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Abstract

Many gram-negative pathogens employ a type Il secretion injectisome to translocate effec-
tor proteins into eukaryotic host cells. While the structure of the distal “needle complex” is
well documented, the composition and role of the functionally important cytosolic complex
remain less well understood. Using functional fluorescent fusions, we found that the C-ring,
an essential and conserved cytosolic component of the system, is composed of ~22 copies
of SctQ (YscQ in Yersinia enterocolitica), which require the presence of YscQg, the product
of an internal translation initiation site in yscQ, for their cooperative assembly. Photoacti-
vated localization microscopy (PALM) reveals that in vivo, YscQ is present in both a free-
moving cytosolic and a stable injectisome-bound state. Notably, fluorescence recovery
after photobleaching (FRAP) shows that YscQ exchanges between the injectisome and the
cytosol, with a t,, of 68 + 8 seconds when injectisomes are secreting. In contrast, the secre-
tin SctC (YscC) and the major export apparatus component SctV (YscV) display minimal ex-
change. Under non-secreting conditions, the exchange rate of YscQ is reduced to

t,, = 134 + 16 seconds, revealing a correlation between C-ring exchange and injectisome
activity, which indicates a possible role for C-ring stability in regulation of type 1l secretion.
The stabilization of the C-ring depends on the presence of the functional ATPase SctN
(YscN). These data provide new insights into the formation and composition of the injecti-
some and present a novel aspect of type Il secretion, the exchange of C-ring subunits,
which is regulated with respect to secretion.

Author Summary

The type III secretion system, also known as the injectisome, is a key virulence factor in
many gram-negative bacteria, and is responsible for the transmission of bacterial proteins
directly into host cells. While some elements of the system are well characterized, the
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cytosolic components involved in substrate recognition and handling are not well under-
stood. One of the major questions is the role of the C-ring, an essential yet enigmatic cyto-
solic injectisome member. We used fluorescence microscopy to analyze the architecture
and behavior of the C-ring in live Y. enterocolitica bacteria, a human pathogen. We found
that in vivo, the C-ring assembles cooperatively with the help of additional copies of its
own C-terminal fragment and has a highly dynamic structure, with C-ring subunits ex-
changing between the working injectisomes and a cytosolic pool. The rate of exchange is
different between secreting and non-secreting injectisomes and depends on the function
of the type III secretion ATPase, indicating that the stability of the complex is altered
when functioning. This dynamic behaviour raises the possibility that the C-ring is a regu-
lator of targeted protein delivery by the type III secretion system and makes the C-ring a
viable target for the development of novel anti-virulence drugs.

Introduction

Bacteria that live in close contact with eukaryotic cells are frequently able to modulate host cell
behavior. Various Gram-negative species employ a molecular syringe, the type III secretion
system (T3SS) or injectisome [1, 2], to translocate effector proteins from the bacterial cytosol
into the host cell. T3SSs are often involved in pathogenesis, and are crucial virulence factors for
animal and plant pathogens [3-5], but are also employed to promote symbiosis [6, 7]. Thus,
the translocated effectors vary greatly between species [8, 9]. In contrast, the export machinery
itself is conserved across organisms [10, 11]. It is a large complex that comprises more than 15
different proteins present in one to more than a hundred copies each (S1 Fig). The distal part
of the injectisome including the needle and the “base,” a series of membrane-spanning rings, is
structurally well characterized [12, 13]. However, little is known about the structure and func-
tion of the proximal components, the “export apparatus” in the inner membrane (IM) and the
cytosolic components that are essential for the function and regulation of the system. This re-
port uses the unified Sct protein nomenclature [3] for general protein features, in combination
with the Yersinia Ysc nomenclature (S1 Fig; S1 Table for names of homologous proteins).

Five conserved cytosolic proteins are essential for type III secretion, an ATPase (SctN; YscN
in Yersinia), thought to detach chaperones and unfold export substrates [14], and its putative
negative regulator (SctL; YscL) [15, 16]; a protein with homology to the central stalk of the
FoF1-ATPase that stimulates ATPase activity (SctO; YscO) [17-19]; a homolog of the flagellar
motor C-ring components FliM and FLiN (SctQ; YscQ) [20]; and an additional accessory protein
(SctK; YscK). All of these proteins interact with each other: yeast-two-hybrid and a yeast-three-
hybrid experiment clearly suggest a sequence of interactions SctK-SctQ-SctL-SctN [20-23]
while SctO has been shown to directly and functionally interact with SctN and SctL (S1 Fig) [19,
24]. The ATPase SctN and the C-ring component SctQ require each other and the two interact-
ing proteins SctK and SctL to assemble at the cytosolic interface of the injectisome [25], suggest-
ing the formation of one large cytosolic complex. The cytosolic components are required for
various essential steps in type III secretion, including energy transduction, binding (or rejection)
of substrates, and their preparation for export [14, 18, 23, 26, 27]. Despite this central role, sur-
prisingly little is known about the molecular events and the organization of the proteins at the
cytosolic interface, mostly because the components rarely co-purify with the rest of the machin-
ery and are difficult to analyze in vitro in the absence of the other parts of the injectisome.

