were observed by electron microscopy (Kimbrough and
Miller, 2000). All these data indicated that assembly of flagella and

injectisomes starts with formation of the inner ring (or MS ring)
structures of the base, and that this ring formation is independent of
other T3SS components. Consequently, an assembly model was pro-
posed in which the inner membrane export apparatus components were
recruited after inner ring formation (Sukhan et al., 2001). This model
was no longer plausible when it became clear that the export apparatus
components were housed within the membrane patch of the inner rings
of the base (Fig. 1B) (Wagner et al., 2010): the two-dimensional nature
of the membrane does not permit integration of the export apparatus
after completion of the inner rings.

Why did these early studies come to the wrong conclusions, though?
These studies focused on observing ring structures by electron micro-
scopy. Clearly, these ring structures could assemble in the absence of
export apparatus components. What was not assessed, however, was the
efficiency of assembly of these structures; no quantification of assembly
was performed or reported. And so it was eventually missed that effi-
ciency of assembly of the inner rings was strongly compromised in the
absence of the export apparatus components. Similarly, it was con-
cluded that the genetic organization of injectisome components does
not play a role in assembly as assembled needle complexes could be
observed by cryo-electron microscopy upon total gene scrambling and
rewiring of post-transcriptional regulation. However, it was found that
the yield of isolated needle complexes dropped by more than 80%,
indicating severe problems in assembly efficiency as a consequence of
these genetic perturbations (Song et al., 2017).

3.2. Blue native PAGE

In order to allow for a qualitative and quantitative assessment of
needle complex assembly, including base and export apparatus com-
ponents, we developed mild, non-ionic detergent-based purification
protocols and blue native PAGE analysis of these large complexes
(Wagner et al., 2010; Zilkenat et al., 2016, 2017). Blue native PAGE is
an electrophoretic method to investigate the composition of membrane
protein complexes (Schägger and von Jagow, 1991). It relies on the
mild extraction of membrane proteins and membrane protein com-
plexes by nonionic detergents that are expected to preserve the native
protein conformation. Charging and electrophoretic migration of the
extracted proteins is facilitated by the adsorption of the anionic, water-
soluble blue dye Coomassie G to the hydrophobic regions of the ex-
tracted membrane proteins, which are then separated based on their
complex size in gradient gels of a Tricine-based PAGE (Wittig et al.,
2006).

Using blue native PAGE we could show that all export apparatus
components intimately associate with the needle complex base and that
the core components SctR and SctT are housed at the center of the base
(Wagner et al., 2010). We could further show that base assembly is
nucleated by prior assembly of SctR, SctS, and SctT, and that also re-
cruitment of SctU and SctV depends on these small export apparatus
components (Fig. 2). In agreement with previous work, also our study
showed that base assembly is possible in the absence of export appa-
ratus components but our data made clear that assembly efficiency
drops by 80–90% in the absence of SctRST. Using blue native PAGE we
could further show that assembly of a complex of the flagellar SctR and
SctT homologs FliP and FliR is chaperoned by FliO, a small bitopic
membrane protein whose gene almost always preceeds the gene of FliP
in flagella (Fabiani et al., 2017). Why FliO is so critical for FliPR as-
sembly while the close homologs SctRT do apparently not require an
assembly chaperone is not known at this point (Fabiani et al., 2017;
Fukumura et al., 2017).

Blue native PAGE analysis of sucrose gradient-fractionated
Salmonella showed that the cytoplasmic injectisome component SctQ
forms a large complex whose formation is independent of any base or
export apparatus component, or of the ATPase SctN, but to a substantial
degree dependent on the other cytoplasmic components SctK and SctL
(Lara-Tejero et al., 2011). In fact, SctK and SctL were shown to associate
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with SctQ and this tripartite complex bound T3SS chaperone-substrate
complexes according to the hierarchy state of secretion.

While the development of mild detergent-based blue native PAGE
protocols provided a much better access to the analysis of injectisome
assembly, the approach was limited to complexes and subcomplexes
that were sufficiently stable and abundant to be detected, which is not
the case for every assembly intermediate. In the case of the injectisome
this was limited to a highly stable SctRT complex, the secretin complex
in the outer membrane, the base, and the sorting platform.

