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Bacteria use type Ill secretion injectisomes to inject effector proteinsinto
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 enterocoliticarevealed a directinteraction 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 uponiinitiation of secretion, which also increases
the number of injectisomes from -5 to ~18 per bacterium. Our quantitative
datasupport 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 cells'*.
Thetypelllsecretion system (T3SS) is the basis for both export of flagel-
lar subunits and the injection of proteins from the bacterial cytosolinto
the cytoplasm of eukaryotic target cells by injectisomes™*. Hereafter, we
use ‘T3SS’ torefer to the injectisome, whichis essential for the virulence
ofimportantanimal and plant pathogens but also participatesin com-
mensalism and symbiosis. While this functional diversity is reflected
inawide range of species-specific translocated effector proteins, the
components* and overall structure’’ of the injectisome itself are con-
served (Fig. 1a). After the assembly of the core of the machinery’® ", the

system exports early secretion substrates such as the needle subunit.
Uponneedle assembly, middle substrates, such as the protein-forming
needletip, are exported and assembled. At this point, the injectisome
isinasteady 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
ahydrophobic translocon pore in the target membrane™ ™,
Although the translocation of effectors from the bacterial cytosol
into host cells is the central feature of virulence-associated type Il
secretion, the recruitment and path of the effectors to and through
theinjectisome are poorly understood: How are the effectorsrecruited
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Fig.1|Effectors directly interact with sorting platform componentsinlive
bacteria. a, Schematic representation of effector export by the T3SS. Proteins
studied in this report are highlighted. b, Mobility of indicated sorting platform
componentsin Y. enterocoliticalacking all other components of the T3SS (pYV")
inthe 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
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squared differences (X(A?)) of the cumulative distributions were 0.415 for

SctQ, 0.413 for SctL and 0.003 for SctN; the squared correlation coefficients (r?)
of the distributions were 0.906 for SctQ, 0.906 for SctL and 0.984 for SctN.

¢, Trajectories in representative bacteria. Scale bar, 0.5 pm. Numbers of
trajectories and replications for single-particle tracking experiments are
summarized in Supplementary Table 2.

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’, aset of proteins consisting of the cytosolic
T3SScomponentsSctQ, SctKkandSctL, maygoverntheseevents (Fig.1a).
SctQisahomologue of the flagellar C-ring proteins FliM and FIiN. While
full-length SctQ is mostly homologous to FliM, an internal transla-
tioninitiation site leads to the expression of an additional C-terminal
fragment, SctQ, with strong homology to FliN'®". Surprisingly, the
quaternary structure of the cytosolic complex is strikingly different
between the flagellum and the injectisome. While in the flagellum,
FIiMN forms a continuous ring structure involved in switching the
direction of flagellar rotation’®, six distinct pod structures form the
cytosolicinterface of the injectisome”**?°, Per pod, one copy of SctK,
a protein without clear flagellar homologue®**?, connects a core of
several copies of SctQ and probably SctQ 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 chaperones®. 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 electrophoresis**. Notably,

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 porein the host cell (Fig. 1a). This
indicatesthat export order may depend on the affinity of substrates to
SctQKL, whichis the basis of the ‘sorting platform’ model**. The direct
binding of a general effector chaperone to SctQ has also been shown
in Chlamydia by yeast-two-hybrid analysis®; furthermore, pull-down
experiments indicate a direct interaction of SctQ with T3SS effectors
in Shigella flexneri®®.

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
cytosol**»*~3* Notably, sorting platform subunits exchange between
thesoluble and theinjectisome-bound state®. This exchangeis corre-
lated with the function of the injectisome?**¢, We recently showed that
the dynamic nature of the sorting platform allows for the adaptation
of protein secretion to external conditions”. 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 secretion™,

In line with its continuous binding and unbinding at the injecti-
some, the sorting platform has been proposed to shuttle effectors
fromthe cytosol totheinjectisome orincrease the local concentration
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of exportsubstrates at the injectisome®*>*>***°, 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 isaninte-
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
orinvivo. This lack of detection might be aconsequence of the inher-
ently transient nature of suchinteractions 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 proteins'®**!
and the possibility to efficiently control secretion by modulating exter-
nal calcium levels*? make Y. enterocolitica an excellent model organism
forsuchstudies. Inagreement 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
inlivebacteria. Thisinteraction occursin the cytosoland 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 Il
secretionand the path of T3SS effectors before their translocationinto
target cells, and could serve as a stepping stone for further investiga-
tion of other secretion systems and their targeted inhibition.

