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Cytosolic sorting platform complexes 
shuttle type III secretion system effectors to 
the injectisome in Yersinia enterocolitica

Stephan Wimmi    1,7, Alexander Balinovic2,3,4,6,7, Corentin Brianceau    1,7, 
Katherine Pintor    1,7, Jan Vielhauer1, Bartosz Turkowyd2,3,4,6, Carlos Helbig    1, 
Moritz Fleck1, Katja Langenfeld1, Jörg Kahnt1,5, Timo Glatter    5, 
Ulrike Endesfelder    2,3,4,6,8  & Andreas Diepold    1,3,8 

Bacteria use type III secretion injectisomes to inject effector proteins into 
eukaryotic target cells. Recruitment of effectors to the machinery and the 
resulting export hierarchy involve the sorting platform. These conserved 
proteins form pod structures at the cytosolic interface of the injectisome 
but are also mobile in the cytosol. Photoactivated localization microscopy in 
Yersinia enterocolitica revealed a direct interaction of the sorting platform 
proteins SctQ and SctL with effectors in the cytosol of live bacteria. These 
proteins form larger cytosolic protein complexes involving the ATPase 
SctN and the membrane connector SctK. The mobility and composition 
of these mobile pod structures are modulated in the presence of effectors 
and their chaperones, and upon initiation of secretion, which also increases 
the number of injectisomes from ~5 to ~18 per bacterium. Our quantitative 
data support an effector shuttling mechanism, in which sorting platform 
proteins bind to effectors in the cytosol and deliver the cargo to the export 
gate at the membrane-bound injectisome.

Bacteria have evolved a variety of secretion systems to transport pro-
teins across the bacterial cell wall and even directly into target cells1,2. 
The type III secretion system (T3SS) is the basis for both export of flagel-
lar subunits and the injection of proteins from the bacterial cytosol into 
the cytoplasm of eukaryotic target cells by injectisomes3,4. Hereafter, we 
use ‘T3SS’ to refer to the injectisome, which is essential for the virulence 
of important animal and plant pathogens but also participates in com-
mensalism and symbiosis. While this functional diversity is reflected 
in a wide range of species-specific translocated effector proteins, the 
components5,6 and overall structure7–9 of the injectisome itself are con-
served (Fig. 1a). After the assembly of the core of the machinery10–12, the 

system exports early secretion substrates such as the needle subunit. 
Upon needle assembly, middle substrates, such as the protein-forming 
needle tip, are exported and assembled. At this point, the injectisome 
is in a steady state until host cell contact or until chemical cues trigger 
the export of its late substrates, the virulence effectors. Effectors are 
injected into target cells in a one-step process, which is facilitated by 
a hydrophobic translocon pore in the target membrane13–15.

Although the translocation of effectors from the bacterial cytosol 
into host cells is the central feature of virulence-associated type III 
secretion, the recruitment and path of the effectors to and through 
the injectisome are poorly understood: How are the effectors recruited 
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an effector protein, a late T3SS export substrate, was less abundant 
in these complexes in the presence of a translocator protein, which 
must be secreted earlier to form the pore in the host cell (Fig. 1a). This 
indicates that export order may depend on the affinity of substrates to 
SctQKL, which is the basis of the ‘sorting platform’ model24. The direct 
binding of a general effector chaperone to SctQ has also been shown 
in Chlamydia by yeast-two-hybrid analysis25; furthermore, pull-down 
experiments indicate a direct interaction of SctQ with T3SS effectors 
in Shigella flexneri26.

The sorting platform components and SctN are not stably bound 
to the injectisome. Besides their injectisome-bound state, they are 
also present as soluble proteins and subcomplexes in the bacterial  
cytosol24,25,27–34. Notably, sorting platform subunits exchange between 
the soluble and the injectisome-bound state35. This exchange is corre-
lated with the function of the injectisome28,35,36. We recently showed that 
the dynamic nature of the sorting platform allows for the adaptation 
of protein secretion to external conditions37. Exchange of the sorting 
platform component SctQ is also the basis of a recently developed 
light-controlled T3SS, based on optogenetic membrane sequestration 
of the cytosolic SctQ, which prevents secretion38.

In line with its continuous binding and unbinding at the injecti-
some, the sorting platform has been proposed to shuttle effectors 
from the cytosol to the injectisome or increase the local concentration 

from the bacterial cytosol? Which machinery components do they 
initially bind to, and do the interactions between effectors and T3SS 
components change upon the initiation of protein secretion, for exam-
ple, by host cell contact?

The ‘sorting platform’, a set of proteins consisting of the cytosolic 
T3SS components SctQ, SctK and SctL, may govern these events (Fig. 1a).  
SctQ is a homologue of the flagellar C-ring proteins FliM and FliN. While 
full-length SctQ is mostly homologous to FliM, an internal transla-
tion initiation site leads to the expression of an additional C-terminal 
fragment, SctQC, with strong homology to FliN16,17. Surprisingly, the 
quaternary structure of the cytosolic complex is strikingly different 
between the flagellum and the injectisome. While in the flagellum, 
FliMN forms a continuous ring structure involved in switching the 
direction of flagellar rotation18, six distinct pod structures form the 
cytosolic interface of the injectisome7–9,19,20. Per pod, one copy of SctK, 
a protein without clear flagellar homologue8,21,22, connects a core of 
several copies of SctQ and probably SctQC to the inner membrane 
(IM) ring. A dimer of SctL links SctQ to the ATPase SctN, which forms 
a central hexamer connecting all six pods (Fig. 1a). SctN may prepare 
effectors for export by detaching their chaperones23. The SctQ, SctK 
and SctL of the Salmonella pathogenicity island 1 (SPI-1) T3SS have 
been found to form high molecular weight complexes that co-migrate 
with selected T3SS substrates in native gel electrophoresis24. Notably, 
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Fig. 1 | Effectors directly interact with sorting platform components in live 
bacteria. a, Schematic representation of effector export by the T3SS. Proteins 
studied in this report are highlighted. b, Mobility of indicated sorting platform 
components in Y. enterocolitica lacking all other components of the T3SS (pYV−) 
in the presence (coloured lines) and absence (dashed black lines) of the T3SS 
effector YopO and its chaperone SycO. Histogram of mean jump distances (mjd) 
of molecular diffusion, weighted for the number of jump distances. The sums of 

squared differences (Σ(Δ2)) of the cumulative distributions were 0.415 for  
SctQ, 0.413 for SctL and 0.003 for SctN; the squared correlation coefficients (r2) 
of the distributions were 0.906 for SctQ, 0.906 for SctL and 0.984 for SctN.  
c, Trajectories in representative bacteria. Scale bar, 0.5 µm. Numbers of 
trajectories and replications for single-particle tracking experiments are 
summarized in Supplementary Table 2.
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of export substrates at the injectisome5,33,35,39,40. This hypothesis could 
not be tested in the absence of quantitative data on the interaction 
between effectors and the sorting platform. Thus, it has remained 
unclear whether the exchange of sorting platform subunits is an inte-
gral part of the export process itself.

Despite their presumed key role in effector selection and export, 
interactions between the sorting platform and the effectors have 
rarely been described in protein interaction studies, whether in vitro 
or in vivo. This lack of detection might be a consequence of the inher-
ently transient nature of such interactions during the export process. 
We used complementary in vivo approaches, proximity labelling 
and single-particle tracking, to circumvent this problem. Proximity 
labelling clearly indicated interactions of the central sorting plat-
form component SctQ with T3SS effectors in live bacteria. To further 
characterize these interactions, we measured the location and mobil-
ity of the sorting platform proteins in live Yersinia enterocolitica by 
single-particle tracking super-resolution microscopy. The large num-
ber of well-characterized functional fluorescent fusion proteins10,28,41 
and the possibility to efficiently control secretion by modulating exter-
nal calcium levels42 make Y. enterocolitica an excellent model organism 
for such studies. In agreement with previous studies, we detected that 
the majority of sorting platform components were not bound to injec-
tisomes. Our results provide strong evidence for a direct interaction 
between effectors and the sorting platform components SctQ and SctL 
in live bacteria. This interaction occurs in the cytosol and was observed 
even in the absence of essential membrane components of the T3SS. 
Our results provide new insights into the crucial initial steps of type III 
secretion and the path of T3SS effectors before their translocation into 
target cells, and could serve as a stepping stone for further investiga-
tion of other secretion systems and their targeted inhibition.

Results
SctQ and SctL directly bind to effectors in live bacteria
To analyse the interactions between sorting platform components 
and export substrates, we first performed co-immunoprecipitation 
experiments in Y. enterocolitica. To this aim, we replaced the genes 
for the sorting platform components SctQ and SctL, as well as the 
interacting ATPase SctN, with N-terminal PAmCherry fusions by allelic 
exchange43. The fusion proteins were thus expressed from their native 
genetic locus. All fusion proteins were stable and fully functional for 
secretion (Supplementary Fig. 1). Bacteria were incubated at 37 °C, 
which induces expression and assembly of the T3SS components, under 
non-secreting or secreting conditions. After collection and lysis, we per-
formed immunoprecipitation with magnetic beads targeting mCherry 
(Supplementary Fig. 2). Interacting proteins were identified by shotgun 
liquid chromatography–mass spectrometry (LC–MS)-based proteom-
ics. The results were in line with the interaction network within the 
cytosolic components found in earlier studies26–28,31,44: SctL was highly 
significantly enriched in the PAmCherry-SctQ immunoprecipitation, 
while the significance of enrichment of the peripheral components SctK 
and especially SctN was lower (Extended Data Fig. 1). Although some 
export substrates were detected, their enrichment was less consistent, 
probably due to their transient interaction with the sorting platform. 
Interpretation of these results is complicated by unspecific interactions 
of the sorting platform proteins, visible in the asymmetric profiles 
of the volcano plots. Specific interactions between purified SctQ (in 
complex with SctQC) and the native Y. enterocolitica effector YopO (in 
complex with its chaperone SycO) were detected upon crosslinking 
in vitro, but not in biolayer interferometry (Extended Data Fig. 2). All 
these results are compatible with a transient interaction of the sorting 
platform and T3SS export cargo.

As such interactions are best analysed in live bacteria, we per-
formed in vivo proximity labelling45 using an endogenously expressed 
fusion of the unspecific biotin ligase miniTurbo46 to SctQ. Proteins 
near miniTurbo-SctQ are preferentially biotinylated and can then 

be purified and analysed by proteomics. Strikingly, the most highly 
enriched proteins not only included SctQ and its known interaction 
partner SctL, but also six of the eight Yersinia T3SS effectors (Table 1). 
This enrichment was highly specific, as no other T3SS component was 
similarly enriched (Supplementary Table 1).

To better characterize the interactions between the sorting 
platform and effectors, we next performed single-particle tracking 
photoactivated localization microscopy (sptPALM)47 in live bacteria. 
This method allows tracking of the movement of labelled proteins by 
high-speed microscopy. This movement is expressed as the mean jump 
distance (mjd) of the protein between successive microscopy images. 
Higher mjd values indicate faster diffusion and a smaller size of the pro-
tein or protein complex (Supplementary Text 1). As an in situ method, 
sptPALM can be used to study transient and stable interactions in live 
bacteria. To specifically analyse the direct binding of effectors to single 
sorting platform components, we first systematically tested those 
interactions in Y. enterocolitica strains lacking the plasmid for Yersinia 
virulence (pYV), which encodes all T3SS components. In this pYV− back-
ground, we co-expressed from plasmids (1) the N-terminal PAmCherry 
fusions to SctQ, SctL or SctN used in the previous experiment and (2) 
the large native effector YopO and its chaperone SycO. In bacteria 
with a functional T3SS, the plasmid used for the expression of YopO 
and SycO allowed for the secretion of YopO, indicating that YopO and 
SycO are expressed and functionally interact (Supplementary Fig. 3).  
We then compared the mobility of the sorting platform proteins in 
the presence and absence of YopO and SycO by sptPALM. PAmCherry 
alone, which we expressed in the same strain background as a control, 
displayed the fastest diffusion, as expected due to its lower molecular 
weight (Supplementary Fig. 4 and Data 1). Our experiments show that in 
live bacteria, diffusion of both PAmCherry-SctQ and PAmCherry-SctL 
was slowed down in the presence of YopO and SycO, revealing an influ-
ence, most probably binding, of the chaperone–effector pair (Fig. 1b,c  
and Supplementary Data 1). In contrast, diffusion of the ATPase 
PAmCherry-SctN was not significantly affected by the presence of 
the effector and its chaperone (Fig. 1b,c and Supplementary Data 1).