3.3. Fluorescence microscopy

Fluorescence microscopy is highly complementary to biochemical
techniques to elucidate the assembly of protein complexes. Following
the localization of fluorophore-labelled proteins of interest relative to
each other allows for the in vivo analysis of assembly without the need
for protein extraction or complex purification. The approach is parti-
cularly powerful when state-of-the-art super-resolution microscopy is
applied to assess assembly kinetics and co-localization of individual
complex components. Unfortunately, it is very challenging, if not im-
possible, to obtain functionally tagged variants of proteins in the core of
complexes without exposed termini, small proteins, or very hydro-
phobic proteins, so only assembly of a subset of complex components
can be addressed by this approach. Furthermore, only indirect in-
formation on protein-protein interaction can be obtained. Fluorescence
microscopy is also limited in distinguishing assembled and non-as-
sembled states of a protein of interest, unless distinct localizations can
be observed (Zoued and Diepold, 2017). This limitation can be over-
come by the complementary diffusion analysis using fluorescence cor-
relation spectroscopy (Diepold et al., 2017). Despite of these limita-
tions, our insight of assembly of type III secretion injectisomes has
benefited much from analysis by fluorescence microscopy. Early studies
showed in Yersinia that assembly of the secretin ring occurred in-
dependently of other injectisome components (Diepold et al., 2010).
They also showed that the outer inner ring protein SctD assembled at
the secretin, rather than assembling together with the inner inner ring
protein SctJ around the export apparatus components (Fig. 2B)
(Diepold et al., 2010). It was further shown that the core cytoplasmic
component SctQ as well as the ATPase SctN form specific foci at the
membrane, whose formation depended on the presence of all other
cytoplasmic components, the base components, and to some degree
even on the export apparatus components (Diepold et al., 2010), a
finding that was later corroborated for a T3SS of Salmonella (Zhang

et al., 2017).
The only export apparatus component whose assembly was ana-

lyzed by fluorescence microcopy to date is SctV. It was shown to as-
semble into SctC-co-localizing immobile foci in wild type bacteria but
not in mutants lacking the core export apparatus components SctR,
SctS, and SctT (Diepold et al., 2011). SctV foci also assembled in mu-
tants lacking the base components, but these foci were mobile in the
membrane. These data supported our notion that the export apparatus
assembles independently, starting with SctRST. The assembling export
apparatus is unrestricted in the inner membrane, until it is housed in by
the base, immobilizing the complex by penetration of the peptidoglycan
layer (Fig. 2B). Fluorescence microscopic analysis of the flagellar SctV
homolog FlhA yielded somewhat conflicting results. While it was shown
in one study that formation of the inner membrane MS ring is promoted
by prior assembly of the SctV homolog FlhA (Li and Sourjik, 2011),
FlhA expression had no effect on MS ring assembly in a later study
(Morimoto et al., 2014). However, as shown for injectisomes, formation
of FlhA foci depended on the presence of the SctR, SctS, and SctT
homologs FliP, FliQ, and FliR, respectively (Morimoto et al., 2014).

3.4. In vivo photocrosslinking

To overcome the limitations of both, blue native PAGE analysis and
fluorescence microscopy, in assessing assembly of the hydrophobic
export apparatus components and in capturing assembly intermediates
we extensively employed in vivo photocrosslinking.

In vivo photocrosslinking is based on the genetic encoding and
translational incorporation of the artificial amino acid p-benzoyl-phe-
nylalanine (pBpa) at a position of choice of a protein of interest
(Fig. 3A) (Farrell et al., 2005). The encoding is established by an amber
stop codon that is suppressed by a pBpa-charged suppressor tRNA.
Charging of the tRNA is accomplished by a mutated tRNA synthetase
fromMethanococcus jannaschii (Chin et al., 2002). pBpa crosslinks to the
peptide backbone of nearby proteins in response to UV irradiation at
365 nm. Suppression of amber stop codons is well tolerated by bacteria
like Escherichia coli or Salmonella Typhimurium that contain only few
natural amber stop codons (about 5%). The efficiency of suppression of
the amber stop codon is influenced by the stop codon’s genetic context
(Miller and Albertini, 1983); in our hands it varied between 50% and
close to 100% (Dietsche et al., 2016). Since the incorporation of the
crosslinking amino acid pBpa occurs during translation, even in-
accessible positions like within the membrane or those buried in the
core of proteins or protein complexes can be approached (Fig. 3C-D).