Results

SctQand SctL directly bind to effectorsinlive 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
exchange®. 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,
whichinduces 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
cytosoliccomponents foundin earlier studies?2%***: SctL was highly
significantly enriched in the PAmCherry-SctQ immunoprecipitation,
while the significance of enrichment of the peripheral components SctkK
and especially SctN was lower (Extended Data Fig. 1). Although some
exportsubstrates were detected, their enrichment wasless consistent,
probably due to their transient interaction with the sorting platform.
Interpretation of these results is complicated by unspecificinteractions
of the sorting platform proteins, visible in the asymmetric profiles
of the volcano plots. Specific interactions between purified SctQ (in
complexwithSctQ.) and the native Y. enterocolitica effector YopO (in
complex with its chaperone SycO) were detected upon crosslinking
invitro, 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 suchinteractions are best analysed in live bacteria, we per-
formed invivo proximity labelling* using an endogenously expressed
fusion of the unspecific biotin ligase miniTurbo*® to SctQ. Proteins
near miniTurbo-SctQ are preferentially biotinylated and can then

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

Protein Enrichment Pvalue
factor
Sorting platform protein SctQ (bait) 16.61 0
Effector YopH 2.4 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 157 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 Perseus®. See Supplementary Table 1 for details.

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)* in live bacteria.
This method allows tracking of the movement of labelled proteins by
high-speed microscopy. This movement is expressed as the meanjump
distance (mjd) of the protein between successive microscopy images.
Higher mjd values indicate faster diffusion and a smaller size of the pro-
teinor protein complex (Supplementary Text1). As aninsitu 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
interactionsin Y. enterocoliticastrains lacking the plasmid for Yersinia
virulence (pYV), whichencodes 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 expressedin the same strainbackground asa control,
displayed the fastest diffusion, as expected due to its lower molecular
weight (Supplementary Fig.4 and Datal). Our experiments show thatin
live bacteria, diffusion of both PAmCherry-SctQ and PAmCherry-SctL
was slowed downin the presence of YopO and SycO, revealing aninflu-
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 Data1l).

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

Effectors influence mobility of sorting platform complexes

Tostudy 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
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Fig.2|Presence of effectors influences the localization and mobility of the
main sorting platform component SctQ. a, Ratio of the total quantity of T3SS
effectors and SctQ as detected by label-free total cell mass spectrometry in the
indicated Y. enterocolitica strain backgrounds and conditions. n = 3 biologically
independent samples, single data pointsindicated, error bars denote s.d. See
Supplementary Table 3 for underlying proteomics data. b, Representative
PAmCherry-SctQ sptPALM trajectories, colored according to their mjd value.
Immobile trajectories (representing SctQ in sorting platforms bound to the
membrane-bound injectisome complex) are colored white for better visibility—
henceindependent of the quantitative color scale. Scale bar, 0.5 pm; average
number of injectisomes indicated at the bottom. ¢, Quantification of stable
PAmCherry-SctQ foci per bacterial cell detected by sptPALM in the indicated
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Y.enterocolitica strain backgrounds and conditions. Numbers next to each

bar plotindicate the corresponding median value; total numbers of analysed
bacterial cells are indicated on top of each bar plot. Box denotes mean ands.d.;
whisker range corresponds to 5-95%. d, Mobility of cytosolic PAmCherry-SctQ
molecules in the indicated strain background and conditions. Histogram of mjd
of molecular diffusion, weighted by the number of jump distances. Vertical bars
indicate the range of maximal mean jump distances +12.5 nm, interpreted as
‘single pod’ (260-285 nm, blue), ‘single pod with effectors’ (235-260 nm, green)
and ‘complete sorting platform’ (170-195 nm, purple). Numbers of trajectories
and replications for single-particle tracking experiments are summarized in
Supplementary Table 2.

interaction pattern of PAmCherry-SctQwith YopO/SycO showninthe
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,0,P,E,M,T*¢ (hereafter called Aeffectors), (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
SctQincreased 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, asecond, 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
SctLin Y. enterocolitica, as well as the sorting platform proteins of the
SPI-1 T3SS%3%%, 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 conditionsinlive Y. enterocolitica (Fig. 2c).
This is in line with the known upregulation of assembly and resulting

higher number of injectisomes in secreting bacteria*. Almost noinjec-
tisomes were detected in the absence of SctD (median = O; Fig. 2c) and
inthe 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
and17.9 + 5.4 injectisomes per secreting bacterium. Asnoticed inearlier
studies”*, many injectisomes were arranged in clusters, especially
under secreting conditions (Fig. 2b right), indicative of anintegration
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, whichrepresent -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, bin270-275 nm) (Fig. 2d), significantly slower
thaninthe pYV strainlacking 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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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) Calculated Apparent MW Calculated Apparent
Sctk SctQ SctQ, SctL SctN (E:Zf:;fp. complex  mjd (nm) ::;‘;fslf:m g:ﬁ'))l ox mid (nm) g:::;fsi;;"m
’ (um?s™) (pm?s™)
Single pod (a) 1 4 8 2 1 4 451.5 272.5 2.34 746 2524 2.00
Single pod lacking SctK (b) 4 8 2 1 4 4275 275.0 2.38 690.6 253.9 2.02
Single pod lacking SctN (c) 1 4 8 2 4 403.8 2776 2.43 666.9 255.4 2.05
SctK(Q(Qc),)4 (d) 1 4 8 4 353.9 283.8 2.54 617.0 258.7 210
(SctQ(Qc),)4 (e) 4 8 4 330.0 2871 2.60 593.0 260.4 213
SctQ(Qg);, () 1 2 1 82.5 3617 414 148.3 3281 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 3177 319
PAMCh-SctQ(Q.), 1 2 1 82.5 361.7 414 199.8 312.2 3.07
Add. poss. pod compositions
Sct(Q(Qc),).L.N 2 4 2 1 2 262.6 298.3 2.83 4972 268.2 2.29
Sct(Q(Qc),).Lo 2 2 1 214.8 308.4 3.03 3321 286.8 2.62
SctQ(Qe),L,N 1 2 1 1 180.1 317.6 3.21 2974 2921 272
SctKQL,N 1 1 2 1 1 184.0 316.5 319 301.3 2915 270