These results indicate a direct binding of effectors to SctQ and 
SctL, which we next analysed under native conditions in live wild-type 
(WT) Y. enterocolitica expressing all components of the T3SS.

Effectors influence mobility of sorting platform complexes
To study the binding of effectors to the sorting platform proteins and 
the effect of secretion activation in live bacteria expressing functional 
T3SS, we focused on SctQ, on the basis of the strong and well-defined 

Table 1 | Proximity labelling indicates the interaction of the 
sorting platform protein SctQ with T3SS effectors in situ

Protein Enrichment 
factor

P value

Sorting platform protein SctQ (bait) 16.61 0

Effector YopH 2.41 0.022

Effector YopT 2.22 0.005

Effector YopO 2.02 0.023

Sorting platform protein SctL 1.93 0.004

Effector/gatekeeper SctW/YopN 1.86 0.060

Effector YopM 1.66 0.063

Effector YopP 1.61 0.104

Effector YopR 1.57 0.029

List of all T3SS proteins enriched by a factor of >1.5 after streptavidin purification of in situ 
proximity biotinylated proteins in a strain natively expressing miniTurbo-SctQ, compared to a 
miniTurbo control expressed at a comparable level. P values were calculated by a two-sided 
t-test as implemented in Perseus88. See Supplementary Table 1 for details.
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interaction pattern of PAmCherry-SctQ with YopO/SycO shown in the 
previous experiment.

We analysed the mobility of PAmCherry-SctQ, expressed from 
the native SctQ promoter, in live bacteria in three different strain 
backgrounds and conditions: (1) a strain lacking the main effectors 
YopH,O,P,E,M,T48 (hereafter called ∆effectors), (2) the Y. enterocolitica 
wild-type strain MRS40 expressing all effectors and (3) the same strain 
under secreting conditions. As expected, the ratio of effectors per 
SctQ increased sequentially from (1) to (3) (Fig. 2a and Supplementary 
Table 3).

Analysis of PAmCherry-SctQ mobility by sptPALM revealed 
the presence of two distinct states of proteins: while one subset of 
PAmCherry-SctQ was stably localized in foci at the bacterial mem-
brane, a second, mobile subset was distributed throughout the cytosol  
(Fig. 2b). The stable foci are injectisome-bound PAmCherry-SctQ. In 
contrast, the diffuse population represents a cytosolic pool of unbound 
PAmCherry-SctQ protein and subcomplexes, a heterogeneous popu-
lation leading to a broad distribution of mobility (Supplementary  
Text 2). A similar distribution had been observed earlier for SctQ and 
SctL in Y. enterocolitica, as well as the sorting platform proteins of the 
SPI-1 T3SS29,30,35. We found an average of 3.9 ± 1.3 (median = 4) injec-
tisomes under non-secreting conditions and 13.8 ± 4.2 (median = 13) 
injectisomes under secreting conditions in live Y. enterocolitica (Fig. 2c). 
This is in line with the known upregulation of assembly and resulting 

higher number of injectisomes in secreting bacteria49. Almost no injec-
tisomes were detected in the absence of SctD (median = 0; Fig. 2c) and 
in the cytosol (median = 0–1; Supplementary Fig. 6), highlighting the 
specificity of the detection. Considering the incomplete detection of 
PAmCherry-SctQ molecules via sptPALM imaging (Supplementary 
Fig. 7 and Text 3), we determined the underlying absolute number of 
injectisomes to be 5.1 ± 1.7 injectisomes per non-secreting bacterium 
and 17.9 ± 5.4 injectisomes per secreting bacterium. As noticed in earlier 
studies9,49, many injectisomes were arranged in clusters, especially 
under secreting conditions (Fig. 2b right), indicative of an integration 
of new injectisomes close to existing ones.

Similar to the majority of the SctQ molecules (Fig. 2b), effectors 
and chaperones localize throughout the cytosol in live wild-type  
Y. enterocolitica (ref. 50 and Supplementary Fig. 8). If the effectors 
bind to SctQ in the cytosol in these native conditions, an increasing 
ratio of effectors to sorting platform components should slow down 
SctQ. To exclude any confounding influence of injectisome-bound 
components, we limited our sptPALM analysis to cytosolic trajecto-
ries, which represent ~85% of all trajectories (Supplementary Fig. 9). In 
the absence of effectors, PAmCherry-SctQ mobility peaks at an mjd of 
272.5 nm (mean of 5 nm, bin 270–275 nm) (Fig. 2d), significantly slower 
than in the pYV− strain lacking all other T3SS components (Fig. 1b,c).  
This behaviour indicates the formation of larger complexes that 
include other T3SS components. We defined this fraction (with an 
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membrane-bound injectisome complex) are colored white for better visibility—
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PAmCherry-SctQ foci per bacterial cell detected by sptPALM in the indicated 
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bacterial cells are indicated on top of each bar plot. Box denotes mean and s.d.; 
whisker range corresponds to 5–95%. d, Mobility of cytosolic PAmCherry-SctQ 
molecules in the indicated strain background and conditions. Histogram of mjd 
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and replications for single-particle tracking experiments are summarized in 
Supplementary Table 2.
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mjd of 260–285 nm) as a ‘single pod’. On the basis of this finding and 
interaction data from both our group and others27,28,31,51, we tentatively 
assigned this peak to an SctK(Q(QC)2)4L2N subcomplex (Table 2). 
This composition of the pod structure is further supported by the 
2:1 ratio of SctQ:SctL bound at the injectisome, which we quantified 
by molecule-counting experiments in live and fixed cells (Extended 
Data Fig. 3). In the presence of effectors, the primary observed SctQ 
mobility peak shifts to 252.5 nm. In addition, a pronounced fraction 
of proteins was slowed down even further, to a peak mjd of 177.5 nm  
(Fig. 2d). Since this effect was introduced by the addition of the effec-
tors, we reasoned that these peaks might correspond to ‘single pods 
with effectors’ (235–260 nm) and ‘complete cytosolic sorting plat-
forms’, corresponding to a complex of six pod structures (165–190 nm). 
 Using an mjd of 272.5 nm for the SctK(Q(QC)2)4L2N complex as a refer-
ence, we could predict the expected diffusion of these and other sub-
structures, on the basis of the known molecular mass of the individual 
components (Table 2, Extended Data Fig. 4 and Supplementary Text 1). 
Importantly, we could also calculate the predicted impact of binding 
of an average effector–chaperone complex to the sorting platform 
substructures. The predicted mobility of 252.4 nm for ‘single pods 
with effectors’ and 187.3 nm for ‘complete cytosolic sorting platforms 
with effectors’ upon binding of one effector–chaperone complex 
per SctQ are in striking agreement with the respective observed 
mobility peaks (Fig. 2d, and Tables 2 and 3). Activation of secretion 
retains both the ‘single pods with effectors’ and the ‘complete cyto-
solic sorting platforms with effectors’ peaks, but slightly shifts the 
equilibrium towards the latter (Fig. 2d). Free diffusing PAmCherry, 
used as a control, showed a fast diffusion with a similar broad mjd 
distribution in both secreting and non-secreting conditions (Sup-
plementary Fig. 10). This indicates that parameters that influence 
overall protein mobility, such as the viscosity and molecular crowding 

in the cytosol of Y. enterocolitica, are comparable under both con-
ditions and similar to the strain lacking the complete T3SS (pYV−;  
Fig. 1b,c). Notably, using the ‘single pod’ mjd peak value of 272.5 nm as 
a basis, we could re-evaluate the data obtained for the direct protein 
interactions in the initial experiment (Fig. 1b,c). The observed peak for 

Table 2 | Predicted mobility values for the mean jump distance of sorting platform complexes in the indicated strain 
backgrounds based on their molecular compositions

Without effector(s) With effector(s)

Wild-type strain PAmCh-SctQ Stoichiometry (copy numbers) of possible complexes MW (kDa) 
complex

Calculated 
mjd (nm)

Apparent 
diffusion 
coefficent 
(µm2 s−1)

MW 
(kDa) 
complex

Calculated 
mjd (nm)

Apparent 
diffusion 
coefficent 
(µm2 s−1)

SctK SctQ SctQC SctL SctN Eff. chap. 
compl.

Single pod (a) 1 4 8 2 1 4 451.5 272.5 2.34 714.6 252.4 2.00

Single pod lacking SctK (b) 4 8 2 1 4 427.5 275.0 2.38 690.6 253.9 2.02

Single pod lacking SctN (c) 1 4 8 2 4 403.8 277.6 2.43 666.9 255.4 2.05

SctK(Q(QC)2)4 (d) 1 4 8 4 353.9 283.8 2.54 617.0 258.7 2.10

(SctQ(QC)2)4 (e) 4 8 4 330.0 287.1 2.60 593.0 260.4 2.13

SctQ(QC)2 (f) 1 2 1 82.5 361.7 4.14 148.3 328.1 3.40

Complete sorting platform (g) 6 24 48 12 6 24 2,708.9 202.2 1.27 4,287.4 187.3 1.09

pYV− strains

PAmCh-SctQ 1 1 62.5 378.9 4.54 179.8 317.7 3.19

PAmCh-SctQ(QC)2 1 2 1 82.5 361.7 4.14 199.8 312.2 3.07

Add. poss. pod compositions

Sct(Q(QC)2)2L2N 2 4 2 1 2 262.6 298.3 2.83 497.2 268.2 2.29

Sct(Q(QC)2)2L2 2 4 2 1 214.8 308.4 3.03 332.1 286.8 2.62

SctQ(QC)2L2N 1 2 2 1 1 180.1 317.6 3.21 297.4 292.1 2.72

SctKQL2N 1 1 2 1 1 184.0 316.5 3.19 301.3 291.5 2.70

Calculations are based on the Stokes–Einstein relation and the measured base value of 272.5 nm mean jump distance for the SctK(Q(QC)2)4L2N complex designated as ‘single pod’ (see 
main text and Supplementary Text 1 for details). Letters in italics in the left column refer to depictions of the respective complexes in Extended Data Fig. 4. While single-molecule counting 
experiments (Extended Data Fig. 3) indicate a 2:1 stoichiometry of SctQ:SctL, other studies proposed different stoichiometries of the pod structure31,89. Some of these stoichiometries are 
included at the bottom of the table; the general relation of molecular weight and predicted mobility is described in Supplementary Text 1. Bold font denotes the measured value of the main 
experimental mjd peak in the experiments (Fig. 2d), which was used as base value for all calculations; eff. chap. compl. refer to effector–chaperone complexes. MW, molecular weight. For 
conversion of mjd to appearent diffusion coefficient, see Supplementary Text 4.

Table 3 | Measured peak mean jump distance values

Main peak Secondary peak

PAmCh- 
SctQ

Conditions Observed 
mjd value 
(nm)

Apparent 
diffusion 
coefficent 
(µm2 s−1)

Observed 
mjd value 
(nm)

Apparent 
diffusion 
coefficent 
(µm2 s−1)

WT Δeffectors 272.5 2.34 187.5 1.09

non-secreting 252.5 2.00 177.5 0.98

secreting 247.5 1.92 177.5 0.98

ΔsctD Δeffectors 262.5 2.17

non-secreting 242.5 1.84

ΔsctK Δeffectors 272.5 2.34

non-secreting 242.5 1.84

ΔsctL Δeffectors 302.5 2.89

non-secreting 292.5 2.70

pYV− 362.5 4.16

+YopO-SycO2 322.5 3.28

Peak mjd values for the indicated strains and conditions, as displayed in Figs. 1b, 2d and 3.  
Bold font denotes the measured value of the main experimental mjd peak (Fig. 2d) that serves 
as a reference value to predict the diffusion of other substructures. Mjd values given as the 
centre of the respective 5 nm bin. For conversion of mjd to appearent diffusion coefficient, 
see Supplementary Text 4.
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PAmCherry-SctQ in the pYV− strain background closely matches the 
predicted mobility of a PAmCherry-SctQ(QC)2 complex, which prob-
ably constitutes the basic building block of the sorting platform17,52, 
both alone (observed peak mjd of 362.5 nm, predicted 362 nm) and 
with the bound YopO-SycO2 effector–chaperone complex (observed 
peak mjd of 322.5 nm, predicted 312 nm) (Tables 2 and 3).

Taken together, these data imply that effectors directly bind 
to SctQ in the bacterial cytosol. SctQ itself is present mainly as part 
of larger sorting platform complexes whose composition is further 
changed by the activation of secretion.