Fig. 2. Cartoon of the assembly of the T3SS injectisome.
Protein names are indicated by their last letter, omitting “Sct”.
The assembly pathways are drawn from left to right. A.
Assembly of the inner membrane export apparatus starts with
membrane-integrated SctR. SctR (and also SctS and SctT, not
shown) folds into a conformation that permits helical as-
sembly. Then, five SctR, followed by one SctT and four SctS
assemble into a helical assembly, winding up from the mem-
brane. Recruitment of one SctU and then nine SctV finish ex-
port apparatus assembly, which is then enhoused by 24 sub-
units of the inner ring protein SctJ. B. 15 secretin subunits
assemble, supported by pilotins (purple), into a pre-pore. The
secretin forms a pore in the outer membrane and recruits the
outer inner ring protein SctD. Closure of the outer inner ring is
not permitted until the SctJ-export apparatus assembly has
been incorporated. Recruitment of the cytoplasmic compo-
nents and subsequent assembly of the needle filament com-
plete assembly of the injectisome. Abbreviations: IM, inner
membrane; OM, outer membrane; PG, peptidoglycan. This
figure is adapted with permission from reference (Wagner
et al., 2018) (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.).
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While being a strength, encoding the crosslinker is also one of the
techniques major limitation as a single mutant needs to be made and
tested for every position of interest. Primary identification of protein-
protein crosslinks can easily be achieved by SDS PAGE, Western blot-
ting, and immunodetection of the bait protein: UV-irradiation-depen-
dent bands of the bait above the monomeric form indicate productive
crosslinks to prey (Fig. 3F). Identification of the prey can be achieved
by reciprocal immunodetection, or by enrichment or purification fol-
lowed by mass spectrometry.

The following rationale helps choosing suitable positions for pBpa
incorporation to identify protein-protein interactions: If a structure of
the protein complex is known, pBpa is placed at or near the protein-
protein interaction site, preferably replacing amino acid residues of
similar size and properties as pBpa (Phe, Trp, Tyr) or those that are little
conserved. Guidance can be obtained from the software tool SNAP2 that

predicts functional effects of sequence variants of each amino acid
position of a given protein (Hecht et al., 2015). If the site of interaction
between two proteins is not known, prediction of protein-protein in-
teraction based on covariance analysis is a powerful tool facilitating
identification of interacting residues (Hopf et al., 2014). This approach
was very successfully used to map the interaction of the switch protein
SctU and the minor export apparatus proteins SctRST (Kuhlen et al.,
2019). The predictive power of covariance analysis strongly depends on
the number of homologs of the interacting proteins. If too few homologs
are known, scanning of the known (from structure) or predicted surface
of the protein of interest by replacing various exposed residues with
pBpa may yield identification of interaction partners and interaction
sites. Transmembrane proteins offer an additional clue through pre-
diction of their transmembrane topology by software tools like TOP-
CONS (Tsirigos et al., 2015): Firstly, residues at the relevant side of the

Fig. 3. In vivo photocrosslinking. A. Concept of
encoding pBpa. An amber stop codon-re-
cognizing suppressor tRNA is charged with
pBpa by a mutated aminoacyl-tRNA synthe-
tase. A gene of interest containing an amber
stop codon at a desired position gets translated
into a protein of interest containing pBpa.
Upon UV irradiation, pBpa crosslinks to nearby
proteins. B. Structure of pBpa. C. – H.
Crosslinking example from Salmonella patho-
genicity island-1 encoded SctR (Dietsche et al.,
2016). C. Position of SctR in the assembled
injectisome. D. & E. Structure of the flagellar
SctR homolog FliP of S. Typhimurium (PDB
6F2D, (Kuhlen et al., 2018)) indicating Tyr-52,
which corresponds to Tyr-15 in SctR. In the
experiments shown in F-H, Tyr-15 was re-
placed by pBpa. F. Immunodetection of chro-
mosome-encoded SctRFLAG or SctRT15XFLAG
on Western blots of crude membrane samples
of S. Typhimurium separated by SDS PAGE.
Each sample is shown with and without UV-
irradiation to induce photocrosslinking of pBpa
to neighboring interaction partners. Asterisks
indicate the different multimers of SctR (2-5).
G. Immunodetection of SctRFLAG on Western
blots of crude membrane samples of E. coli
BL21 (DE3) expressing SctRT15XFLAG to-
gether with SctSTU or in the absence of all
other T3SS components. The results show that
SctR assembly occurs independent of any other
T3SS component. H. Immunodetection of
SctRT15XFLAG on Western blots of crude
membrane samples of S. Typhimurium sepa-
rated by 2-dimensional blue native/SDS PAGE.
SctR crosslinks up to a SctR trimer can be de-
tected in the SctRT complex as well as in the
assembled needle complex.
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membrane can be chosen. Secondly, each alpha helical TMS can be
scanned for interactors by probing towards each side of the helix.