The T3SS is related to the bacterial flagellar motor with which it shares a common ancestor
(see S1 Table for homologues) [28-31]. Recently, this homology was highlighted by the
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discovery that at least in some organisms, the cytosolic C-ring, which is formed by the two pro-
teins FliM and FliN in the flagellum, also consists of two different proteins arising from a single
gene in the injectisome [32, 33]: (i) the full length protein, SctQg,y, which is similar in size and
has some sequence homology to FliM in its N-terminal region, and (ii) a product from an in-
ternal translation start site, SctQc, which comprises about the C-terminal third of SctQ and is
highly homologous to FliN. The flagellar C-ring is part of the switch complex [34-36], which
can reverse the direction of rotation of the Escherichia coli flagellum upon binding of the acti-
vated response regulator CheY-P to FliM, allowing the bacterium to tumble and reorient

[37, 38]. The C-ring is also required for the export of substrates through the flagellar T3SS, but
this can be overcome by simple overexpression of the transcriptional regulators [39] or even
the ATPase alone [40].

The injectisome is generally not thought to rotate. Remarkably however, the C-ring not only
remains conserved among all known injectisomes, but is also absolutely essential for export of
substrates, suggesting a divergent functional adaptation in the flagellum and the injectisome.
This idea is supported by recent cryo-tomography studies [41, 42], where the C-ring, a promi-
nent feature of the flagellum [42, 43], was absent in the injectisome, whereas both the major ex-
port apparatus component (FIhA in the flagellum/SctV in the injectisome) and the ATPase
(Flil/SctN) formed distinct and comparable structures in both machines. Consequently, the
structure and composition of the injectisome C-ring remain unclear. Similarly, its localization
is ambiguous. The C-ring protein SctQ is present at the cytosolic interface of the injectisome
[20] and co-localizes with other injectisome components [25]. However, complexes of the cyto-
solic components including SctQ only partially cofractionated with other injectisome compo-
nents and were also found in the cytosolic fraction [21, 26], indicating that the C-ring is either
not tightly bound or is present in two subpopulations. Insights into the role of the injectisome
C-ring have been gained by interaction studies showing that the C-ring is involved in export
cargo handling [23, 26]. In combination with SctK and SctL, the C-ring was shown to form a
“sorting platform” that governs the order of substrate export [26]. However, the molecular
mechanism of this function remains as elusive as structure and localization of the C-ring.

To study the composition and functional role of the injectisome C-ring, we generated and
studied functional fluorescent fusions of various injectisome components in a Y. enterocolitica
strain lacking the major virulence effectors [41]. Based on relative fluorescence intensities, we
found that there are 22 + 8 full-length C-ring subunits YscQ per injectisome. YscQg, the prod-
uct of the internal translation start site, is not only required for substrate translocation, but also
necessary for the localization of YscQpg, and the correct assembly of the ATPase. YscQ ex-
changes between its docking site at the injectisome and a cytosolic pool in vivo. Its exchange
rate under secreting conditions is significantly higher than under non-secreting conditions
(ty, of 68.2 £ 7.9 s versus 134.3 £ 16.1 s), which links C-ring dynamics and effector export. This
correlation depends on an active ATPase, suggesting a close functional relation between the
two largest cytosolic components of the injectisome, C-ring and ATPase.