Calculations are based on the Stokes-Einstein relation and the measured base value of 272.5nm mean jump distance for the SctK(Q(Q(),),L,N 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 structure®°, 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.

mjd of 260-285 nm) as a ‘single pod’. On the basis of this finding and
interaction datafromboth our group and others??***!, we tentatively
assigned this peak to an SctK(Q(Qc),),L,N subcomplex (Table 2).
This composition of the pod structure is further supported by the
2:1ratio of SctQ:SctL bound at the injectisome, which we quantified
by molecule-counting experiments in live and fixed cells (Extended
DataFig.3).Inthe 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, wereasoned that these peaks might correspond to ‘single pods
with effectors’ (235-260 nm) and ‘complete cytosolic sorting plat-
forms’,correspondingtoacomplexofsix podstructures (165-190 nm).
Using an mjd of 272.5 nm for the SctK(Q(Q),),L,N complex as arefer-
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 DataFig. 4 and Supplementary Text1).
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

Table 3 | Measured peak mean jump distance values

Main peak Secondary peak
PAMCh- Conditions Observed Apparent Observed Apparent
SctQ mjdvalue diffusion mjdvalue diffusion
(nm) coefficent (nm) coefficent
(1m?s™) (um?s™)
WT Aeffectors 272.5 2.34 187.5 1.09
non-secreting  252.5 2.00 1775 0.98
secreting 2475 1.92 1775 0.98
AsctD Aeffectors 262.5 217
non-secreting  242.5 1.84
AsctK Aeffectors 272.5 2.34
non-secreting  242.5 1.84
AsctL Aeffectors 302.5 2.89
non-secreting  292.5 2.70
pYV™ 362.5 416
+YopO-SycO, 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 5nm bin. For conversion of mjd to appearent diffusion coefficient,
see Supplementary Text 4.

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
abasis, we could re-evaluate the data obtained for the direct protein
interactionsintheinitial experiment (Fig.1b,c). The observed peak for
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PAmCherry-SctQin the pYV~ strain background closely matches the
predicted mobility of a PAmCherry-SctQ(Qc), complex, which prob-
ably constitutes the basic building block of the sorting platform'”2,
both alone (observed peak mjd of 362.5 nm, predicted 362 nm) and
with the bound YopO-SycO, 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 cytosolic'**,
The mobility distributionin the AsctD background, including the shift
from the ‘pod’ to the ‘pod with effectors’ peak (Fig. 3 top), was strik-
ingly similar to thatin the WT strain (Fig. 2d). The main difference was
the expected lack of sorting platform complexes at the membrane
and areduced prominence of the ‘complete sorting platform’ peak.
In contrast to the wild-type strain, the activation of secretion did
notlead to major changes of diffusion characteristics in 4sctD, 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 occursinthe 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
inAsctKand AsctL strains. Similar to the AsctD strain, sorting platform
proteins are exclusively cytosolicin these strains'®*, Absence of SctK
led to asimilar butslightly faster diffusion compared with AsctD (Fig. 3
centre), compatible with thelack 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 s consistent
with our measurementsin 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 evenin
the absence of SctL (Fig. 3 bottom), againinagreement with the previ-
ous finding that SctQdirectly 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
atslightly below 300 nm was also one of the main peaksin 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,
complex (predicted mjd =347 nm).

Overall, the diffusion profile of PAmCherry-SctQ 4sctL closely
resembled that of PAmCherry-SctQinpYV™ (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 proteins®***. Further experiments revealed specificinter-
actions between the N-terminal export signal of export substrates
and export apparatus proteins®~’, 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 situ’”**°, but on the other hand, it is dynamic: The components
also form soluble cytosolic complexes” "', and there is an exchange
between cytosolic and injectisome-bound proteins®. This exchange
may explain the lack of sorting platformsin purified T3SS needle com-
plexes.Inaddition, this feature has recently been exploited to control
T3SS function by optogenetics™.

However, the physiological relevance of this exchange has
remained unknown;infact, itis noteven 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 scarce? . In Salmonella SPI-1, binding of a virulence effector to
a high molecular weight SctKQL complex is reduced in the presence
of atranslocator, which needs to be exported earlier. This suggestive
observation is the basis of the sorting platform model, according to
whichthe affinity of different export substrates for the SctQKL complex
determines their export order®.