Effector binding occurs in the cytosol in wild-type bacteria
To investigate whether the initial interaction between SctQ and 
T3SS effectors occurs in the cytosol, we performed sptPALM of 
PAmCherry-SctQ in a strain lacking the IM ring component SctD. In 
this strain, the sorting platform proteins are completely cytosolic10,28. 
The mobility distribution in the ΔsctD background, including the shift 
from the ‘pod’ to the ‘pod with effectors’ peak (Fig. 3 top), was strik-
ingly similar to that in the WT strain (Fig. 2d). The main difference was 
the expected lack of sorting platform complexes at the membrane 
and a reduced prominence of the ‘complete sorting platform’ peak. 
In contrast to the wild-type strain, the activation of secretion did  
not lead to major changes of diffusion characteristics in ΔsctD, which 
was also expected, as secretion and the upregulation of effector 
expression do not take place in the absence of SctD.

SctK and SctL are not required for effector binding
Having established that effector binding to SctQ occurs in the cytosol 
independently of the basal body in wild-type strains, we wanted to 
determine the influence of the other sorting platform components 
SctK and SctL. To this aim, we tracked the diffusion of PAmCherry-SctQ 
in ∆sctK and ∆sctL strains. Similar to the ΔsctD strain, sorting platform 
proteins are exclusively cytosolic in these strains10,28. Absence of SctK 
led to a similar but slightly faster diffusion compared with ∆sctD (Fig. 3 
centre), compatible with the lack of one SctK molecule from the sorting 
platform pods. Notably, the presence of effectors still caused a clear 
reduction in diffusion, with peak values compatible to the respective 
expected ‘pod’ and ‘pod with effector’ values (Tables 2 and 3). These 
results indicate that while SctK forms part of the pod structure, it is 
not essential for export substrate binding to SctQ, which is consistent 
with our measurements in the pYV− strains (Fig. 1b,c).

The deletion of sctL had a significant effect on the diffusion pro-
file of PAmCherry-SctQ. The ‘complete sorting platform’ peak was 
absent, in line with the central location of SctL in this complex. The 
presence of effectors clearly influenced the diffusion of SctQ even in 
the absence of SctL (Fig. 3 bottom), again in agreement with the previ-
ous finding that SctQ directly binds to effectors. The slower ‘pod with 
effectors’ peak was reduced to a shoulder and shifted to faster diffu-
sion (~260–265 nm), in line with the smaller pod size in the absence of 
SctL (predicted mjd = 259 nm; Tables 2 and 3). However, the fraction of 
faster-diffusing SctQ (peak mjd at 292.5 nm) was increased. This peak 
at slightly below 300 nm was also one of the main peaks in the absence 
of effectors, indicating that the presence of SctL stabilizes effector 
binding. In the absence of effectors, another population (peak mjd of 
337.5 nm) was prominent, which might correspond to an SctK-Q-QC,2 
complex (predicted mjd = 347 nm).

Overall, the diffusion profile of PAmCherry-SctQ ∆sctL closely 
resembled that of PAmCherry-SctQ in pYV− (Fig. 1b,c), indicating that 
SctL is not essential for interaction of effectors with SctQ, but stabi-
lizes effector binding and allows for the formation of higher-order 
structures.

Discussion
In recent years, structural and functional studies have improved our 
understanding of the export mechanism of the T3SS. Cryo-electron 

microscopy of the IM export apparatus indicated possible paths of 
the exported proteins53,54. Further experiments revealed specific inter-
actions between the N-terminal export signal of export substrates 
and export apparatus proteins55–59. We also gained important insight 
into the structure and dynamics of the cytosolic components of the 
T3SS, also called the sorting platform. On the one hand, the sorting 
platform constitutes a clearly defined structure that can be visualized 
in situ7–9,19,60, but on the other hand, it is dynamic: The components 
also form soluble cytosolic complexes27–31,61, and there is an exchange 
between cytosolic and injectisome-bound proteins35. This exchange 
may explain the lack of sorting platforms in purified T3SS needle com-
plexes. In addition, this feature has recently been exploited to control 
T3SS function by optogenetics38.

However, the physiological relevance of this exchange has 
remained unknown; in fact, it is not even clear why the sorting platform 
proteins are necessary for protein export through the T3SS in the first 
place. Protein interactions in transport processes are by definition 
transient and thus difficult to detect; studies on these are accord-
ingly scarce24–26. In Salmonella SPI-1, binding of a virulence effector to 
a high molecular weight SctKQL complex is reduced in the presence 
of a translocator, which needs to be exported earlier. This suggestive 
observation is the basis of the sorting platform model, according to 
which the affinity of different export substrates for the SctQKL complex 
determines their export order24.

Although the sorting platform model has gained popularity, there 
is very limited amount of additional supporting data, and it was unclear 
whether it can be generalized to other organisms. In particular, interac-
tions between effectors and the sorting platform had never been visual-
ized before in live bacteria and it was unknown where such interactions 
occurred. In this work, we explicitly focused on this challenge. ‘Classical’  
biochemical pull-down interaction experiments confirmed known 
interactions within the sorting platform (Supplementary Figs. 2 and 3) 
but yielded little insight into interactions with the export substrates. 
Similarly, detecting the interaction of purified SctQ with the effector 
YopO in vitro required crosslinking, which cannot mimic natural condi-
tions (Extended Data Fig. 2). These results were in line with an inherently 
transient nature of interactions between secretion systems and their 
cargo during export. Therefore, we analysed the binding of export sub-
strates to the sorting platform in situ in live Y. enterocolitica. Proximity 
labelling using a translational miniTurbo-SctQ fusion revealed close 
spatial proximity, indicating direct or indirect interaction of SctQ, 
not only with the sorting platform component SctL, but also with the 
majority of the virulence effectors (Table 1 and Supplementary Table 1).  
Single-particle tracking of fluorescently labelled sorting platform com-
ponents provided us with detailed, highly internally consistent informa-
tion about the mobility of complexes formed in the absence or presence 
of effectors and changes in secreting bacteria (Figs. 1b,c, 2b,d and 3). 
Presence of effectors and their chaperones reduces the mobility of SctQ  
and SctL in live bacteria. This effect occurs both in Y. enterocolitica  
with functional injectisomes (Fig. 2b,d) and in bacteria in which no T3SS 
components other than SctQ/SctL and an effector–chaperone pair 
are present (Fig. 1). This strongly suggests that effectors directly bind 
to the central sorting platform proteins SctQ and SctL in the cytosol. 
For SctQ, the observed changes in the diffusion values are compatible  
with the stoichiometric binding of one effector to PAmCherry-SctQ 
(Tables 2 and 3). While our results did not allow us to distinguish 
between the binding of the effector alone or in complex with a chap-
erone dimer62, various studies showing the binding of chaperones to 
the sorting platform23,25,27,63,64 argue for the latter possibility. Taken 
together, these data support a model of direct binding of effec-
tors to SctQ and SctL, which themselves are part of soluble sorting 
platform complexes. Our data, including the 2:1 stoichiometry of 
injectisome-bound SctQ:SctL (Extended Data Fig. 3), support an 
SctK-(Q(QC)2)4-L2-N complex (see Supplementary Text 5 for extended 
discussion).
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Applying in vivo interaction methods proved essential for deter-
mining the transient interactions underlying protein secretion, which 
are challenging to elucidate by classical methods. Proximity labelling 
is a suitable method to screen for interaction partners, and sptPALM is 
a powerful tool to localize and quantify these interactions. Both meth-
ods allow for the study of the relevant interactions in situ and do not 
require protein purification. In addition, analysing live bacteria with 
the high spatial resolution of PALM yielded additional information on 
the number and composition of injectisome-bound and soluble sorting 
platform complexes (Supplementary Texts 3 and 5). Our work clearly 
highlights that single-particle tracking can be used as a powerful ‘in vivo 
biochemistry’ method.

Our demonstration that effectors bind to the sorting platform in 
live bacteria, together with the exchange of sorting platform proteins 
at the injectisome35, supports a shuttling model. In this proposed 
model, the dynamic cytosolic T3SS components SctK,Q,L,N act as a 
mobile ‘docking complex’ for effector binding. This docking complex 
then delivers the effectors to the core injectisome structure, where 
they are transferred to another substructure, possibly the export 
apparatus (Fig. 4). Notably, structural and in situ fluorescence micros-
copy studies show a high overall occupancy of pod binding sites at the 
injectisome7–9,19,28,60,65, which indicates that the exchange rate of sorting 
platform components is controlled by the dissociation rate and that 
free binding sites are quickly re-occupied. The biological benefit of 
this two-step binding process is yet unclear. One plausible benefit is an 
increased export specificity by the addition of another binding step in 
a different cellular context. It is known that export by the T3SS is highly 
specific despite the lack of clear sequence motifs in the unstructured 
N-terminal secretion signal66. The screening of export substrates by 
the sorting platform, initially using the transient interactions shown 
in our experiments, may be more efficient in the cytosol than in the 
highly sterically restricted injectisome-bound form of the sorting 
platform. Given that the N-terminal T3SS targeting sequence, which 
is necessary and sufficient for export through the injectisome, enters 
the secretion channel first, it is possible that binding of the loaded 
pods to the injectisome triggers the release of the effectors into the 
space surrounded by the pods, the export apparatus and the ATPase. 
Effectors can then insert into the export apparatus58,59. The shuttling 

mechanism might be a way to restrict access of other proteins to this 
privileged space while efficiently delivering bona fide T3SS substrates, 
contributing to the specificity of type III secretion. Similar two-step 
binding processes are known for sec-based protein export67 and the 
export of the T4SS relaxase68,69. Another non-exclusive potential benefit 
is an increased binding capacity for high-affinity export substrates 
before the initiation of secretion. These sorting platform-bound early 
cargo proteins would then be exported in the first wave of secretion, 
whereas the ongoing secretion of late cargo proteins afterwards may 
be largely driven by protein synthesis rates. Overall, this mechanism 
would contribute to an ordered secretion of effectors. Notably, these 
interpretations are highly speculative at this moment and will need to 
be tested in future experiments.

The effector shuttle model can be tested by combining the quan-
titative data presented in this manuscript with existing quantitative 
data on the effector secretion rate and the exchange rate of SctQ at the 
injectisome. For the model to be plausible, the exchange rate of sorting 
platform subunits at the injectisome must match the rate of effector 
export. Our results indicate a stoichiometric binding of one effector 
per SctQ (Tables 2 and 3). This provides a key variable required for 
examining the effector shuttling model: Based on the previously deter-
mined exchange rate of SctQ under secreting conditions (half-time of 
fluorescence recovery after photobleaching t½ = 68.2 s)35 and a stoi-
chiometry of 24 SctQ per injectisome28,29,35 (Extended Data Fig. 3), the 
SctQ exchange rate per injectisome is ~0.51 s−1 (Supplementary Text 6).  
Assuming one exported effector per exchanged SctQ, this value is 
compatible with measured export rates (for example, 7–60 effectors s−1  
per Salmonella with 10–100 SPI-1 injectisomes29,70,71). Notably, SctQ 
exchange was measured in the absence of most effectors and under 
steady-state secreting conditions. In contrast, most export measure-
ments refer to the time directly after activation and to whole bac-
teria or host cells, rather than single injectisomes70,72–74. Also, these 
calculations did not consider effector binding to SctL (and possibly 
to SctQC), which are likely to exchange with injectisome-bound coun-
terparts in subcomplexes with SctQ. Future experiments may include 
the manipulation of sorting platform exchange at the injectisome 
and monitoring of the resulting effect on the efficiency of effector 
export. These studies may reveal whether the exchange of sorting 
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Fig. 3 | Effector binding to SctQ takes place in the cytosol; while SctD, SctK 
and SctL are not required for this, SctL enhances binding and pod formation. 
Left: mobility of PAmCherry-SctQ in Y. enterocolitica lacking the single indicated 
components of the T3SS in the absence (dashed lines) and presence (solid lines) 
of the main T3SS effectors. Histogram of mjd of molecular diffusion, weighted 
for the number of jump distances per trajectory. Vertical bars indicate ranges 

for ‘single pod’ (260–285 nm, blue), ‘single pod with effectors’ (235–260 nm, 
green) and ‘complete sorting platform’ (170–195 nm, purple), as defined in the 
wild-type strain (Fig. 2, see main text for details). Right and centre: trajectories 
in representative bacteria with (right) and without (centre) effectors. Scale bar, 
0.5 µm. Numbers of trajectories and replications for single-particle tracking 
experiments are summarized in Supplementary Table 2.
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platform proteins and their binding to export substrates in the cytosol, 
as demonstrated in this manuscript, are indeed the basis for an effector 
shuttle mechanism.