The observation of a pBpa crosslink tells that a given assembly step
has occurred. We call them signature crosslinks for a given protein-
protein interaction. One or several signature crosslinks between each
pair of interacting proteins thus easily allows to track assembly without
the necessity to purify the complex or to solve the structure of the in-
teracting proteins. Analyzing the occurrence of signature crosslinks in
the wild type and relevant mutants allows to draw conclusions on the
conditions that need to be met to allow assembly of this particular
protein complex (Fig. 3G).

We set out to identify protein-protein interactions of the export
apparatus components SctR and SctS by probing amino acid positions
within each predicted TMS (Dietsche et al., 2016). Several crosslinks
could be identified, specifying interactions between different SctR (up
to five), SctR and SctS, SctR and SctT, SctR and SctU. By analyzing these
crosslinks in different mutant backgrounds we could conclude that as-
sembly starts with formation of five SctR, proceeds through recruitment
of SctS and SctT, to recruitment of SctU (Fig. 2). Interaction of SctS and
SctT depended on the presence of SctR but not on SctU. Also the helical
structure of the complex of the flagellar SctRSTU homologs FliPQR/
FlhB suggests that assembly starts with five SctR and proceeds through
subsequent recruitment of one SctT, four SctS, and one SctU (Kuhlen
et al., 2019). This notion is further supported by the observation that a
stable complex of FliP and FliR also forms in the absence of FliQ
(Fabiani et al., 2017). Completion of this core export apparatus
SctRSTU complex occurred independent of the major export apparatus
protein SctV or the inner ring protein SctJ, as judged by formation of a
SctR-SctU crosslink.

We further scanned the inner surface of the inner ring protein SctJ
by pBpa crosslinking to map the interaction between the base and the
export apparatus (Kuhlen et al., 2018). We identified interactions be-
tween SctJ and SctR as well as between SctJ and SctT. Initially, these
results left us puzzled since the identified SctJ residues were located far
above the inner membrane and the core export apparatus was assumed
to be mostly within the membrane plane. Solution of the structure of
the assembled flagellar FliPQR complex by cryo-electron microscopy
and docking of this complex into cryo-electron microscopic and cryo-
electron tomographic structures of the injectisome base, however,
substantiated a supramembrane position of this complex. How the
SctRSTU complex rises out of the membrane and is fixed in its final
supramembrane position remains to be investigated. Rising of the
complex out of the membrane may occur through the stepwise re-
cruitment of subunits. The energy released by the strongly hydrophobic
protein-protein interactions of the assembling subunits may suffice for
extraction of the growing complex from the membrane. Formation of
the SctV ring around the assembled SctRSTU complex may further drive
the lifting of the helical SctRSTU complex from the membrane and
support interaction with SctJ and formation of the 24-mer SctJ ring.
SctV, however, is only necessary for needle complex assembly in some
T3SS (Diepold et al., 2010) while it is completely dispensable in others
(Dietsche et al., 2016; Wagner et al., 2010).

Particularly useful for the analysis of complex assembly proved to
be the visualization of in vivo photocrosslinks by 2-dimensional blue
native/SDS PAGE (Zilkenat et al., 2017). While the observation of a
crosslink by SDS PAGE reveals the existence of an interaction, it does
not tell whether the interaction occurs in an assembly intermediate, in
the final complex, or even in a dead end aggregate. By resolving the
protein complexes in a native dimension before subjecting them to
denaturing SDS PAGE, we were able to distinguish these different
possibilities and show, e.g., that an observed SctR-SctR interaction in-
volving Tyr-15 occurred in an SctRT assembly intermediate and in the
injectisome (Fig. 3H) (Dietsche et al., 2016).