Although the sorting platform model has gained popularity, there
is very limited amount of additional supporting data, and it was unclear
whether it canbe generalized to other organisms. In particular, interac-
tions between effectors and the sorting platform had never been visual-
ized beforeinlive bacteriaand it was unknown where such interactions
occurred. Inthis work, we explicitly focused on this challenge. ‘Classical’
biochemical pull-down interaction experiments confirmed known
interactions within the sorting platform (Supplementary Figs.2and 3)
butyielded little insight into interactions with the export substrates.
Similarly, detecting the interaction of purified SctQ with the effector
YopOinvitrorequired crosslinking, which cannot mimic natural condi-
tions (Extended DataFig. 2). These results wereinline with aninherently
transient nature of interactions between secretion systems and their
cargo during export. Therefore, we analysed the binding of export sub-
stratesto thesorting platforminsituinlive 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 1and Supplementary Table1).
Single-particle tracking of fluorescently labelled sorting platform com-
ponents provided us with detailed, highly internally consistent informa-
tionabout the mobility of complexes formed inthe 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 functionaliinjectisomes (Fig. 2b,d) andin bacteriain whichno 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 dimer®, various studies showing the binding of chaperones to
the sorting platform?*>>?7%*¢* 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(Q),)+-L,-N complex (see Supplementary Text 5 for extended
discussion).
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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-SctQin Y. enterocoliticalacking 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 barsindicate 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
inrepresentative bacteria with (right) and without (centre) effectors. Scale bar,
0.5 um. Numbers of trajectories and replications for single-particle tracking
experiments are summarized in Supplementary Table 2.

Applyinginvivo interaction methods proved essential for deter-
mining the transientinteractions underlying protein secretion, which
are challenging to elucidate by classical methods. Proximity labelling
isasuitable methodto screenfor interaction partners, and sptPALMis
apowerfultooltolocalize 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 PALMyielded 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 platformin
live bacteria, together with the exchange of sorting platform proteins
at the injectisome™, 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
injectisome’ 25695 whichindicates 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 benefitis an
increased export specificity by the addition of another binding stepin
adifferent cellular context. It is known that export by the T3SSis highly
specific despite the lack of clear sequence motifs in the unstructured
N-terminal secretion signal®. 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
isnecessary 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 theninsert into the export apparatus®®**. 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 Ill secretion. Similar two-step
binding processes are known for sec-based protein export®” and the
exportofthe T4SSrelaxase®®*’. Another non-exclusive potential benefit
is an increased binding capacity for high-affinity export substrates
before theinitiation 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 momentand will need to
betested in future experiments.

The effector shuttle model can be tested by combining the quan-
titative data presented in this manuscript with existing quantitative
dataonthe 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 t,, = 68.2 s)* and a stoi-
chiometry of 24 SctQ per injectisome?**>* (Extended DataFig. 3), the
SctQexchange rate per injectisomeis ~0.51 s (Supplementary Text 6).
Assuming one exported effector per exchanged SctQ, this value is
compatible with measured export rates (for example, 7-60 effectorss™
per Salmonella with 10-100 SPI-1 injectisomes*’*’"). 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 injectisomes’®’>7, Also, these
calculations did not consider effector binding to SctL (and possibly
toSctQ), which arelikely to exchange with injectisome-bound coun-
terpartsinsubcomplexes 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. 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.

platform proteins and their binding to export substratesin the cytosol,
asdemonstrated in this manuscript, areindeed the basis for an effector
shuttle mechanism.

Taken together, our data provide new key insight into the poorly
defined initial steps of type lll secretion. They reveal thatin 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 typelll 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
components” . 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 (AHOPEMTasd). In IML421asd, all major viru-
lence effector proteins (YopH,0,P,E,M,T) are absent and the strain is
referred to as Aeffectorin this study. Furthermore, this strain harbours
adeletion 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 environment*. 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
therespective bacteria by electroporation. To co-express the effector
YopO-Flagandits 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 exchange*.

Bacterial cultivation, secretion assays and protein analysis
Y.enterocolitica BHI (brain heart infusion broth) day cultures supple-
mented with nalidixicacid (35 mg ml™), glycerol (0.4%), MgCl, (20 mM)
and DAP (60 pg ml™), where required, were inoculated from stationary
overnight cultures to an optical density (OD),,, of 0.15 for secreting
and 0.12 for non-secreting conditions. Where required, ampicillin
(200 pg ml™) or chloramphenicol (10 pg ml™) 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 CaCl, was added to the pre-warmed (-55 °C) medium, which was
filtered through 0.22 or 0.45 pm filters before the addition of other
supplements. Unless indicated otherwise, after inoculation, day cul-
tures were incubated at 28 °C for 90 minto allow the bacteriatoreach
exponential growth phase. Expression of the yop regulon including
the T3SS machinery genes was then induced by a rapid temperature
shiftto37 °Cinawater bath. Where indicated, protein expression from
plasmid was induced at this point by the addition of L-arabinose (0.2%,
unless indicated differently).
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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 15min at 21,000 g and 4 °C. The pellet was washed
oncewith1mlice-cold acetone and subsequently resuspended and nor-
malized in SDS-PAGE loading buffer. Total cellular protein samples were
normalized to 0.3 0D units (ODu;10Duis equivalentto1 mlof culture at
on 0Dy, 0f 1, corresponding to ~5 x 108 Y. enterocolitica cells) per 15 l,
whichis the volume loaded into SDS-PAGE gels. Supernatant samples
werenormalizedto 0.6 ODu per15 pl. Samples were incubated for 10 min
at 95 °C. Separation was performed on11-15% SDS-PAGE gels using Pre-
cision Plus All Blue Prestained (Biorad) or Blue Classic Prestained Marker
(JenaBiosciences) as a size standard. For visualization, the SDS-PAGE
gels were stained with Instant Blue (Expedeon). Forimmunoblots, 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, astreptavidin-HRP
conjugate was used (Amersham, RPN1231,1:40,000). For visualization,
ECL chemiluminescence substrate (Millipore, WBLUF0500) was used
inaLAS-4000 Luminescence image analyser.