Results
The C-ring Comprises about 22 Subunits of YscQ

The composition of the C-ring is unknown. To estimate the number of YscQ proteins within
the Yersinia T3SS, we compared the relative intensities of foci in bacteria expressing either
EGFP-YscQ or EGFP-YscD. Members of the SctD family, to which YscD belongs, have been
shown to form 24-mer ring structures [12, 44-48], which was recently corroborated for Yersi-
nia by the crystal structure of YscD and the cryotomography structure of the injectisome [41].
We therefore devised a spot-detection algorithm and used the intensity of EGFP-YscD foci as a
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reference for EGFP-YscQ. Both proteins were expressed from the pYV virulence plasmid using
their native promoters. For biosafety reasons, this and all subsequent experiments were per-
formed in Y. enterocolitica strains that lack the major virulence effectors YopH, O, P, E,M, T
and are auxotrophic for diaminopimelic acid [41]. While EGFP-YscQ was fully functional,
EGFP-YscD was slightly less efficient in effector export. Importantly, both fusion proteins were
stable, as detected by an immunoblot of total cellular proteins, using anti-GFP antibodies

(S2 Fig). Based on the relative intensities of the foci, we calculated the number of YscQg, per
injectisome to be 22.0 + 8.3 under non-secreting conditions and 22.2 + 6.8 under secreting con-
ditions (Fig. 1). As the intensity of foci is determined at the microscopy plane corresponding to
the center of the bacterium in the respective DIC image, some foci will be centered below or
above this plane and will be detected with lower intensity, accounting for most of the observed
variance. Supporting this, the intensity distribution curve for YscQ did not show any greater
width than the curve for YscD (Fig. 1B and 1C). As the number of YscD per injectisome is
thought to be fixed, this suggests that the stoichiometry of YscQ at the injectisome is

similarly constant.

The Short Variant of YscQ Is Required for the Assembly of the Cytosolic
Complex of the Injectisome

It was recently found that an internal translation initiation site in SctQ leads to the expression
of a short C-terminal fragment, SctQc, which interacts with SctQg,y [32, 33]. We deleted the in-
ternal start site of the Yersinia C-ring protein YscQ by mutating the corresponding Met218 to
Ala and found that the resulting strain lacking YscQc did not export any effectors or transloca-
tors, confirming that the additional C-terminal fragment is essential for secretion in Yersinia
[33]. This effect could be complemented in trans by YscQc, EGFP-YscQc, or mCherry-YscQc
(Fig. 2A). EGFP-YscQc was stable (S2 Fig) and localized in foci at the bacterial membrane
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Figure 1. The C-ring comprises approximately 22 YscQ subunits per injectisome. (A) Fluorescence micrographs of bacteria expressing EGFP-YscQ
(left) or EGFP-YscD (right) from their native genetic environment under non-secreting conditions. Scale bar, 2 um. (B) Intensity distribution of analyzed foci
under non-secreting conditions (n > 3,000). (C) Relative stoichiometry of YscQ under non-secreting (left) and secreting (right) conditions, using YscD = 24 as
a reference. Error bars represent standard deviations. (D) Schematic representation of an injectisome basal body with a C-ring diameter of 30.2 nm (see

S1 Text; representation approximately to scale, based on [45]). Note that conformation and localization of the dashed components, including YscQ, have not
been experimentally determined. Numerical values and raw data for (B) and (C) can be found in S1 Data.

doi:10.1371/journal.pbio.1002039.g001
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Figure 2. YscQc, the product from an internal translation initiation site in yscQ, is required for the formation of C-ring foci, which is cooperative.
Strains expressing YscQuz1sa from the native promoter and therefore lacking YscQc do not secrete effectors and YscQuo1sa requires YscQg for localization
at the injectisome. YscQc and YscQuz1sa Colocalize; increased expression levels of mCherry-YscQg lead to an increase in spot number, but not spot
intensity for EGFP-YscQuz1sa- (A) Secretion assay showing the secreted proteins in a wild-type (WT) strain, and YscQu21sa, uncomplemented or
complemented in trans with YscQc, EGFP-YscQc, or mCherry-YscQg. (B) Fluorescence micrographs showing the distribution of EGFP-YscQ, EGFP-
YscQc, and EGFP-YscQy218a, uncomplemented or complemented by YscQg in trans. (C) Cellular distribution of EGFP-YscQu21sa (€Xxpressed from its
native promoter on the virulence plasmid, second row) and mCherry-YscQc (expressed in increasing amounts in trans induced by the given concentrations
of arabinose, third row). The overlay (bottom row) displays the colocalization of both YscQ versions. Scale bars, 2 ym. (D) Number of detected EGFP-
YscQwiz1sa foci per bacterium in cells expressing increasing amounts of mCherry-YscQg (as in (C)). n > 170 cells per condition (see Materials and Methods
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for details). Black lines represent the average number of foci per bacterium; circles represent the number of foci per single bacterium (arranged in groups of
ten). *** p < 0.001. (E) Average number of detected EGFP-YscQmz21sa foci per bacterium in relation to the amount of mCherry-YscQg, as quantified on an
immunoblot with a polyclonal anti-YscQ antibody (S4 Fig). Data points from left to right: no YscQg (no plasmid), and increasing amounts of mCherry-YscQgc
(no arabinose, 0.001%, 0.002%, 0.004%, 0.01%, 0.02% arabinose, as in (C)). (F) Average intensity of foci for the bacteria analyzed in (D)). Error bars
represent standard deviations of all foci. Numerical values and raw data for (D—F) can be found in S1 Data.