Incorporation of pBpa at different positions of a protein of interest
does not only aid in the identification of protein-protein interactions
but at the same time pBpa mutants serve in assessing the functional

relevance of the mutated amino acid residues. pBpa is a rather bulky
aromatic residue that may interfere with intra- as well as inter-
molecular packing and thus affect protein folding, complex assembly or
function. Of the 144 different pBpa mutants that we reported to date, 51
showed a defect in type III secretion (Dietsche et al., 2016; Krampen
et al., 2018; Kuhlen et al., 2019, 2018; Torres-Vargas et al., 2019).
Interestingly, many of these secretion-deficient mutants yielded pro-
ductive crosslinks, indicating that specific functional mechanisms ra-
ther than protein folding or complex assembly were compromised in
these mutants. Overall, pBpa seems to be accommodated rather well
despite of its bulky nature.

3.5. Cryo-electron tomography

More recently, cryo-electron tomography has allowed to address
structure and composition of large protein complexes in situ
(Oikonomou and Jensen, 2016). By analyzing the structure of deletion
mutants of different complex components, information on complex
assembly can be gained. Cryo-electron tomographic analysis of as-
sembly of the T3SS injectisome showed that formation of the cyto-
plasmic pods strictly required the presence of SctK, SctQ, and SctL,
while the ATPase SctN was less critical in a Salmonella T3SS (Hu et al.,
2017). The stalk protein SctO was entirely dispensable for pod forma-
tion and for recruitment of the ATPase SctN. Contrary to the observa-
tions made by fluorescence microscopy, assembly of the cytoplasmic
pods was not affected by deletion of export apparatus components,
neither by deletion of SctV, nor of SctRSTU. However, since a quanti-
fication of co-observation events of bases and pods was missing, hard
conclusions on the requirements of assembly cannot be drawn. In-
triguingly, it could be shown that the cytoplasmic N-terminal domain of
the inner ring protein SctD remodeled from an even 24-mer to six
clusters of four domains upon assembly of the pods. In addition, the
analysis structurally corroborated the observation made previously by
blue native PAGE analysis and fluorescence microscopy, namely that
SctV is not required for SctRST assembly but that SctV requires SctRSTU
for recruitment to the base.

4. Conclusions

The use of different complementary biochemical and microscopic
techniques has revealed the principle order of assembly of the bacterial
type III secretion system injectisome. Assembly of the cell envelope-
embedded needle complex is initiated at two sites independently, with
the outer membrane secretin on the one hand, and with the core inner
membrane export apparatus at the other hand (Fig. 2). We proposed
that dependence of base assembly on nucleation by the export appa-
ratus ensures secretion competence while dependence of base assembly
on secretin formation ensures outer membrane translocation, thus,
needle complex assembly comprises an inherent quality control me-
chanism (Diepold and Wagner, 2014). Assembly of the cytoplasmic
apparatus seems to rely almost equally much oπn all its components
except the stalk protein.

In vivo photocrosslinking has allowed us to gain insight into the
steps of assembly of the core export apparatus components, proteins
that had been shown to be largely inaccessible by other techniques. In
particular, the covariance analysis-guided selection of pBpa positions
and the analysis of crosslinks by two-dimensional blue native/SDS
PAGE turned out to be very powerful for the identification and char-
acterization of protein-protein interactions. In the future, the exact
mapping of the crosslinking sites by mass spectrometry will enable an
even deeper investigation of the mechanisms of assembly.

A major drawback in most studies of injectisome assembly has been
the delineation of assembly steps from the analysis of deletion mutants.
Deletion of structural components may perturb the assembly pathway,
so that one risks an over-interpretation of the relevance of the observed
assembly product. To gain a better understanding of assembly without
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the shortcomings of deletion mutants, we will need to study the kinetics
of assembly at a molecular level. This may be achieved by synchro-
nizing assembly and a by combination of pulse-chase labelling with in
vivo photocrosslinking to follow the occurrence of crosslinks over the
time of assembly.
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