Co-immunoprecipitation using shotgun proteomics

For co-immunoprecipitation (Extended Data Fig. 1), 100 ml of
non-secreting culture mediumwereinoculated to an 0D, of ~0.15and
treated as described above. After 2.5 hincubation at 37 °C, the cultures
were transferred to 50 ml tubes and centrifuged at 2,000 g for 15 min
at4 °C.Pellets were resuspended in 10 ml of cold phosphate-buffered
saline (8 g1™ NaCl, 0.2g 1" KCI, 1.78 g1 Na,HPO,-2H,0, 0.24 g I!
KH,PO,, pH 7.4); the contents of two tubes were pooled and centri-
fuged at 2,000 gfor15 minat4 °C.The pellet was resuspended in 10 ml
HNN lysis buffer (50 mM HEPES pH 7.5,150 mM NacCl, 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 onice 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 at4,600 gat4 °C for 45 min to remove insoluble debris.

For affinity purification, 10 pl of bead slurry (RFP-Trap Magnetic
Agarose, Chromotek) was added to the lysate, which was then incu-
bated for1hat4 °Conaturning wheel. Beads were captured from the
supernatant with a magnetic rack, washed twice with 1 mI HNN lysis
buffer and reconstituted in 100 pl HNN lysis buffer. Elution was per-
formed by heat separation for 10 min at 95 °Cin 2x SDS-PAGE loading
buffer (4% sodium dodecyl sulfate (SDS), 0.2 M Tris, 20% glycerol, 0.1 M
dithiothreitol, bromophenolblue, 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 plice-cold methanol, dried and then
reconstituted in 100 mM ammonium bicarbonate containing 1 mM
Tris(2-carboxyethyl)phosphine (TCEP) with additional incubation at
90 °Cfor10 mintoreduce disulfide bonds. Alkylation of TCEP-reduced
disulfide bonds was performed with 5 mM iodoacetamide at 25 °C
for 30 minin the dark. Trypsin (1 pg) 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 pm x 42 cm) packed in-house with C18 resin (2.4 pm,
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-
micacid) to35% solvent B over 40 min. The datawere acquiredindata
dependent acquisition mode with the following settings: 1 MS scan at
aresolution of 60,000 with 25 ms maximum ioninjection fill time and
300% AGCtarget settings, MS/MS resolution at 15,000 scans with 50 ms
makx.filltime and a cycle time of 1s. 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’ outputs’®,

Proximity labelling using miniTurbo and shotgun proteomics
For proximity labellingexperiments (Table1and Supplementary Table1),
bacteriawereincubated as described above with the following changes:
Culture volumes were increased to 20 ml, and 100 puM biotin and 0.1%
arabinose (for expression of the EGFP-miniturbo control at a level
comparableto 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 OD,, collected
by centrifugation (4,686 g, 4 °C, 8 min) and stored at 20 °C. Pellets
were thawed on ice, resuspended in 200 pl lysozyme buffer (50 mM
Tris pH 7.8,12 mM EDTA, 1.2 mg ml lysozyme) and incubated at 4 °C.
After 60 min, 200 pl 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 pl protease inhibitor mix (1tablet cOmplete Mini
EDTA-free protease inhibitor (Roche, 11836170001) in 1 ml 50 mM
Tris-HCIpH7.8) were added. Theresulting bacterial suspensions were
lysed by sonication (Hielscher, UP200St) until the samples were clear.
Unlysed cellsand otherinsoluble 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-HCI pH 7.8,150 mM NacCl, 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 pl magnetic streptavidin beads (Pierce, 88817)
on arotor for 1h. The beads were washed three times in purification
buffer and three times in purification buffer without detergent. Beads
were then resuspended in 100 pl 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 acetoneforatleast2 hat-20 °C. Following centrifugation, the pro-
tein pellet was washed twice with 300 plice-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 mMiodoacetamide
at 30 min at 25 °C in the dark. Trypsin (1 pg) was added for protein
digestion carried out at 30 °C overnight. Further sample preparation
and analytical steps were carried out as described above withidentical
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 pg) was then digested with 1 pg trypsin (Serva) overnight
at30 °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).