doi:10.1371/journal.pbio.1002039.g002

(Fig. 2B), like other fluorescent injectisome components [25, 49]. Surprisingly, when we ana-
lyzed the distribution of EGFP-YscQj,154, the full-length protein lacking the internal start
site, it no longer localized to the injectisome, but was completely cytosolic. Upon in trans ex-
pression of YscQc, localization was recovered (Fig. 2B). Therefore, although YscQg, contains
all parts of YscQg, it requires additional YscQc for proper localization. Similarly, EGFP-YscQc
did not localize in foci in the absence of YscQg, (S3A Fig), showing that only the YscQg:
YscQc complex can correctly assemble. To test whether localization of the ATPase YscN also
depends on YscQc, we imaged EGFP-YscN in YscQaraisa. In the resulting absence of YscQc,
EGFP-YscN remained completely cytosolic (S3B Fig), indicating that YscQc is required for the
assembly of the complete cytosolic complex.

Colocalization and Cooperative Binding of the C-ring Subunits

The expression of YscQc from plasmid revealed cooperative binding properties. To quantify
this effect and to directly test the relative localization of YscQg,; and YscQc, we expressed
mCherry-YscQc in trans in an EGFP-YscQyz154 background. Increasing levels of mCherry-
YscQc led to a significant increase in the number of spots, rather than the intensity of spots,
for both YscQ variants (Fig. 2C, 2D and 2F). Next, we analyzed the amount of mCherry-YscQ¢
by immunoblot using polyclonal anti-YscQ antibodies (S4 Fig) and plotted the number of de-
tected EGFP-YscQpz184 Spots against the amount of YscQc (Fig. 2E). The result shows a clear
linear correlation (R* > 0.98), suggesting that the formation of an observable focus is an all-or-
nothing process and binding of full-size C-ring subunits to the injectisome is cooperative up to
the maximal number of YscQg,y per injectisome. EGFP-YscQpz184 and mCherry-YscQc foci
colocalized (Fig. 2C). While YscQgy required the presence of YscQc for its proper localization
at the injectisome, overexpression of mCherry-YscQc did not remove EGFP-YscQpz184 from
its localization in foci at the injectisome (S5 Fig).

The C-ring Component YscQ Exchanges between the Injectisome and
the Cytosol

Protein complexes can be dynamic assemblies, adapting their structure and function to chang-
ing environmental conditions. Given the inconsistent data on the cytosolic versus injectisome-
bound localization of the C-ring, we wanted to test whether the C-ring exchanges subunits in
the assembled structure. To this end, we followed the ability of injectisome components to ex-
change with cellular pools. Besides the C-ring subunit YscQ, we analyzed the secretin YscC
and the major export apparatus component YscV, as these proteins cover the major functional
subcomplexes of the injectisome (cytosolic components, membrane rings, and export appara-
tus, respectively) (Fig. 3A). All fusion proteins were stable and fully functional for secretion
(S2 and S6 Figs.). To ensure that the fluorescent tags have only minimal influence on the kinet-
ics of effector export, we devised a sensitive assay based on the quantification of export of an
engineered T3SS substrate, B-lactamase fused to the YopH secretion signal, YopH;_;,-bla
[50-52]. In this assay, the strains expressing YscC-mCherry, YscV-mCherry, and EGFP-YscQ
showed export rates of over 75% of the wild-type (WT) strain (Fig. 3B). This shows that the
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Figure 3. The C-ring subunit YscQ is a dynamic element of the injectisome. Fluorescent foci formed by EGFP-YscQ, but not by YscC-mCherry or YscV-
mCherry show exchange with a cytosolic pool. (A) Position of the three studied components in the injectisome. Secretin YscC, blue; IM export apparatus
component YscV, green; C-ring YscQ, red. Conformation and localization of the dashed components have not been experimentally determined. (B) Activity
of strains expressing the indicated fusion proteins in an export kinetics assay based on the translocation of an artificial export substrate, YopH4_47-B-
lactamase (Yop-bla). Wild-type control, set to 100%, black; negative controls (bla fused to the non-T3SS substrate glutathione-S-transferase GST and T3SS
defective strain AYscN), grey. Error bars represent standard errors of the mean of n = 5 measurements (n = 4 for AYscN) in technical triplicates. (C)
Micrographs showing representative images before and after photobleaching of a single fluorescent spot (marked by red circle) of YscC-mCherry, YscV-
mCherry, and EGFP-YscQ. (D) Fluorescence recovery over time. Circles indicate the relative spot intensity in single frames for the micrographs shown in (C).
(E) Localization of single PAmCherry-YscQ molecules in PALM. (F) Cellular distribution of motile (blue) and stationary (red) PAmCherry-YscQ molecules. (G)
Single step diffusion coefficients for PAmCherry-YscQ and YscV-PAmCherry. See Materials and Methods for details. Scale bars, 1 um. Numerical values
and raw data (B, D, G) can be found in S1 Data.