Taken together, our data provide new key insight into the poorly 
defined initial steps of type III secretion. They reveal that in the bacterial 
cytosol, T3SS effectors already bind to soluble sorting platform com-
plexes, specifically the core sorting platform components SctQ and 
SctL, which shuttle between the cytosol and the membrane-spanning 
injectisome. This mechanism may increase specificity and efficiency 
of T3SS export and impose an order of export on the different classes 
of substrates—two critical aspects for the molecular and physiological 
function of the T3SS. This detailed view into the crucial earliest steps 
of type III secretion is an essential piece of the puzzle for understand-
ing protein export, and for targeted inhibition and biotechnological 
application of the T3SS.

Methods
Bacterial strain generation and genetic constructs
This manuscript uses the common Sct nomenclature of the T3SS 
components75–77. A list of strains and plasmids used in this study can 
be found in Supplementary Table 4, and oligonucleotides used are 
listed in Supplementary Table 5. All Y. enterocolitica strains used in 
this study are based on the Y. enterocolitica wild-type strain MRS40 
or the strain IML421asd (ΔHOPEMTasd). In IML421asd, all major viru-
lence effector proteins (YopH,O,P,E,M,T) are absent and the strain is 
referred to as ∆effector in this study. Furthermore, this strain harbours 
a deletion of the aspartate-beta-semi aldehyde dehydrogenase gene, 
which renders the strain auxotrophic for diaminopimelic acid (DAP), 
making it suitable for work in a biosafety class 1 environment48. To 

ectopically express proteins in Y. enterocolitica, the corresponding 
genes were cloned into expression plasmids. The plasmid sequences 
were confirmed by sequencing, and plasmids were transformed into 
the respective bacteria by electroporation. To co-express the effector 
YopO-Flag and its chaperone SycO from plasmid, SycO and YopO were 
amplified from the pYV virulence plasmid, adding a C-terminal Flag 
tag sequence to YopO to allow detection with an anti-Flag antibody. 
All other fusion proteins used in situ in this study are expressed as 
endogenous translational fusions introduced into the native genetic 
background by allelic exchange43.

Bacterial cultivation, secretion assays and protein analysis
Y. enterocolitica BHI (brain heart infusion broth) day cultures supple-
mented with nalidixic acid (35 mg ml−1), glycerol (0.4%), MgCl2 (20 mM) 
and DAP (60 µg ml−1), where required, were inoculated from stationary 
overnight cultures to an optical density (OD)600 of 0.15 for secreting 
and 0.12 for non-secreting conditions. Where required, ampicillin 
(200 µg ml−1) or chloramphenicol (10 µg ml−1) was added to select for 
the maintenance of the respective expression plasmids. For secret-
ing conditions, 5 mM EGTA was added; for non-secreting conditions, 
5 mM CaCl2 was added to the pre-warmed (~55 °C) medium, which was 
filtered through 0.22 or 0.45 µm filters before the addition of other 
supplements. Unless indicated otherwise, after inoculation, day cul-
tures were incubated at 28 °C for 90 min to allow the bacteria to reach 
exponential growth phase. Expression of the yop regulon including 
the T3SS machinery genes was then induced by a rapid temperature 
shift to 37 °C in a water bath. Where indicated, protein expression from 
plasmid was induced at this point by the addition of l-arabinose (0.2%, 
unless indicated differently).

Presence of e�ectors/secreting conditionsAbsence of e�ectors

Fig. 4 | Model of cytosolic sorting platform complexes incorporating the data 
presented in this study. Soluble sorting platform complexes in the absence 
(left) and presence of effectors under secreting conditions (right).  

Not all possible complexes are depicted, including complexes not interacting 
with effector/chaperone complexes on the right side. See main text and Table 2 
for details.
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For protein secretion assays and analysis of total cellular proteins, 
bacteria were incubated for 3 h at 37 °C. Of the culture, 2 ml was col-
lected after centrifugation at 21,000 g for 10 min. The supernatant 
was removed from the total cell pellet and proteins were precipitated 
by addition of a final concentration of 10% trichloroacetic acid and 
incubation at 4 °C for 1–8 h. Precipitated proteins were collected by 
centrifugation for 15 min at 21,000 g and 4 °C. The pellet was washed 
once with 1 ml ice-cold acetone and subsequently resuspended and nor-
malized in SDS–PAGE loading buffer. Total cellular protein samples were 
normalized to 0.3 OD units (ODu; 1 ODu is equivalent to 1 ml of culture at 
on OD600 of 1, corresponding to ~5 × 108 Y. enterocolitica cells) per 15 µl, 
which is the volume loaded into SDS–PAGE gels. Supernatant samples 
were normalized to 0.6 ODu per 15 µl. Samples were incubated for 10 min 
at 95 °C. Separation was performed on 11–15% SDS–PAGE gels using Pre-
cision Plus All Blue Prestained (Biorad) or Blue Classic Prestained Marker 
( Jena Biosciences) as a size standard. For visualization, the SDS–PAGE 
gels were stained with Instant Blue (Expedeon). For immunoblots, the 
separated proteins were transferred from the SDS–PAGE gel onto a 
nitrocellulose membrane. Primary rabbit antibodies against mCherry 
(Biovision 5993, 1:2,000) or against the Flag peptide (Rockland, 600-
401-383S, 1:5,000) were used in combination with secondary anti-rabbit 
antibodies conjugated to horseradish peroxidase (HRP) (Sigma, A8275, 
1:5,000); for the detection of biotinylated proteins, a streptavidin-HRP 
conjugate was used (Amersham, RPN1231, 1:40,000). For visualization, 
ECL chemiluminescence substrate (Millipore, WBLUF0500) was used 
in a LAS-4000 Luminescence image analyser.

Co-immunoprecipitation using shotgun proteomics
For co-immunoprecipitation (Extended Data Fig. 1), 100 ml of 
non-secreting culture medium were inoculated to an OD600 of ~0.15 and 
treated as described above. After 2.5 h incubation at 37 °C, the cultures 
were transferred to 50 ml tubes and centrifuged at 2,000 g for 15 min 
at 4 °C. Pellets were resuspended in 10 ml of cold phosphate-buffered 
saline (8 g l−1 NaCl, 0.2 g l−1 KCl, 1.78 g l−1 Na2HPO4·2H2O, 0.24 g l−1 
KH2PO4, pH 7.4); the contents of two tubes were pooled and centri-
fuged at 2,000 g for 15 min at 4 °C. The pellet was resuspended in 10 ml 
HNN lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 50 mM NaF, 1 
tablet per 50 ml of cOmplete Mini EDTA-free protease inhibitor (Roche, 
11836170001), filter-sterilized) and frozen at −20 °C overnight. On the 
next day, samples were thawed on ice and cells were mechanically lysed 
using a French Press (G. Heinemann) in a THU-600 BIG 20k cell with 
an opening pressure of 1,241.1 bar. The procedure was repeated 3–4 
times until cell lysates were clear. Afterwards, the bacterial lysate was 
centrifuged at 4,600 g at 4 °C for 45 min to remove insoluble debris.

For affinity purification, 10 µl of bead slurry (RFP-Trap Magnetic 
Agarose, Chromotek) was added to the lysate, which was then incu-
bated for 1 h at 4 °C on a turning wheel. Beads were captured from the 
supernatant with a magnetic rack, washed twice with 1 ml HNN lysis 
buffer and reconstituted in 100 µl HNN lysis buffer. Elution was per-
formed by heat separation for 10 min at 95 °C in 2x SDS–PAGE loading 
buffer (4% sodium dodecyl sulfate (SDS), 0.2 M Tris, 20% glycerol, 0.1 M 
dithiothreitol, bromophenol blue, pH 6.8). To monitor the experimen-
tal steps, samples were taken throughout the whole procedure and 
analysed by immunoblotting.

To remove the SDS, the eluate was precipitated using 7 volumes 
of acetone for 2 h at −20 °C. Following centrifugation, the protein  
pellet was washed twice with 300 µl ice-cold methanol, dried and then 
reconstituted in 100 mM ammonium bicarbonate containing 1 mM 
Tris(2-carboxyethyl)phosphine (TCEP) with additional incubation at 
90 °C for 10 min to reduce disulfide bonds. Alkylation of TCEP-reduced 
disulfide bonds was performed with 5 mM iodoacetamide at 25 °C 
for 30 min in the dark. Trypsin (1 µg) was added for protein digestion 
carried out at 30 °C overnight. The samples were then acidified using 
trifluoroacetic acid and peptides were purified using Chromabond C18 
microspin columns (Macherey-Nagel).

Peptide mixtures were analysed using LC–MS carried out on an 
Exploris 480 instrument connected to an Ultimate 3000 RSLC nano 
with a Prowflow upgrade and a nanospray flex ion source (all Thermo 
Scientific). Peptide separation was performed on a reverse phase 
HPLC column (75 µm × 42 cm) packed in-house with C18 resin (2.4 µm, 
Dr Maisch). The following separation gradient was used: 94% solvent 
A (0.15% formic acid) and 6% solvent B (99.85% acetonitrile, 0.15% for-
mic acid) to 35% solvent B over 40 min. The data were acquired in data 
dependent acquisition mode with the following settings: 1 MS scan at 
a resolution of 60,000 with 25 ms maximum ion injection fill time and 
300% AGC target settings, MS/MS resolution at 15,000 scans with 50 ms 
max. fill time and a cycle time of 1 s. AGC target settings were 200% and 
HCD collision energy set to 27%.

For all label-free quantification, the MS raw data were then ana-
lysed with MaxQuant at standard settings using a protein database con-
taining proteins of the closely related Y. enterocolitica strain W22703 
and of the pYVe227 virulence plasmid (GenBank entry AF102990.1). 
Statistical analysis of the MaxQuant LFQ data was performed on an 
updated SafeQuant R-script to routinely process MaxQuant ‘protein 
groups’ outputs78.

Proximity labelling using miniTurbo and shotgun proteomics
For proximity labelling experiments (Table 1 and Supplementary Table 1),  
bacteria were incubated as described above with the following changes: 
Culture volumes were increased to 20 ml, and 100 µM biotin and 0.1% 
arabinose (for expression of the EGFP-miniturbo control at a level 
comparable to the native miniTurbo-SctQ levels; Supplementary Fig. 11)  
were added at the time of the temperature shift to 37 °C. Cell pellets 
from 15 ml culture were normalized by culture to OD600, collected 
by centrifugation (4,686 g, 4 °C, 8 min) and stored at −20 °C. Pellets 
were thawed on ice, resuspended in 200 µl lysozyme buffer (50 mM 
Tris pH 7.8, 12 mM EDTA, 1.2 mg ml−1 lysozyme) and incubated at 4 °C. 
After 60 min, 200 µl of detergent cocktail (8% 3-[(3-cholamidopropyl) 
dimethylammonio]-1-propanesulfonate hydrate (CHAPS), 8% 
3-[dimethyl(tetradecyl)azaniumyl] propane-1-sulfonate (zwittergent 
3-14), 8% sodium lauroyl sarcosinate (SLS), 0.1% Nonidet P-40 (NP-40), 
40% glycerol) and 40 µl protease inhibitor mix (1 tablet cOmplete Mini 
EDTA-free protease inhibitor (Roche, 11836170001) in 1 ml 50 mM 
Tris-HCl pH 7.8) were added. The resulting bacterial suspensions were 
lysed by sonication (Hielscher, UP200St) until the samples were clear. 
Unlysed cells and other insoluble parts were removed by centrifugation 
at 20,000 g for 20 min at 4 °C. The cleared lysate was transferred to 
purification buffer (50 mM Tris-HCl pH 7.8, 150 mM NaCl, 0.1% Triton 
X-100) using PD MiniTrap Sephadex G-25 columns (Cytiva, 28-9180-07) 
and the volume was adjusted to 10 ml. Biotinylated proteins were sepa-
rated by binding to 40 µl magnetic streptavidin beads (Pierce, 88817) 
on a rotor for 1 h. The beads were washed three times in purification 
buffer and three times in purification buffer without detergent. Beads 
were then resuspended in 100 µl 2% SLS and incubated at 99 °C for 
12 min. This procedure was repeated and the two eluate fractions were 
pooled. The pooled eluate was then precipitated using 7 eluate volumes 
of acetone for at least 2 h at −20 °C. Following centrifugation, the pro-
tein pellet was washed twice with 300 µl ice-cold acetone. The protein 
pellet was dried, reconstituted in 100 mM ammonium bicarbonate 
containing 1 mM TCEP and incubated at 90 °C for 10 min. Alkylation 
of reduced disulfide bonds was performed with 5 mM iodoacetamide 
at 30 min at 25 °C in the dark. Trypsin (1 µg) was added for protein 
digestion carried out at 30 °C overnight. Further sample preparation 
and analytical steps were carried out as described above with identical 
instrumentation and software settings.