Forthe datapresentedin Supplementary Table 3, purified peptides
were analysed using LC-MS as previously reported”. Briefly, peptides
were separated as described above, but with 90 min separation ataflow
rateof 300 nl min™. MS datawere acquired ina Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific) with the following settings: 1MS scan
ataresolutionof 70,000 with 50 ms max. ioninjection 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 MaxQuant”® and SafeQuant®°.

Due to an instrumental upgrade, total proteome samples pre-
sented inSupplementary 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
acquiredindataindependent acquisition mode (DIA) using 45 windows
with anisolation window of 14 m/z with 1 m/z overlap (see ref. 81 for
details). MS scanresolution was set t0 120,000 (MS1) and 15,000 (DIA)
with ascanrange 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 amaximum ion injection time of 50 ms (MS1) and 22 ms (DIA).

DIA datawere analysed using DIA-NN (v.1.8)%*and a Y. enterocolitica
protein database containing proteins of the closely related Y. enterocol-
iticastrain 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 pg ml™ chloram-
phenicol and 5 pg ml™ kanamycin (for pET24b-based plasmids) or
50 pg mlstreptomycin (for pCDFduet-based plasmids) wereinoculated
with 2 mlof stationary overnight cultures. The cultures wereincubated
at37 °Cwith shaking (180 r.p.m.) until they reached an OD,,0f 0.4-0.6
(usually after 3-5 h). At this point, the expression of the proteins was
induced with 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG), and
the cultureswereincubated for12-14 hat 18 °C with shaking (180 r.p.m.).
Afterincubation onicefor15 min, bacteriawere 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 mlofice-coldlysis buffer (50 mM NaH,PO, pH7.4,150 mMNaCl,1mM
EDTA,1mg mllysozyme, 5% glycerol, 1% Triton X-100, 1 tablet per 50 ml
of cOmplete Mini EDTA-free protease inhibitor (Roche, 11836170001))
andincubated onarotatory shaker for1hat4 °C. The cells were mechani-
callylysed 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 at4,600 gfor1horat10,000 gfor30 minat
4 °Ctoremoveinsoluble debris. The soluble fraction wasfiltered through
asyringe using a 0.22 pm 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 NaH,PO, pH 7.4, 150 mM NaCl, 1 mM
lysozyme, 5 mM beta-mercaptoethanol, 1 mM dithiothreitol (DTT),

5%glycerol) supplemented with 10 mMimidazole. Elution buffer (2 ml,
LEW with 250 mMimidazole) was then added to the resin and theresin
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
celllysate with pre-equilibrated anti-Flag M2 affinity gel (100 pl-1 ml)
for2 hat4 °Conarotatoryshaker. Afterincubation, the samples were
centrifuged at1,000 gfor 5 minat4 °Cto collect the resin. The purifica-
tion was followed by six washes using 5 mlwash buffer (50 mM NaH,PO,
pH7.4,600 mMNacCl, 5%glycerol, 1% Triton X-100) and centrifugation
at1,000 gfor 5 minat4 °C. After the last wash, the Flag-tagged proteins
were eluted in elution buffer (50 mM NaH,PO, pH 7.4, 150 mM NacCl,
150 ng ml™ of 3x Flag peptide). Two resin volumes of elution buffer
were added to theresinand the resuspension was incubated for 30 min
onarotating shakerat4 °C. The eluate was collected by centrifugation
at 4,600 gfor 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 NaH,PO, pH7.4,200 mM NaCl, 5% glycerol and
1mM 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
BLItzinstrument (ForteBio) at room temperature. Ni-NTA biosensors
were pre-hydrated for 10 min using BLIbuffer (50 mM NaH,PO,, 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 pM)
were separately immobilized on the Ni-NTA biosensor for 120 s. After
theloadingstep, the biosensor was dipped into a tube containing 250 pl
of BLI buffer for 30 s to remove excess analyte. Next, the biosensor
was exposed to the target protein (4 pl of SctQ-Flag; 5,10, 33 uM) 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 5uMin 200 plof equilibrium buffer 20 mMNaH,PO,,
200 mMNacCl, 5%glycerol,1 mM DTT, pH7.4). Of the His-tagged protein,
200 pl (5 pM) were combined with200 pl of the respective Flag-tagged
protein (5 uM) and 1% formaldehyde was added to stabilize transient
interactions. The mixture wasincubated onarotatory shaker at4 °C for
theindicated time periods. At the end of the incubation, the crosslink-
ing reaction was quenched using 180 pl of 1M Tris-HCI pH 8.0. To purify
the His-tagged protein after crosslinking, 40 p of Ni-IDA suspension
(50 mg ml™ of Ni-IDA suspended in 50 mM NaH,PO, pH 7.4, 500 mM
NacCl, 5% glycerol,1mM DTT, 5 mM B-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 pl of
equilibrium buffer. Elution buffer (200 pl; 50 mM NaH,PO, pH 7.4,
500 mM NaCl, 5% glycerol, 1 mM DTT, 5 mM B-mercaptoethanol and
250 mM imidazole) was added to the washed Ni-IDA resin and the
resinincubated for 10 minat 4 °C onarotatory shaker. The eluate was
removed by centrifugation (500 g,1 min, 4 °C).