doi:10.1371/journal.pbio.1002039.g003
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fluorescent tags have very little influence on protein functionality, suggesting that the exchange
rates of labeled proteins resemble those of unlabeled subunits.

To detect the exchange of YscC-mCherry, YscV-mCherry, and EGFP-YscQ, we analyzed
fluorescence recovery after photobleaching (FRAP) in live cells expressing these fusion
proteins from their native promoters on the pYV virulence plasmid (Fig. 3C and 3D). Bacteria
were grown and the T3SS was induced under non-secreting conditions. Three hours after in-
duction, cells were transferred to secretion-permissive medium. A single fluorescent spot was
photobleached by a short pulse of a tightly focused laser beam and recovery of fluorescence
was analyzed for up to 10 minutes. As expected for the stable secretin ring, YscC-mCherry
spots showed very little recovery within this time (Fig. 3C and 3D; S1 Movie). Similarly,
YscV-mCherry spots only minimally recovered fluorescence (Fig. 3C and 3D; S2 Movie). In
contrast, EGFP-YscQ spots showed almost complete recovery (>75%) within the first few min-
utes after photobleaching (Fig. 3C and 3D; S3 Movie). Analysis of 20 recovery curves of EGFP-
YscQ spots showed an average recovery half-time t,, of 68.2 £ 7.9 s. Similar to the full-length
protein EGFP-YscQ, subunits of the C-terminal fragment EGFP-YscQc also exchanged be-
tween the injectisome and the cytosol (S7 Fig). While this exchange could not be quantified be-
cause N-terminally labeled YscQ can only be expressed in trans, this observation is
compatible with exchange of a stable YscQ:YscQc complex. Individual recovery curves of
EGFP-YscQ and EGFP-YscQc did not show any discernible large steps, which suggests that
small units, such as single YscQ proteins or small subcomplexes, exchange within
functional injectisomes.

To assess C-ring dynamics on a single-molecule level, we analyzed YscQ under secreting
conditions by photoactivated localization microscopy (PALM) (Fig. 3E and 3F) [53-56]. We
detected two populations of PAmCherry-YscQ molecules: some only moved within a very
small area over successive exposures (Fig. 3F, red), whereas others were mobile (Fig. 3F, blue).
Interestingly, the immobile PAmCherry-YscQ molecules were also tightly concentrated in
small foci at the cell membrane (Fig. 3E and 3F). Analysis of the diffusion coefficient of PAm-
Cherry-YscQ and YscV-PAmCherry (Figs. 3G and S8) showed that more than 50% of the
PAmCherry-YscQ molecules were mobile (single step diffusion coefficients > 0.15 um?/s),
while only a minority of YscV-PAmCherry molecules were, confirming the different mobility
of injectisome components on a single-molecule level.

YscQ Exchange Is Linked to Effector Secretion and to the Function of
the ATPase

To assess whether the exchange of YscQ between its docked location at the injectisome and the
cytosolic pool might be functionally significant, we compared the rates of protein exchange
under non-secreting and secreting conditions. We found that EGFP-YscQ was significantly
less dynamic under non-secreting conditions, with an average half-time of recovery t,, of