Total proteome analysis using shotgun proteomics
For total proteome analysis, cell pellets were resuspended in 2% SLS 
in 100 mM ammonium bicarbonate and heated for 15 min at 90 °C. 
Proteins were then reduced by adding 5 mM TCEP at 95 °C for 15 min, 
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followed by alkylation (10 mM iodoacetamide, 30 min at 25 °C). Total 
protein (50 µg) was then digested with 1 µg trypsin (Serva) overnight 
at 30 °C. Following digestion, SLS was precipitated with trifluoroacetic 
acid (1.5% final concentration) and peptides were purified using Chro-
mabond C18 microspin columns (Macherey-Nagel).

For the data presented in Supplementary Table 3, purified peptides 
were analysed using LC–MS as previously reported79. Briefly, peptides 
were separated as described above, but with 90 min separation at a flow 
rate of 300 nl min−1. MS data were acquired in a Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific) with the following settings: 1 MS scan 
at a resolution of 70,000 with 50 ms max. ion injection fill time, MS/MS at 
17,500 scans of the 10 most intense ions with 50 ms maximum fill time. 
The data were further analysed using MaxQuant78 and SafeQuant80.

Due to an instrumental upgrade, total proteome samples pre-
sented in Supplementary Fig. 5 were analysed on an Exploris 480 con-
nected to an Ultimate 3000 RSLC nano. The LC peptide separating 
gradient was reduced to 60 min (6–35% buffer B). The MS data were 
acquired in data independent acquisition mode (DIA) using 45 windows 
with an isolation window of 14 m/z with 1 m/z overlap (see ref. 81 for 
details). MS scan resolution was set to 120,000 (MS1) and 15,000 (DIA) 
with a scan range of 350–1,400 m/z (MS1) and 320–950 precursor mass 
range (DIA). AGC target settings were 300% (MS1) and 3,000% (DIA) 
with a maximum ion injection time of 50 ms (MS1) and 22 ms (DIA).

DIA data were analysed using DIA-NN (v.1.8)82 and a Y. enterocolitica 
protein database containing proteins of the closely related Y. enterocol-
itica strain W22703 and the pYVe227 virulence plasmid (GenBank entry 
AF102990.1). Full tryptic digest was allowed with two missed cleavage 
sites, and oxidized methionine residues and carbamidomethylated 
cysteine residues. ‘Match between runs’ and ‘remove likely interfer-
ences’ options were enabled. The neural network classifier was set 
to the single-pass mode, and protein inference was based on genes. 
Quantification strategy was set to any LC (high accuracy). Cross-run 
normalization was set to RT-dependent. Library generation was set 
to smart profiling. DIA-NN outputs were further evaluated using R.

Protein purification for in vitro interaction studies
Proteins were expressed in Escherichia coli BL21(DE3) harbouring 
pCDFduet- and pET24b-based expression plasmids (Supplementary 
Table 4). Fresh 200 ml LB liquid media containing 50 µg ml−1 chloram-
phenicol and 5 µg ml−1 kanamycin (for pET24b-based plasmids) or 
50 µg ml−1 streptomycin (for pCDFduet-based plasmids) were inoculated 
with 2 ml of stationary overnight cultures. The cultures were incubated 
at 37 °C with shaking (180 r.p.m.) until they reached an OD600 of 0.4–0.6 
(usually after 3–5 h). At this point, the expression of the proteins was 
induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and 
the cultures were incubated for 12–14 h at 18 °C with shaking (180 r.p.m.). 
After incubation on ice for 15 min, bacteria were collected by centrifuga-
tion (4,000 g, 15 min, 4 °C) and the pellet was washed twice with 25 ml 
ice-cold filtered PBS. After the last wash, the pellet was resuspended in 
10 ml of ice-cold lysis buffer (50 mM NaH2PO4 pH 7.4, 150 mM NaCl, 1 mM 
EDTA, 1 mg ml−1 lysozyme, 5% glycerol, 1% Triton X-100, 1 tablet per 50 ml 
of cOmplete Mini EDTA-free protease inhibitor (Roche, 11836170001)) 
and incubated on a rotatory shaker for 1 h at 4 °C. The cells were mechani-
cally lysed by passing the suspension through a French Press as described 
above for up to five times until the samples become clear. The crude 
lysate was then centrifuged at 4,600 g for 1 h or at 10,000 g for 30 min at 
4 °C to remove insoluble debris. The soluble fraction was filtered through 
a syringe using a 0.22 µm filter to remove any unlysed bacterial cells.

His-tagged fusion proteins were affinity purified by incubating 
the supernatant with 0.5 g of Ni-IDA resin (Protino, Macherey-Nagel, 
745210.120) on a rotary shaker for 1 h at 4 °C. The supernatant 
was removed by centrifugation at 500 g for 1 min. The resin was 
washed three times with 5 bed volumes of ice-cold LEW buffer 
(lysis-elution-wash: 50 mM NaH2PO4 pH 7.4, 150 mM NaCl, 1 mM 
lysozyme, 5 mM beta-mercaptoethanol, 1 mM dithiothreitol (DTT), 

5% glycerol) supplemented with 10 mM imidazole. Elution buffer (2 ml, 
LEW with 250 mM imidazole) was then added to the resin and the resin 
incubated for 5 min at 4 °C. The eluate was collected after centrifuga-
tion at 500 g for 1 min, subsequently transferred to LEW buffer using 
PD MiniTrap Sephadex G-25 columns (Cytiva, 28-9180-07) and con-
centrated using Amicon Ultra 0.5 ml centrifugal filter units (Merck). 
Flag-tagged fusion proteins were purified by incubating the soluble 
cell lysate with pre-equilibrated anti-Flag M2 affinity gel (100 µl–1 ml) 
for 2 h at 4 °C on a rotatory shaker. After incubation, the samples were 
centrifuged at 1,000 g for 5 min at 4 °C to collect the resin. The purifica-
tion was followed by six washes using 5 ml wash buffer (50 mM NaH2PO4 
pH 7.4, 600 mM NaCl, 5% glycerol, 1% Triton X-100) and centrifugation 
at 1,000 g for 5 min at 4 °C. After the last wash, the Flag-tagged proteins 
were eluted in elution buffer (50 mM NaH2PO4 pH 7.4, 150 mM NaCl, 
150 ng ml−1 of 3x Flag peptide). Two resin volumes of elution buffer 
were added to the resin and the resuspension was incubated for 30 min 
on a rotating shaker at 4 °C. The eluate was collected by centrifugation 
at 4,600 g for 30 s at 4 °C and transferred to a fresh microcentrifuge 
tube. Glycerol was added to the eluate to obtain a final concentration 
of 5% and the samples were rapidly frozen using liquid nitrogen. Before 
interaction experiments, the eluate fractions were concentrated in 
storage buffer (20 mM NaH2PO4 pH 7.4, 200 mM NaCl, 5% glycerol and 
1 mM DTT) using Amicon Ultra 0.5 ml centrifugal filter units (Merck). 
Both His-tagged and Flag-tagged purified proteins were flash-frozen 
and stored at −70 °C until further use.

Interaction measurements using biolayer interferometry
In vitro equilibrium interaction measurements were performed on a 
BLItz instrument (ForteBio) at room temperature. Ni-NTA biosensors 
were pre-hydrated for 10 min using BLI buffer (50 mM NaH2PO4, 150 mM 
NaCl, 5 mM beta-mercaptoethanol, 1 mM DTT, 5% glycerol, pH 7.4). 
Increasing concentrations of purified His-YopO and SycO (1, 5, 20 µM) 
were separately immobilized on the Ni-NTA biosensor for 120 s. After 
the loading step, the biosensor was dipped into a tube containing 250 µl 
of BLI buffer for 30 s to remove excess analyte. Next, the biosensor 
was exposed to the target protein (4 µl of SctQ-Flag; 5, 10, 33 µM) for 
120 s (association step), followed by a wash with BLI buffer for 120 s 
(dissociation step). EGFP-His was used as the negative control in this 
experiment. Data were recorded and sensorgrams were generated 
using BLItz Pro software v.1.1.0.31 (Pall ForteBio).

In vitro crosslinking interaction experiments
For in vitro crosslinking, the purified proteins were diluted to a final 
concentration of 5 µM in 200 µl of equilibrium buffer (20 mM NaH2PO4, 
200 mM NaCl, 5% glycerol, 1 mM DTT, pH 7.4). Of the His-tagged protein, 
200 µl (5 µM) were combined with 200 µl of the respective Flag-tagged 
protein (5 µM) and 1% formaldehyde was added to stabilize transient 
interactions. The mixture was incubated on a rotatory shaker at 4 °C for 
the indicated time periods. At the end of the incubation, the crosslink-
ing reaction was quenched using 180 µl of 1 M Tris-HCl pH 8.0. To purify 
the His-tagged protein after crosslinking, 40 µl of Ni-IDA suspension 
(50 mg ml−1 of Ni-IDA suspended in 50 mM NaH2PO4 pH 7.4, 500 mM 
NaCl, 5% glycerol, 1 mM DTT, 5 mM β-mercaptoethanol and 20 mM 
imidazole) were added to each sample and the sample incubated for 
30 min at 4 °C on a rotatory shaker. The resin was collected by cen-
trifugation (500 g, 1 min, 4 °C) and washed six times with 400 µl of 
equilibrium buffer. Elution buffer (200 µl; 50 mM NaH2PO4 pH 7.4, 
500 mM NaCl, 5% glycerol, 1 mM DTT, 5 mM β-mercaptoethanol and 
250 mM imidazole) was added to the washed Ni-IDA resin and the 
resin incubated for 10 min at 4 °C on a rotatory shaker. The eluate was 
removed by centrifugation (500 g, 1 min, 4 °C).

Wide-field fluorescence microscopy
For fluorescence microscopy, bacteria were treated as described above. 
After 2–3 h at 37 °C under secreting conditions, 400 µl of bacterial 
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culture were collected by centrifugation (2,400 g, 2 min) and recon-
stituted in 200 µl minimal microscopy medium (100 mM HEPES 
pH 7.2, 5 mM (NH4)2SO4, 100 mM NaCl, 20 mM sodium glutamate, 
10 mM MgCl2, 5 mM K2SO4, 50 mM 2-(N-morpholino)ethanesulfonic 
acid, 50 mM glycine, 60 µg ml−1 DAP, 5 mM EGTA). Of the resuspen-
sion, 2 µl were spotted on agarose pads (1.5% low-melting agarose 
(Sigma-Aldrich) in minimal microscopy medium) in glass depression 
slides (Marienfeld). Microscopy was performed on a Deltavision Elite 
optical sectioning microscope equipped with an UPlanSApo ×100/1.40 
oil objective (Olympus), using an Evolve EMCCD camera (Photomet-
rics). Exposure times were 200 ms for GFP fluorescence, using a GFP 
filter set (475/28 nm excitation and 525/48 nm emission filter sets) 
and 25 ms for bright field. Per image, a z stack containing 11 frames per 
wavelength with a spacing of 150 nm was acquired. The micrographs 
where subsequently deconvolved using softWoRx 7.0.0 (standard 
‘conservative’ settings). Images were further processed with FIJI (ImageJ 
1.51f/1.52i/1.52n)83. For presentation of micrographs in a figure, repre-
sentative fields of view at central z levels were selected.