Wide-field fluorescence microscopy
For fluorescence microscopy, bacteriawere treated as described above.
After 2-3 h at 37 °C under secreting conditions, 400 ul of bacterial
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culture were collected by centrifugation (2,400 g, 2 min) and recon-
stituted in 200 pl minimal microscopy medium (100 mM HEPES
pH 7.2, 5mM (NH,),SO,, 100 mM NacCl, 20 mM sodium glutamate,
10 mM MgCl,, 5 mM K,SO,, 50 mM 2-(N-morpholino)ethanesulfonic
acid, 50 mM glycine, 60 pg ml™ DAP, 5mM EGTA). Of the resuspen-
sion, 2 pul 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 x100/1.40
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 msfor bright field. Perimage, azstack containing 11 frames per
wavelength with a spacing of 150 nm was acquired. The micrographs
where subsequently deconvolved using soft WoRx 7.0.0 (standard
‘conservative’settings). Images were further processed with FIJI (Image)
1.51f/1.52i/1.52n)®. For presentation of micrographsin afigure, repre-
sentative fields of view at central zlevels were selected.

Protein stability assay

For the stability assay presented in Supplementary Fig. 5, bacteriawere
grown under non-secreting conditions as described above. After 3 h
at 37 °C, the OD4,, was measured and normalized to 2.5. Tetracycline
(10 pg ml™) 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.

sptPALMimaging

Y.enterocolitica cells were cultured as described above. After incuba-
tion at 37 °C for 2.5 h in BHI medium, 500 pl of bacterial culture were
centrifuged for 3 min at 4,000 g at 37 °C and resuspended in 200 pl
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 pl pre-warmed (37 °C)
EZ medium (Teknova) supplemented with DAP and either 5 mM CaCl,
or 5mM EGTA for non-secreting conditions or secreting conditions,
respectively. After the final washing step, cells were concentrated by
resuspending themin100-200 pl 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 anautomated Nikon Ti Eclipse microscope housing appropri-
atedichroicandfilters (ET DAPI/FITC/Cy3dichroic, ZT405/488/561rpc
rejectionfilter, ET610/75 bandpass, Chroma) and a CFI Apo TIRF x100
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 gain2and 30 MHzreadout speed. The z-focus was controlled
by a commercial perfect focus system (Nikon). Image acquisitions
were controlled using Micro-Manager (v.1.4.23)%. 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 mode®.
Applied laser intensities measured after the objective were 35 W cm™
(405 nm)and 800 W cm™2 (561 nm). Before the acquisition of each spt-
PALMVvideo, apre-bleaching step of 561 nmillumination (800 W cm™)

was applied for 30 sto 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 eachimage acquisition, abright 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/1.53¢c)®. Raw sptPALM movies were processed using rapid-
STORM (3.3.1)* 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
fromindividual sptPALM movies were then splitinto localization files
for eachindividual bacterial cell using a custom-written Python script
and the previously extracted bacterial cell shapes. To reduce process-
ingload, localizations for eachindividual 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 eachindividual sptPALM movie. For tracking of single-molecule
localizations, trajectories were allowed to have amaximum 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 inmjd calculations). Mean jump
distances were weighted according to the number of jump distances
pertrajectory segment. Where only the cytosolic fraction of trajecto-
rieswas 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
(staticand mobile) in ‘swift’ on the basis of the experimental localiza-
tion precision of ~25 nm (determined using the NeNA method®) and
filtered for trajectories assigned to the static diffusive state. Toensure
that only membrane-bound trajectories were counted, the correspond-
ing bright lightimage was overlaid and only foci overlapping with the
cellmembrane 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
extractingthe ‘track.ids’ in‘swift’ from each previously selected focus,
asthe‘track.id’is aunique value assigned to each individual trajectory.
Thenumbersofindividual ‘track.ids’ were then plotted inabox diagram
using Origin2019. For all three tested conditions, the determined num-
bers oftrajectories were then summarized in one dataset, displayedin
histograms with a bin size of 1and 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) = (:)p"q"-" ,where n is the sample size, p is the success
probability, k the number of successes and g 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 perinjectisome and our fitting interval
as the range from k =1to 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-£(0, 24, p).