134.3 £ 16.1 s, compared to a t;, under secreting conditions of 68.2 + 7.9 s (Fig. 4). This result
indicates that subunit exchange is regulated and links the observed turnover of YscQ to the ul-
timate function of the T3SS, effector secretion. Assembly of the C-ring depends on the presence
of other cytosolic components, including the ATPase YscN [25]. However, the functional rela-
tion between the two components is unclear. Therefore, we analyzed YscQ dynamics in a strain
expressing EGFP-YscQ and a catalytically inactive version of the ATPase, YscNy;7sg [57].
Strains expressing YscNysg are defective in effector secretion [58], but form the C-ring [25].
We observed that the mutation in the ATPase led to fast EGFP-YscQ exchange both under
non-secreting and secreting conditions, 54.4 + 13.7 s and 58.5 + 10.2 s, respectively (Fig. 4).
The average mobile fraction was approximately 80% for both tested strains and conditions.
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Figure 4. The C-ring is stabilized under non-secreting conditions in presence of the active ATPase.
Representative recovery curves (left) and overall analysis of recovery half-times (right) of EGFP-YscQ in WT
(turquoise) or YscNk47se background (brown), under non-secreting conditions (full) or secreting conditions
(open). Error bars represent the standard error of the mean from 19, 20, 9, and 17 data points (for WT non-
secreting and secreting, YscNk17se non-secreting and secreting, respectively). **, p < 0.01; *** p < 0.001
compared to WT, non-secreting. The numerical values for the recovery half-times can be found in S1 Data.

doi:10.1371/journal.pbio.1002039.g004

These results show that the C-ring is only stabilized under non-secreting conditions when the
ATPase is functional.

Discussion

The role of the cytosolic components is a long standing open question in the type III secretion
field. Despite the fact that all conserved cytosolic constituents are essential for assembly and
function of the injectisome, their working mechanism and function in secretion remain un-
clear. This is especially true for the C-ring. Its main role in the closely related flagellum, the
switching of rotation direction, does not apply to the injectisome, and its composition and be-
havior remained elusive.

The C-ring component SctQ has an internal translation initiation site leading to the expres-
sion of a protein equivalent to the C-terminal third of SctQ, SctQc, in addition to the full-
length protein, SctQgyy [32, 33]. Low levels of effector secretion of Salmonella SPI-2 lacking
SctQc led to the proposal that the short version acts as a chaperone for SctQyg,y [32]. The short
translation product was however essential for secretion in Y. pseudotuberculosis [33]. In our
present study, we found that the C-terminal fragment (YscQc in Yersinia) is required for the
assembly of the cytosolic complex (Fig. 2). The requirement of YscQc for localization of
YscQpy and the colocalization of both proteins (Fig. 2C) is compatible with the proposal that
binding of the two versions triggers structural rearrangements in YscQg, [33]. Excess cytosolic
YscQc did not titrate away YscQpg, from the injectisome (S5 Fig), showing that the affinity of
YscQgyy to the complete localized cytosolic complex is higher than to YscQc alone. The loss of
functionality in strains lacking the internal start site is therefore at least in part due to their in-
ability to assemble the cytosolic components of the injectisome. This differs from the situation
in the flagellum, where FliN (the homologue of YscQc) stabilizes FliM (YscQg,y), but is not ab-
solutely required for correct FliM localization [59-61] and indicates divergent adaptation of
the C-ring to its respective functions in the two systems.

The stoichiometry and size of the injectisome C-ring were unknown. We therefore com-
pared the relative intensity of foci in strains expressing EGFP-YscQ or EGFP-YscD and, based
on the well-documented reference SctD (YscD), which is present in 24 subunits [12, 41,
44-46], determined the number of full-length YscQ subunits per injectisome to be 22 both in
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non-secreting and secreting conditions (with standard deviations of 8 and 7, respectively)

(Fig. 1). These numbers are based on an average occupancy and therefore represent a lower
boundary for the maximum number of binding sites for a dynamic component. However, we
did not detect a broader intensity distribution for YscQ compared to YscD (Fig. 1B and 1C),
which would be expected if the number of YscQ per injectisome would fluctuate. As the stoi-
chiometry of YscD is assumed to be constant, this suggests that despite the dynamic exchange
of YscQ, the number of YscQ at the injectisome at any given time remains relatively constant
and our numbers are close to the maximal stoichiometry. The absence of distinctive larger
steps in the recovery curves after photobleaching in combination with the mutual requirement
of YscQgy and YscQg for assembly indicate that the (YscQgp):(YscQc), complex proposed by
Bzymek and colleagues [33] could be the building block of the injectisome C-ring.