Protein stability assay
For the stability assay presented in Supplementary Fig. 5, bacteria were 
grown under non-secreting conditions as described above. After 3 h 
at 37 °C, the OD600 was measured and normalized to 2.5. Tetracycline 
(10 µg ml−1) was added to the cultures to stop the protein biosynthesis, 
and cultures were continuously incubated at 37 °C. Samples (1 ml) 
were taken directly before the addition of tetracycline and at 10, 30 
and 60 min afterwards to monitor protein stability. Samples were 
analysed by total proteome analysis, as described above, and protein 
stability was determined as the ratio of intensity values before and after 
addition of tetracycline.

sptPALM imaging
Y. enterocolitica cells were cultured as described above. After incuba-
tion at 37 °C for 2.5 h in BHI medium, 500 µl of bacterial culture were 
centrifuged for 3 min at 4,000 g at 37 °C and resuspended in 200 µl 
pre-warmed (37 °C) minimal microscopy medium containing the 
same supplements. Bacteria were then incubated at 37 °C with shak-
ing for 30 min and washed four times with 500 µl pre-warmed (37 °C) 
EZ medium (Teknova) supplemented with DAP and either 5 mM CaCl2 
or 5 mM EGTA for non-secreting conditions or secreting conditions, 
respectively. After the final washing step, cells were concentrated by 
resuspending them in 100–200 µl of EZ medium with the supplements 
described above and spotted on precast pads of 1.5% low-melting aga-
rose in EZ medium, again with the supplements described above, on 
a KOH-cleaned microscopy slide in an enclosed area (Thermo Fisher 
Scientific GeneFrame, AB-0577). For fixed-cell experiments, cells were 
fixed with 2% paraformaldehyde (Sigma-Aldrich) for 15 min and washed 
three times with EZ medium before spotting them on the microscopy 
slide. SptPALM experiments were performed on a custom-built setup 
based on an automated Nikon Ti Eclipse microscope housing appropri-
ate dichroic and filters (ET DAPI/FITC/Cy3 dichroic, ZT405/488/561rpc 
rejection filter, ET610/75 bandpass, Chroma) and a CFI Apo TIRF ×100 
oil objective (NA 1.49, Nikon). All lasers (405 nm OBIS, 561 nm OBIS; 
both from Coherent) were modulated via an acousto-optical tunable 
filter (AOTF, Gooch and Housego). Fluorescence signal was detected by 
an EMCCD camera (iXON Ultra 888, Andor) at a pixel size of 129 nm, in 
frame transfer mode and readout parameter settings of EM-gain 300, 
pre-amp gain 2 and 30 MHz readout speed. The z-focus was controlled 
by a commercial perfect focus system (Nikon). Image acquisitions 
were controlled using Micro-Manager (v.1.4.23)84. All live cell sptPALM 
experiments were performed on a custom-built heating stage at 25 °C. 
Live Y. enterocolitica cells were imaged in HILO illumination mode85. 
Applied laser intensities measured after the objective were 35 W cm−2 
(405 nm) and 800 W cm−2 (561 nm). Before the acquisition of each spt-
PALM video, a pre-bleaching step of 561 nm illumination (800 W cm−2) 

was applied for 30 s to the corresponding region of interest to reduce 
autofluorescence. sptPALM videos were then recorded for 20,000 
frames, pulsing the 405 nm laser every 10th imaging frame at 67 Hz 
with an exposure time of 15 ms per frame, while the 561 nm laser was 
continuously active. After each image acquisition, a bright light snap-
shot of the corresponding region was recorded to obtain bacterial 
cell shapes. For stoichiometry experiments of SctQ and SctL in live 
and fixed cells, sptPALM movies were recorded for 80,000 frames to 
ensure a full readout of PAmCherry molecules.

sptPALM post-processing and data analysis
Bacterial cell shapes were extracted from bright light snapshots by 
manually segmenting single bacterial cells using Fiji (ImageJ 1.51 
v/1.52p/1.53c)83. Raw sptPALM movies were processed using rapid-
STORM (3.3.1)86 to obtain single-molecule localizations, fluorescence 
intensities and timepoints of each localization from each individual 
movie, which were saved in localization files. These localization files 
from individual sptPALM movies were then split into localization files 
for each individual bacterial cell using a custom-written Python script 
and the previously extracted bacterial cell shapes. To reduce process-
ing load, localizations for each individual cell were tracked, visualized 
and filtered using the custom-written ‘swift’ tracking software 0.3.1. 
Obtained tracked single-cell localization files originating from the 
same sptPALM movie were then merged, creating a tracked localization 
file for each individual sptPALM movie. For tracking of single-molecule 
localizations, trajectories were allowed to have a maximum of 3 frames 
of dark time (for example, caused by fluorophore blinking) and the mjd 
was calculated for trajectory segments with more than 6 one-frame 
jumps and less than 31 one-frame jumps ( jumps spanning several 
frames due to dark times were not used in mjd calculations). Mean jump 
distances were weighted according to the number of jump distances 
per trajectory segment. Where only the cytosolic fraction of trajecto-
ries was analysed, membrane-bound trajectories were excluded from 
the analysis by overlaying the corresponding bright light image. For 
each trajectory, the mjd was weighted by the number of data points 
used for the mjd calculation (mjd_n) and plotted in a line diagram 
using ‘Origin’ 2019.

Quantification of fluorescent foci
Obtained trajectory segments were assigned to their diffusive states 
(static and mobile) in ‘swift’ on the basis of the experimental localiza-
tion precision of ~25 nm (determined using the NeNA method87) and 
filtered for trajectories assigned to the static diffusive state. To ensure 
that only membrane-bound trajectories were counted, the correspond-
ing bright light image was overlaid and only foci overlapping with the 
cell membrane were included in the analysis. Individual foci were then 
counted manually and plotted in a box diagram using Origin 2019.

The number of trajectories per focus was then quantified by 
extracting the ‘track.ids’ in ‘swift’ from each previously selected focus, 
as the ‘track.id’ is a unique value assigned to each individual trajectory. 
The numbers of individual ‘track.ids’ were then plotted in a box diagram 
using Origin 2019. For all three tested conditions, the determined num-
bers of trajectories were then summarized in one dataset, displayed in 
histograms with a bin size of 1 and then fitted using a custom-written 
script in Python (v.3.8.5) with the binomial distribution probability 
mass function given as:

f (k,n,p) = (n
k
)pkqn−k , where n is the sample size, p is the success 

probability, k the number of successes and q the number of failures. 
The sample size n was defined as the expected number of PAmCherry 
molecules per injectisome (n = 24), k as the number of successfully 
detected PAmCherry molecules per injectisome and our fitting interval 
as the range from k = 1 to k = 24, as by definition we cannot measure 
k = 0. Using the obtained value for p, the frequency of missing all 24 
PAmCherry molecules per injectisome during detection, given as f(0, 
24, p), was calculated using Excel 2019. Previously determined numbers 
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of injectisomes per cell were then corrected by dividing the average 
numbers by 1 − f(0, 24, p).

Measurements of SctQ and SctL stoichiometry in live and fixed 
cells
For quantifying the copy numbers of SctQ and SctL per injectisome, 
full readout sptPALM experiments were performed and recorded data 
were tracked as described above. Corresponding bright light images 
were overlaid to ensure the correct selection of membrane-bound 
foci. The number of trajectories per focus was then again determined 
by extracting the ‘track.ids’ from each selected focus and displayed 
in histograms in Origin 2019, with a bin size of 1 for the SctL datasets 
and a bin size of 2 for the SctQ datasets. The resulting histograms were 
then fitted with the binomial distribution probability mass function as 
described above. Here, the SctL datasets were fitted for a stoichiometry 
of N = 12, and SctQ datasets were fitted for N = 6, 12 or 24. To evaluate the 
goodness of fit for each dataset, the squared correlation coefficient (r2) 
of the histograms and binomial fits were calculated using Excel 2019.

Statistical comparison of protein mobility distributions
To compare the protein mobility distributions of labelled proteins 
in different strain backgrounds and under different conditions, we 
calculated the sum of squared differences (Σ(Δ2)) of the cumulative 
distributions and the squared correlation coefficient (r2) of the dis-
tributions of the mean jump distances determined by sptPALM. Σ(Δ2)  
of 0 and r2 of 1 indicate identical distributions, whereas higher Σ(Δ2) 
and lower r2 indicate differences in the distributions. Note that  
Σ(Δ2) scales with the number of measurements, which was constant 
within individual experiments.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All relevant data are included in the paper and/or its supplementary 
files. The mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE partner repository 
with the dataset identifier PXD044214 (see Supplementary Table 6 for 
assignment). Supplementary videos are accessible at https://doi.org/ 
10.17617/3.HMABQ2. Source data are provided with this paper.

Code availability
Rapidstorm software v.3.3.1 was used for single-molecule localization. 
ImageJ 1.51 v./1.52p/1.53c based Fiji software package was used for cell seg-
mentation. Custom-written tracking software swift was used for tracking, 
visualizing and filtering sptPALM data (http://bit.ly/swifttracking; v.0.3.1, 
used in this manuscript, and all subsequent versions of the software can 
also be obtained upon request to the authors). Binomial distribution fit 
analysis was performed with Python v.3.8.10 using the SciPy optimize 
library. Plotting of data was performed using Origin 2019. Protein data 
were analysed with MaxQuant78 in standard settings. If further statisti-
cal analysis was required, the MaxQuant ‘proteinGroups.txt’ file was 
further evaluated using SafeQuant 2.3.5 (ref. 90, https://github.com/
georgiaAngelidou/SafeQuant.v2.3.5, current versions including DIA-NN 
output processing are available upon request to the authors). Standard 
spreadsheet calculations were performed using Microsoft Excel 2016.

References
1. Costa, T. R. D. et al. Secretion systems in Gram-negative bacteria: 

structural and mechanistic insights. Nat. Rev. Microbiol. 13, 
343–359 (2015).

2. Denise, R., Abby, S. S. & Rocha, E. P. C. The evolution of protein 
secretion systems by co-option and tinkering of cellular 
machineries. Trends Microbiol. 28, 372–386 (2020).

3. Erhardt, M., Namba, K. & Hughes, K. T. Bacterial nanomachines: 
the flagellum and type III injectisome. Cold Spring Harb. Perspect. 
Biol. 2, a000299 (2010).

4. Diepold, A. & Armitage, J. P. Type III secretion systems: the 
bacterial flagellum and the injectisome. Phil. Trans. R. Soc. Lond. 
B 370, 20150020 (2015).

5. Wagner, S. et al. Bacterial type III secretion systems: a complex 
device for the delivery of bacterial effector proteins into 
eukaryotic host cells. FEMS Microbiol. Lett. 365, fny201 (2018).

6. Deng, W. et al. Assembly, structure, function and regulation of 
type III secretion systems. Nat. Rev. Microbiol. 15, 323–337 (2017).

7. Hu, B. et al. Visualization of the type III secretion sorting platform 
of Shigella flexneri. Proc. Natl Acad. Sci. USA 112, 1047–1052 
(2015).

8. Hu, B., Lara-Tejero, M., Kong, Q., Galán, J. E. & Liu, J. In situ 
molecular architecture of the Salmonella type III secretion 
machine. Cell 168, 1065–1074.e10 (2017).

9. Berger, C. et al. Structure of the Yersinia injectisome in 
intracellular host cell phagosomes revealed by cryo FIB electron 
tomography. J. Struct. Biol. 213, 107701 (2021).

10. Diepold, A. et al. Deciphering the assembly of the Yersinia type III 
secretion injectisome. EMBO J. 29, 1928–1940 (2010).

11. Wagner, S. et al. Organization and coordinated assembly of the 
type III secretion export apparatus. Proc. Natl Acad. Sci. USA 107, 
17745–17750 (2010).

12. Diepold, A. & Wagner, S. Assembly of the bacterial type III 
secretion machinery. FEMS Microbiol. Rev. 38, 802–822 (2014).

13. Mueller, C. A. et al. The V-antigen of Yersinia forms a distinct 
structure at the tip of injectisome needles. Science 310, 674–676 
(2005).

14. Park, D. et al. Visualization of the type III secretion mediated 
Salmonella–host cell interface using cryo-electron tomography. 
Elife 7, e39514 (2018).

15. Nauth, T. et al. Visualization of translocons in Yersinia type III 
protein secretion machines during host cell infection. PLoS 
Pathog. 14, e1007527 (2018).

16. Yu, X.-J., Liu, M., Matthews, S. & Holden, D. W. Tandem translation 
generates a chaperone for the Salmonella type III secretion 
system protein SsaQ. J. Biol. Chem. 286, 36098–36107 (2011).

17. Bzymek, K. P., Hamaoka, B. Y. & Ghosh, P. Two translation products 
of Yersinia yscQ assemble to form a complex essential to type III 
secretion. Biochemistry 51, 1669–1677 (2012).

18. Thomas, D. R., Francis, N. R., Xu, C. & DeRosier, D. J. The three- 
dimensional structure of the flagellar rotor from a clockwise- 
locked mutant of Salmonella enterica serovar Typhimurium.  
J. Bacteriol. 188, 7039–7048 (2006).

19. Makino, F. et al. The architecture of the cytoplasmic region of type 
III secretion systems. Sci. Rep. 6, 33341 (2016).

20. Butan, C., Lara-Tejero, M., Li, W., Liu, J. & Galán, J. E. High- 
resolution view of the type III secretion export apparatus in situ 
reveals membrane remodeling and a secretion pathway. Proc. 
Natl Acad. Sci. USA 116, 24786–24795 (2019).

21. Tachiyama, S. et al. The cytoplasmic domain of MxiG interacts 
with MxiK and directs assembly of the sorting platform in the 
Shigella type III secretion system. J. Biol. Chem. https://doi.
org/10.1074/jbc.RA119.009125 (2019).

22. Muthuramalingam, M. et al. The structures of SctK and SctD 
from Pseudomonas aeruginosa reveal the interface of the type 
III secretion system basal body and sorting platform. J. Mol. Biol. 
432, 166693 (2020).