Measurements of SctQ and SctL stoichiometry inlive and fixed
cells

For quantifying the copy numbers of SctQ and SctL per injectisome,
fullreadout 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 abinsize of 2 for the SctQ datasets. The resulting histograms were
thenfitted with the binomial distribution probability mass function as
described above. Here, the SctL datasets were fitted for a stoichiometry
of N=12,and SctQdatasets were fitted for N= 6,12 or 24. To evaluate the
goodness of fit for each dataset, the squared correlation coefficient (%)
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 (X(A?)) of the cumulative
distributions and the squared correlation coefficient (r?) of the dis-
tributions of the mean jump distances determined by sptPALM. X(A?)
of 0 and r* of lindicate identical distributions, whereas higher X(A?)
and lower r? indicate differences in the distributions. Note that
2(A? scales with the number of measurements, which was constant
withinindividual experiments.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allrelevant 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 datasetidentifier 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 1.51v./1.52p/1.53c based Fiji software package was used for cell seg-
mentation. Custom-written tracking software swift was used for tracking,
visualizing andfiltering sptPALM data (http://bit.ly/swifttracking; v.0.3.1,
used inthis manuscript, and all subsequent versions of the software can
alsobe obtained uponrequest 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 MaxQuant’ 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.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Co-immunoprecipitation of labeled sorting platform intermediate/weak significance of enrichment (both log,(enrichment over
componentsin live bacteria. a) Summary of the significance of enrichment control) and -log,,(p) > 6/4/2 in homoscedastic two-tailed t-tests, respectively;

of selected T3SS machinery components (e.ap., export apparatus), effectors see Material and Methods for details). b) Corresponding volcano plots. Bait

and chaperones upon co-immunoprecipitation of the sorting platform proteins in bold, T3SS components marked by blue dots, names of enriched T3SS
proteins SctQ, SctL, SctN tagged with PAmCherry (PAmCh). +++/++/+=strong/ componentsindicated. n=3.
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Extended DataFig. 2| Invitro 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.
SctQuasa-Flag was used to test for the copurification of SctQ in the SctQ-Flag
purification. Expected sizes from top to bottom: left, Hisg-YopO, 82.7 kDa; SctQ-
Hisg, 35.9 kDa; EGFP-Hisg, 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,
suchas the T3SS chaperones, may migrate faster than expected on SDS-PAGE
gels', compare to panel ¢ 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 a120 s washing step (dissociation phase). The y-axis displays the shift
inlight 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 Ni**-NTA-based purification of proteins
after 30 min of crosslinking (see Methods for details). Asterisks denote expected
proteins sizes (from top to bottom, Hisg-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 theindicated 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 subunits®'° 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 scriptin Python (v.3.8.5). a) Live cells: For PAmCherry-SctL, amedian of 5
detected molecules per injectisome was determined (mean: 5.2 + 2.2); for
PAmCherry-SctQ, amedian of 9 molecules per injectisome (mean:10.3 + 4.3).
Thisis highly compatible with a1:2 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 p for SctL and
SctQare very similar, (p = 0.44 and p = 0.43, respectively). Thisis 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
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SctQsamples. Furthermore, statistical tests confirm a high goodness of fits with
r?=0.89 (SctL, N =12)and r?= 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 datawith p=0.86,r*=0.78 (N=12),
and p=1.72,r*=0.04 (N = 6). b) Fixed cells: Amedian of 1 detected PAmCherry-
SctL molecule perinjectisome (mean: 1.9 +1.7) and amedian of 3 detected
PAmCherry-SctQ molecules per injectisome (mean: 4.2 + 2.8) were detected,
again compatible witha1:2 stoichiometry of SctL:SctQ. The decreased number of
detected molecules compared to the live cell datain a) can be explained by
altered photophysics and lower chromophore retention of PAmCherry in fixed
cells, which leads to less efficient detection™ . Similar to the live cell datain 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 (p = 0.16 and
p=0.17,r*=0.99 and r?= 0.94, for SctL and SctQ, respectively), whereas N =12 or
N =6 for SctQresult in highly different detection probabilities and worse fits to
thedata (5=0.35,r*=0.94forN=12; p=0.69,r*=0.62for N=6).
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SctN

Chaperone
Effector

Extended Data Fig. 4 | Sorting platform subcomplex compositions. Depiction Letters refer to subcomplexes listed in Table 2: a) Single pod; b) Single pod
of sorting platform proteins and subcomplexes binding to effectors, as used for lacking SctK; ¢) Single pod lacking SctN; d) SctK(Q(Qc),)4; €) (SctQ(Qc),)4
calculations of predicted mobility values for the mean jump distance in Table 2. SctQ(Qc),; 8) Complete sorting platform. *, SctQ depicts SctQ(Qc), subcomplex.
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Blinding Blinding was not required as the data processing did not rely on subjective assignments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies
Antibodies used Primary antibodies: rabbit antibodies against mCherry (Biovision 5993, 1:2000) or against the Flag peptide (Rockland 600-401-383S,
;;ig?wz)ary antibodies: anti-rabbit antibodies conjugated to horseradish peroxidase (HRP) (Sigma A8275, 1:5000)
Validation Validation statements and examples on manufacturers' sites: https://www.abcam.com/mcherry-antibody-ab286186.html, https://

www.rockland.com/categories/primary-antibodies/antibody-for-the-detection-of-flag-conjugated-proteins-600-401-383/, https://
www.sigmaaldrich.com/GB/en/product/sigma/a8275. Additional validation by controls used in respective experiments.
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