In the E. coli and Salmonella flagellum, the C-ring is composed of about 36 FliM:FliN, sub-
complexes [61-63], but the C-rings from different species have diameters between 34 and
57 nm, suggesting the copy number might be different between species [64]. If the arrangement
of YscQpu: YscQc subcomplexes within the machinery is similar to the flagellum, the diameter
of the C-ring will be determined by the size and arrangement of YscQg,. Assuming a globular
shape of YscQyg,y and a circular arrangement of the subunits, the radius of a C-ring containing
22 YscQyyp is 30.2 nm (Fig. 1D; see S1 Text for details). The injectisome C-ring would therefore
be smaller and composed of fewer subunits than its flagellar counterpart. Unlike the flagellar
C-ring, the injectisome C-ring has not been visualized in recent cryotomography studies
[41, 42], despite strong evidence that it is present at the cytosolic interface of the injectisome
[20, 22, 25, 26]. The reason for this is unclear, but our observation that the injectisome C-ring
is not fixed might at least partially explain this phenomenon. In a structural comparison of the
flagellum and the injectisome, Kawamoto and colleagues [42] detected a weak electron density
connecting the edge of the SctV “export gate” to an unknown and structurally indiscernible
part at the cytoplasmic surface of the membrane. In the flagellum, a similar density connects
the “export gate” FIhA with the C-ring. In the injectisome, the diameter of the binding site of
the electron density at the cytoplasmic surface was approximately 28 nm [42], which is larger
than the IM rings, but close to our calculated C-ring diameter of 30.2 nm. If the injectisome C-
ring indeed resides at this spot, it would be located very close to the IM, which might further
impede its structural identification.

Interestingly, we found that in functioning T3SSs, YscQ is not a stable structural compo-
nent, but exchanges between a docking site at the injectisome and a cytosolic pool. The recov-
ery half-time under secreting conditions, equivalent to the average lifetime of a given protein in
the complex, was 68.2 £ 7.9 s. In contrast, the secretin SctC (YscC) and the major export appa-
ratus component SctV (YscV) showed less than 20% recovery over 600 s (Fig. 3). This was ex-
pected in the case of the secretin, which forms a very stable ring in the outer membrane [65].
The flagellar homologue of SctV, FIhA, was shown to display some mobility [59], but in a more
recent study, the majority of FIhA foci did not show any detectable turnover in the 10 minutes
after photobleaching [66]. Our data show that similarly, there is little or no SctV turnover in
the injectisome, in agreement with the proposition that the IM export apparatus is anchored
relatively stable within the MS-ring [67].

Protein complexes can be highly dynamic assemblies, with proteins exchanging and switch-
ing their conformation while the complex is actively functioning. Dynamic behavior has been
shown for the flagellum, where the stator protein MotB [68] and the C-ring component FliM
exchange [63, 69-71]. Interestingly, FliM exchange was strongly decreased when clockwise ro-
tation was suppressed, both in the absence of CheY [69] and when the flagellar motor was
locked in counterclockwise direction [71]. We therefore tested whether the exchange of C-ring
subunits in the injectisome is linked to the function of the T3SS, translocation of substrates.
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Comparing C-ring dynamics under secreting and non-secreting conditions, we found that the
YscQ exchange rate was decreased under non-secreting conditions in the WT strain (Fig. 4).
Which factors might control or influence this change of dynamics? The easiest explanation
would be that the C-ring shuttles effector-chaperone complexes from the cytosol to the injecti-
some. However, such a direct role, similar to the one proposed for the flagellar ATPase com-
plex [72] appears at odds with the high observed rates of effector export, once the injectisome
is activated for secretion [73, 74]. Schlumberger and colleagues reported export rates of about
20 effector proteins per second [74], which are much faster than the observed exchange rates of
the C-ring, although our study was performed in a strain lacking the six main effectors YopH,
O, P,E, M, T, and both the presence of these effectors and direct cell contact as opposed to se-
cretion induced by Ca** depletion might influence the exchange rate of the C-ring. Likewise,
dynamics are not simply controlled by extracellular Ca** concentrations nor solely by the se-
cretion process itself, as subunit exchange was fast regardless of extracellular Ca®* in an
ATPase-inactive strain (Fig. 4). Regulation of C-ring dynamics therefore differs from the situa-
tion in the flagellar C-ring, where exchange correlates with the output, the rotation direction,
regardless of how this output was caused [63]. Taken together, the results suggest that YscQ is
actively stabilized in the non-secreting mode and that this stabilization requires the ATPase to
be functional. In these conditions, the ATPase is probably bound to one or more chaperone-
substrate complexes. Combined with earlier observations that the C-ring itself binds to cargo
[23, 26], these results suggest that the C-ring might be stabilized by the chaperone-substrate
complexes bound to the ATPase under non-secreting conditions. The resulting close functional
connection of C-ring and ATPase is supported by previous data showing that both proteins re-
quire each other for assembly [25]. Whether the dynamic exchange extends to the ATPase and
the two other cytosolic components, SctK and SctL, which are all required to localize the C-
ring, remains to be determined. At the moment, the lack of sufficiently active fusion proteins
prevents the detailed analysis of these components. Based on structural arguments, Kawamoto
and colleagues [42] proposed that in the flagellum, a structural rearrangement occurs between
the “on” and “off” state, possibly involving the regulator protein (FliH in the flagellum, SctL in
the injectisome), which in the flagellum was shown to be required to connect the ATPase Flil
both to the C-ring (FliN) [75] and the major export apparatus component (FlhA) [76]. Such a
structural rearrangement might explain our observation that C-ring dynamics decrease under
non-secreting (=“off”) conditions. Interaction studies under different conditions might reveal
the structural and functional rearrangements upon activation of export, an important step to-
wards understanding the molecular mechanism of type III secretion.