23. Akeda, Y. & Galán, J. E. Chaperone release and unfolding of 
substrates in type III secretion. Nature 437, 911–915 (2005).

24. Lara-Tejero, M., Kato, J., Wagner, S., Liu, X. & Galán, J. E. A sorting 
platform determines the order of protein secretion in bacterial 
type III systems. Science 331, 1188–1191 (2011).

http://www.nature.com/naturemicrobiology
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD044214
https://doi.org/10.17617/3.HMABQ2
https://doi.org/10.17617/3.HMABQ2
http://bit.ly/swifttracking
https://github.com/georgiaAngelidou/SafeQuant.v2.3.5
https://github.com/georgiaAngelidou/SafeQuant.v2.3.5
https://doi.org/10.1074/jbc.RA119.009125
https://doi.org/10.1074/jbc.RA119.009125


Nature Microbiology | Volume 9 | January 2024 | 185–199 197

Article https://doi.org/10.1038/s41564-023-01545-1

25. Spaeth, K., Chen, Y.-S. & Valdivia, R. The chlamydia type III 
secretion system C-ring engages a chaperone-effector protein 
complex. PLoS Pathog. 5, e1000579 (2009).

26. Morita-Ishihara, T. et al. Shigella Spa33 is an essential C-ring 
component of type III secretion machinery. J. Biol. Chem. 281, 
599–607 (2006).

27. Johnson, S. & Blocker, A. J. Characterization of soluble complexes 
of the Shigella flexneri type III secretion system ATPase. FEMS 
Microbiol. Lett. 286, 274–278 (2008).

28. Diepold, A. et al. A dynamic and adaptive network of cytosolic 
interactions governs protein export by the T3SS injectisome. Nat. 
Commun. 8, 15940 (2017).

29. Zhang, Y., Lara-Tejero, M., Bewersdorf, J. & Galán, J. E. 
Visualization and characterization of individual type III protein 
secretion machines in live bacteria. Proc. Natl Acad. Sci. USA 114, 
6098–6103 (2017).

30. Rocha, J. M. et al. Single-molecule tracking in live Yersinia 
enterocolitica reveals distinct cytosolic complexes of injectisome 
subunits. Integr. Biol. 10, 502–515 (2018).

31. Bernal, I. et al. Molecular organization of soluble type III secretion 
system sorting platform complexes. J. Mol. Biol. 431, 3787–3803 
(2019).

32. Lara-Tejero, M. et al. Role of SpaO in the assembly of the sorting 
platform of a Salmonella type III secretion system. PLoS Pathog. 
15, e1007565 (2019).

33. Lara-Tejero, M. The type III secretion system sorting platform. 
Curr. Top. Microbiol. Immunol. 27, 133–142 (2019).

34. Biemans-Oldehinkel, E., Sal-Man, N., Deng, W., Foster, L. J. & 
Finlay, B. B. Quantitative proteomic analysis reveals formation 
of an EscL-EscQ-EscN type III complex in enteropathogenic 
Escherichia coli. J. Bacteriol. 193, 5514–5519 (2011).

35. Diepold, A., Kudryashev, M., Delalez, N. J., Berry, R. M. & 
Armitage, J. P. Composition, formation, and regulation of the 
cytosolic C-ring, a dynamic component of the type III secretion 
injectisome. PLoS Biol. 13, e1002039 (2015).

36. Milne-Davies, B., Wimmi, S. & Diepold, A. Adaptivity and dynamics 
in type III secretion systems. Mol. Microbiol. 115, 395–411 (2021).

37. Wimmi, S. et al. Dynamic relocalization of cytosolic type III 
secretion system components prevents premature protein 
secretion at low external pH. Nat. Commun. 12, 1625 (2021).

38. Lindner, F., Milne-Davies, B., Langenfeld, K., Stiewe, T. & Diepold, A.  
LITESEC-T3SS – light-controlled protein delivery into eukaryotic 
cells with high spatial and temporal resolution. Nat. Commun. 11, 
2381 (2020).

39. Diepold, A. Assembly and post-assembly turnover and dynamics 
in the type III secretion system. Curr. Top. Microbiol. Immunol. 
427, 35–66 (2019).

40. Muthuramalingam, M., Whittier, S. K., Picking, W. L. & Picking, W. D.  
The Shigella type III secretion system: an overview from top to 
bottom. Microorganisms 9, 451 (2021).

41. Diepold, A., Wiesand, U. & Cornelis, G. R. The assembly of the 
export apparatus (YscR,S,T,U,V) of the Yersinia type III secretion 
apparatus occurs independently of other structural components 
and involves the formation of an YscV oligomer. Mol. Microbiol. 
82, 502–514 (2011).

42. Straley, S. The low-Ca2+ response virulence regulon of human- 
pathogenic Yersiniae. Microb. Pathog. 10, 87–91 (1991).

43. Kaniga, K., Delor, I. & Cornelis, G. R. A wide-host-range suicide 
vector for improving reverse genetics in Gram-negative bacteria: 
inactivation of the blaA gene of Yersinia enterocolitica. Gene 109, 
137–141 (1991).

44. Jackson, M. W. & Plano, G. V. Interactions between type III 
secretion apparatus components from Yersinia pestis detected 
using the yeast two-hybrid system. FEMS Microbiol. Lett. 186, 
85–90 (2000).

45. Qin, W., Cho, K. F., Cavanagh, P. E. & Ting, A. Y. Deciphering 
molecular interactions by proximity labeling. Nat. Methods 18, 
133–143 (2021).

46. Branon, T. C. et al. Efficient proximity labeling in living cells and 
organisms with TurboID. Nat. Biotechnol. 36, 880–898 (2018).

47. Manley, S. et al. High-density mapping of single-molecule 
trajectories with photoactivated localization microscopy. Nat. 
Methods 5, 155–157 (2008).

48. Kudryashev, M. et al. In situ structural analysis of the Yersinia 
enterocolitica injectisome. Elife 2, e00792 (2013).

49. Kudryashev, M. et al. Yersinia enterocolitica type III secretion 
injectisomes form regularly spaced clusters, which incorporate 
new machines upon activation. Mol. Microbiol. 95, 875–884 
(2015).

50. Jacobi, C. A. et al. In vitro and in vivo expression studies of yopE 
from Yersinia enterocolitica using the gfp reporter gene. Mol. 
Microbiol. 30, 865–882 (1998).

51. Fadouloglou, V. E. et al. On the quaternary association of the  
type III secretion system HrcQB-C protein: experimental evidence 
differentiates among the various oligomerization models.  
J. Struct. Biol. 166, 214–225 (2009).

52. McDowell, M. A. et al. Characterisation of Shigella Spa33 and 
Thermotoga FliM/N reveals a new model for C-ring assembly in 
T3SS. Mol. Microbiol. 99, 749–766 (2016).

53. Kuhlen, L. et al. Structure of the core of the type III secretion 
system export apparatus. Nat. Struct. Mol. Biol. 25, 583–590 
(2018).

54. Johnson, S., Kuhlen, L., Deme, J. C., Abrusci, P. & Lea, S. M. 
The structure of an injectisome export gate demonstrates 
conservation of architecture in the core export gate between 
flagellar and virulence type III secretion systems. mBio 10, 
e00818-19 (2019).

55. Portaliou, A. G. et al. Hierarchical protein targeting and secretion 
is controlled by an affinity switch in the type III secretion system of 
enteropathogenic Escherichia coli. EMBO J. 36, 3517–3531 (2017).

56. Xing, Q. et al. Structures of chaperone–substrate complexes 
docked onto the export gate in a type III secretion system. Nat. 
Commun. 9, 1773 (2018).

57. Bryant, O. J., Dhillon, P., Hughes, C. & Fraser, G. M. Recognition of 
discrete export signals in early flagellar subunits during bacterial 
type III secretion. Elife 11, e66264 (2022).

58. Miletic, S. et al. Substrate-engaged type III secretion system 
structures reveal gating mechanism for unfolded protein 
translocation. Nat. Commun. 12, 1546 (2021).

59. Hüsing, S. et al. Control of membrane barrier during bacterial 
type-III protein secretion. Nat. Commun. 12, 3999 (2021).

60. Nans, A., Kudryashev, M., Saibil, H. R. & Hayward, R. D. Structure 
of a bacterial type III secretion system in contact with a host 
membrane in situ. Nat. Commun. 6, 10114 (2015).

61. Prindle, J. R., Wang, Y., Rocha, J. M., Diepold, A. & Gahlmann, A. 
Distinct cytosolic complexes containing the type III secretion 
system ATPase resolved by three-dimensional single-molecule 
tracking in live Yersinia enterocolitica. Microbiol. Spectr. 10, 
e0174422 (2022).

62. Wattiau, P. & Cornelis, G. R. SycE, a chaperone-like protein of 
Yersinia enterocolitica involved in Ohe secretion of YopE. Mol. 
Microbiol. 8, 123–131 (1993).

63. Gauthier, A. & Finlay, B. B. Translocated intimin receptor and its 
chaperone interact with ATPase of the type III secretion apparatus 
of enteropathogenic Escherichia coli. J. Bacteriol. 185, 6747–6755 
(2003).

64. Thomas, J., Stafford, G. P. & Hughes, C. Docking of cytosolic 
chaperone-substrate complexes at the membrane ATPase during 
flagellar type III protein export. Proc. Natl Acad. Sci. USA 101, 
3945–3950 (2004).

http://www.nature.com/naturemicrobiology


Nature Microbiology | Volume 9 | January 2024 | 185–199 198

Article https://doi.org/10.1038/s41564-023-01545-1

65. Soto, J. E. & Lara‐Tejero, M. The sorting platform in the type III 
secretion pathway: from assembly to function. BioEssays 45, 
2300078 (2023).

66. Michiels, T. & Cornelis, G. R. Secretion of hybrid proteins by the 
Yersinia Yop export system. J. Bacteriol. 173, 1677–1685 (1991).

67. Tsirigotaki, A., De Geyter, J., Šoštarić, N., Economou, A. & 
Karamanou, S. Protein export through the bacterial Sec pathway. 
Nat. Rev. Microbiol. 15, 21–36 (2017).

68. Chetrit, D., Hu, B., Christie, P. J., Roy, C. R. & Liu, J. A unique 
cytoplasmic ATPase complex defines the Legionella pneumophila 
type IV secretion channel. Nat. Microbiol. 3, 678–686  
(2018).

69. Hu, B., Khara, P. & Christie, P. J. Structural bases for F plasmid 
conjugation and F pilus biogenesis in Escherichia coli. Proc. Natl 
Acad. Sci. USA 116, 14222–14227 (2019).

70. Schlumberger, M. C. et al. Real-time imaging of type III secretion: 
Salmonella SipA injection into host cells. Proc. Natl Acad. Sci. USA 
102, 12548–12553 (2005).

71. Kubori, T. et al. Supramolecular structure of the Salmonella 
typhimurium type III protein secretion system. Science 280, 
602–605 (1998).

72. Enninga, J., Mounier, J. J., Sansonetti, P. J. & Tran Van Nhieu 
Secretion of type III effectors into host cells in real time. Nat. 
Methods 2, 959–965 (2005).

73. Mills, E., Baruch, K., Charpentier, X., Kobi, S. & Rosenshine, I.  
Real-time analysis of effector translocation by the type III 
secretion system of enteropathogenic Escherichia coli. Cell Host 
Microbe 3, 104–113 (2008).

74. Ittig, S. J. et al. A bacterial type III secretion-based protein delivery 
tool for broad applications in cell biology. J. Cell Biol. 211, 913–931 
(2015).

75. Hueck, C. J. Type III protein secretion systems in bacterial 
pathogens of animals and plants. Microbiol. Mol. Biol. Rev. 62, 
379–433 (1998).

76. Portaliou, A. G., Tsolis, K. C., Loos, M. S., Zorzini, V. &  
Economou, A. Type III secretion: building and operating a 
remarkable nanomachine. Trends Biochem. Sci. 41, 175–189 
(2016).

77. Wagner, S. & Diepold, A. A unified nomenclature for injectisome- 
type type III secretion systems. Curr. Top. Microbiol. Immunol. 
427, 1–10 (2020).

78. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational 
platform for mass spectrometry-based shotgun proteomics. Nat. 
Protoc. 11, 2301–2319 (2016).

79. Treuner-Lange, A. et al. PilY1 and minor pilins form a complex 
priming the type IVa pilus in Myxococcus xanthus. Nat. Commun. 
11, 5054 (2020).

80. Glatter, T. et al. Large-scale quantitative assessment of different 
in-solution protein digestion protocols reveals superior cleavage 
efficiency of tandem Lys-C/trypsin proteolysis over trypsin 
digestion. J. Proteome Res. 11, 5145–5156 (2012).

81. Schwabe, J., Pérez-Burgos, M., Herfurth, M., Glatter, T. & 
Søgaard-Andersen, L. Evidence for a widespread third system 
for bacterial polysaccharide export across the outer membrane 
comprising a composite OPX/β-barrel translocon. mBio 13, 
e0203222 (2022).

82. Demichev, V., Messner, C. B., Vernardis, S. I., Lilley, K. S. & Ralser, M.  
DIA-NN: neural networks and interference correction enable deep 
proteome coverage in high throughput. Nat. Methods 17, 41–44 
(2020).

83. Schindelin, J. et al. Fiji: an open-source platform for biological- 
image analysis. Nat. Methods 9, 676–682 (2012).

84. Edelstein, A., Amodaj, N., Hoover, K., Vale, R. & Stuurman, N. 
Computer control of microscopes using µManager. Curr. Protoc. 
Mol. Biol. 92: 14.20.1–14.20.17 (2010).

85. Tokunaga, M., Imamoto, N. & Sakata-Sogawa, K. Highly inclined 
thin illumination enables clear single-molecule imaging in cells. 
Nat. Methods 5, 159–161 (2008).

86. Wolter, S. et al. rapidSTORM: accurate, fast open-source software 
for localization microscopy. Nat. Methods 9, 1040–1041 (2012).

87. Endesfelder, U., Malkusch, S., Fricke, F. & Heilemann, M. A simple 
method to estimate the average localization precision of a 
single-molecule localization microscopy experiment. Histochem. 
Cell Biol. 141, 629–638 (2014).

88. Tyanova, S. et al. The Perseus computational platform for 
comprehensive analysis of (prote)omics data. Nat. Methods 13, 
731–740 (2016).

89. Soto, J. E., Galán, J. E. & Lara-Tejero, M. Assembly and architecture 
of the type III secretion sorting platform. Proc. Natl Acad. Sci. USA 
119, e2218010119 (2022).

90. Ahrné, E. et al. Evaluation and improvement of quantification 
accuracy in isobaric mass tag-based protein quantification 
experiments. J. Proteome Res. 15, 2537–2547 (2016).

Acknowledgements
This work was supported by the Max Planck Society, the Deutsche 
Forschungsgemeinschaft (grant DI 1765/5-1 to A.D.), and the German 
Academic Exchange Service (DAAD) (PPP USA 2021-2023 to A.D.  
and U.E.). We thank L. Weber, University of Bonn, for support with the 
binomial fitting analysis to determine the number of injectisomes 
per bacterium; G. Angelidou, Max Planck Institute for Terrestrial 
Microbiology, Marburg, for support with the statistical analysis of 
the proteomics data; H. Niemann, University of Bielefeld, for critical 
reading of the manuscript; A. Harms and M. Herfurth, Max Planck 
Institute for Terrestrial Microbiology, Marburg for support with the 
in vitro experiments and proximity labelling, respectively; and T. Zhou, 
Vanderbilt University, for language editing.

Author contributions
S.W. performed experiments, assisted in data analysis and participated 
in study design and writing of the manuscript. A.B. operated 
the PALM microscope, performed the majority of sptPALM data 
analysis and participated in writing the manuscript. C.B. performed 
protein purification, interaction experiments and assisted with 
the co-immunoprecipitation experiments. K.P. performed protein 
purification and interaction experiments. J.V. performed proximity 
labelling experiments. B.T. established protocols and contributed code 
for data analysis. C.H., M.F. and K.L. assisted in experiments. T.G. and 
J.K. from the Proteomics facility provided this technology and assisted 
in data evaluation and statistical analysis. U.E. provided supervision, 
performed data analysis, participated in study design and in writing 
the manuscript. A.D. conceived and designed the study, provided 
supervision, performed data analysis and wrote the manuscript.

Funding
Open access funding provided by Max Planck Society.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41564-023-01545-1.

Supplementary information The online version  
contains supplementary material available at  
https://doi.org/10.1038/s41564-023-01545-1.

Correspondence and requests for materials should be addressed to 
Ulrike Endesfelder or Andreas Diepold.

http://www.nature.com/naturemicrobiology
https://doi.org/10.1038/s41564-023-01545-1
https://doi.org/10.1038/s41564-023-01545-1
https://doi.org/10.1038/s41564-023-01545-1
https://doi.org/10.1038/s41564-023-01545-1


Nature Microbiology | Volume 9 | January 2024 | 185–199 199

Article https://doi.org/10.1038/s41564-023-01545-1

Peer review information Nature Microbiology thanks Marc 
Bramkamp, Kelly Hughes and the other, anonymous, reviewer(s) 
for their contribution to the peer review of this work. Peer reviewer 
reports are available.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

http://www.nature.com/naturemicrobiology
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Microbiology

Article https://doi.org/10.1038/s41564-023-01545-1

E.ap.
SctQ SctL SctN SctK SctC SctD SctJ SctV SycD YscG

PAmCh-SctQ +++ +++ ++ + +
PAmCh-SctL ++ +++ + + + + ++
PAmCh-SctN + +++ + ++ + + +

Ruler
SctP SctA SctB SctE YopO YopQ YopP YopM YopH YopE

PAmCh-SctQ + + + + +
PAmCh-SctL + ++ ++ + ++
PAmCh-SctN ++ + +

Export cargo
Translocon Effector proteins

Sorting platform
T3SS machinery

Membrane rings
Chaperones

0

2

4

6

8

0

2

4

6

8

-5 -2.5 0 2.5 5 7.5 10
0

2

4

6

8

-5 -2.5 0 2.5 5 7.5 10

-5 -2.5 0 2.5 5 7.5 10

SctQ

SctL

SctJ

YopO

SctE

YopP

SctL

YopM

YscG
YopQ

YopO

SctV
SctQ

SctN

SctJ
SctP

SycN

SctV

YopQ

lo
g 2(e

nr
ic

hm
en

t o
ve

r c
on

tro
l)

lo
g 2(e

nr
ic

hm
en

t o
ve

r c
on

tro
l)

-log10(p value)

-log10(p value) -log10(p value)

PAmCherry-SctQ

PAmCherry-SctL PAmCherry-SctN

a

b

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Co-immunoprecipitation of labeled sorting platform 
components in live bacteria. a) Summary of the significance of enrichment 
of selected T3SS machinery components (e.ap., export apparatus), effectors 
and chaperones upon co-immunoprecipitation of the sorting platform 
proteins SctQ, SctL, SctN tagged with PAmCherry (PAmCh). +++/++/+ = strong/

intermediate/weak significance of enrichment (both log2(enrichment over 
control) and -log10(p) > 6/4/2 in homoscedastic two-tailed t-tests, respectively; 
see Material and Methods for details). b) Corresponding volcano plots. Bait 
proteins in bold, T3SS components marked by blue dots, names of enriched T3SS 
components indicated. n = 3.
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Extended Data Fig. 2 | In vitro interaction analysis of purified SctQ and 
YopO proteins by crosslinking-purification and biolayer interferometry. 
a) Overview of purified proteins, as indicated, used in the interaction assays. 
SctQM218A-Flag was used to test for the copurification of SctQC in the SctQ-Flag 
purification. Expected sizes from top to bottom: left, His8-YopO, 82.7 kDa; SctQ-
His8, 35.9 kDa; EGFP-His8, 28.5 kDa, copurified SycO, 17.2 kDa; right, Flag-YopH, 
52.3 kDa; SctQ-Flag, 35.8 kDa; EGFP-Flag, 28.4 kDa; copurified SycH, 15.7 kDa; 
copurified SctQC, 10.0 kDa). Note that highly concentrated or acidic proteins, 
such as the T3SS chaperones, may migrate faster than expected on SDS-PAGE 
gels1, compare to panel c for migration at lower concentration. b) Representative 
biolayer interferometry binding sensorgram showing the affinity of SctQ-FLAG 
towards the target His-YopO (bait protein) immobilized on Ni-NTA biosensor tip. 
Varying concentrations of His-YopO, as indicated, were loaded on the tips and 
exposed to different concentrations of SctQ-FLAG for 120 s (association phase), 

followed by a 120 s washing step (dissociation phase). The y-axis displays the shift 
in light wavelength upon binding measured in nanometers (nm) as a function 
of time (seconds). Purified EGFP-FLAG was used as a control. n = 3. c) Left, 
crosslinking-purification assay of the indicated protein pairs. M, input (mixture 
of the indicated proteins); E, eluate after Ni2+-NTA-based purification of proteins 
after 30 min of crosslinking (see Methods for details). Asterisks denote expected 
proteins sizes (from top to bottom, His8-YopO, 82.7 kDa; SctQ-Flag, 35.8 kDa; 
EGFP-Flag, 28.4 kDa). Right, direct comparison of eluate samples from same 
experiment including controls without His-tagged protein, 2x volume loaded 
onto SDS-PAGE gel; asterisks as indicated earlier. d) Quantification of interactions 
by crosslinking. The indicated protein pairs were incubated with crosslinker 
for the indicated periods of time; interaction was quantified by comparing the 
intensity of the respective Flag-tagged protein before and after crosslinking on 
immunoblots using anti-Flag antibodies. n = 3.
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Extended Data Fig. 3 | Determination of the stoichiometry of SctQ and SctL 
per injectisome. Quantification of membrane-bound immobile PAmCherry-SctL 
and PAmCherry-SctQ molecules per injectisome detected by sptPALM, strongly 
indicating the presence of 24 SctQ subunits per injectisome. SctL with a 
stoichiometry of 12 subunits6–10 was used as a reference to determine the 
stoichiometry of SctQ subunits per injectisome. Histograms of detected SctL or 
SctQ molecules per injectisome measured in live cells (a) and fixed cells (b). Blue 
lines represent the corresponding best binomial fit obtained using a custom-
written script in Python (v.3.8.5). a) Live cells: For PAmCherry-SctL, a median of 5 
detected molecules per injectisome was determined (mean: 5.2 ± 2.2); for 
PAmCherry-SctQ, a median of 9 molecules per injectisome (mean: 10.3 ± 4.3). 
This is highly compatible with a 1:2 stoichiometry of SctL:SctQ. Accordingly, 
when comparing the binomial fits of SctL with N = 12 molecules per injectisome 
to the binomial fit of SctQ with N = 24, the detection probabilities p̄ for SctL and 
SctQ are very similar, ( p̄ = 0.44 and p̄ = 0.43, respectively). This is expected as the 
same fluorophore and imaging protocol are used for the read-out of both 
molecules. Thus, the detection probability should not change between SctL and 

SctQ samples. Furthermore, statistical tests confirm a high goodness of fits with 
r2 = 0.89 (SctL, N = 12) and r2 = 0.91 (SctQ, N = 24). In contrast, binominal fits 
assuming N = 12 or N = 6 SctQ subunits per injectisome result in highly dissimilar 
detection probabilities and worse fit to the data with p̄ = 0.86, r2 = 0.78 (N = 12), 
and p̄ = 1.72, r2 = 0.04 (N = 6). b) Fixed cells: A median of 1 detected PAmCherry-
SctL molecule per injectisome (mean: 1.9 ± 1.7) and a median of 3 detected 
PAmCherry-SctQ molecules per injectisome (mean: 4.2 ± 2.8) were detected, 
again compatible with a 1:2 stoichiometry of SctL:SctQ. The decreased number of 
detected molecules compared to the live cell data in a) can be explained by 
altered photophysics and lower chromophore retention of PAmCherry in fixed 
cells, which leads to less efficient detection11–13. Similar to the live cell data in a), a 
stoichiometry of N = 24 for SctQ yields very similar detection probabilities, 
compared to the N = 12 reference for SctL, and good fits to the data ( p̄ = 0.16 and 
p̄ = 0.17, r2 = 0.99 and r2 = 0.94, for SctL and SctQ, respectively), whereas N = 12 or 
N = 6 for SctQ result in highly different detection probabilities and worse fits to 
the data (p̄ = 0.35, r2 = 0.94 for N = 12; p̄ = 0.69, r2 = 0.62 for N = 6).
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Extended Data Fig. 4 | Sorting platform subcomplex compositions. Depiction 
of sorting platform proteins and subcomplexes binding to effectors, as used for 
calculations of predicted mobility values for the mean jump distance in Table 2.  

Letters refer to subcomplexes listed in Table 2: a) Single pod; b) Single pod 
lacking SctK; c) Single pod lacking SctN; d) SctK(Q(QC)2)4; e) (SctQ(QC)2)4; f) 
SctQ(QC)2; g) Complete sorting platform. *, SctQ depicts SctQ(QC)2 subcomplex.
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