Many bacteria utilize the T3SS to establish permanent infections and therefore need to
adapt the function of the injectisome to their current environment. Within the host, regulating
long-term activity of the system is critical for the survival of the bacterium, however this activi-
ty and its functional regulation have not been studied in detail. The steps in type III secretion
that are governed by the cytosolic components, selection and export of substrates, are obvious
targets for regulation and most signaling pathways employ cytosolic response regulators.
Therefore, it is conceivable that the cytosolic components are involved in regulating type III se-
cretion. Dynamic exchange is a suitable target for regulation, as exemplified by the flagellum
and the nuclear pore complex [77]. Exchange of C-ring subunits could therefore be used to reg-
ulate T3SS function, in line with the observed changes in dynamics under different conditions.
To date, a small number of external conditions influencing type III secretion beyond activation
has been described, notably oxygenation [78, 79] and pH [80]. The involved pathways are spe-
cies specific, suggesting that the respective signal receivers at the injectisome are less conserved
than other components. Intriguingly, parts of the C-ring protein, especially its N-terminal re-
gion, show a significantly higher sequence variation than most other injectisome components
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(S9 Fig) [81], which could be an evolutionary consequence of responding to cues from species-
specific signaling pathways.

Over the last years, understanding of the composition, function, and regulation of the func-
tional cytosolic components of the T3SS has lagged behind the determination of the structure
of the membrane rings. Our discovery that the C-ring is composed of around 22 subunits and
requires the presence of additional copies of its C-terminal fragment to assemble sheds light on
the composition of this essential part of the T3SS. Furthermore, our finding that the C-ring is a
dynamic component and that its exchange correlates both with the secretion status and the ac-
tivity of the ATPase reveals a new aspect of how the injectisome works and responds to its envi-
ronment, advancing our knowledge and appreciation of the molecular mechanisms and
regulation of the complete T3SS.

Materials and Methods
Bacterial Strains, Plasmids, and Genetic Constructions

Strains and constructs used in the experiments are listed in S2 Table. E. coli Top10 and
BW19610 were used for cloning and E. coli SM10 A pir* for conjugation. E. coli strains were
grown routinely on Luria-Bertani (LB) agar plates or in liquid LB medium at 37°C. Ampicillin
and streptomycin were used at concentrations of 200 pg/ml and 100 pg/ml to select for expres-
sion vectors and suicide vectors. All Y. enterocolitica strains were based on strain IML421asd
[41], which lacks the effectors YopH, YopO, YopP, YopE, YopM, and YopT and is auxotrophic
for diaminopimelic acid due to an additional mutation in the aspartate-B-semialdehyde (asd)
gene. Y. enterocolitica were routinely grown at 25°C in brain heart infusion (BHI) broth con-
taining nalidixic acid (35 pug/ml) and diaminopimelic acid (80 ug/ml). Plasmids were generated
using Phusion polymerase (Finnzymes). Mutators for modification or deletion of genes in the
pYV plasmids were constructed as described earlier [49]. All constructs were confirmed by se-
quencing (Source BioScience).

Y. enterocolitica mutants were generated by allelic exchange, replacing the WT gene on the
virulence plasmid by the mutated version. Completion of the allelic exchange was tested for by
plating diploid bacteria on plates containing 5% sucrose [82].

Y. enterocolitica Culture Conditions

Y. enterocolitica cultures for secretion assays and stoichiometry analysis were inoculated from
stationary overnight cultures to an optical density at 600 nm (ODgq) of 0.12 in BHI broth con-
taining EDTA (5 mM) (BHI-EDTA, secreting conditions) or CaCl, (5 mM) (BHI-Ca®*, non-
secreting conditions) supplemented with nalidixic acid (35 ug/ml), diaminopimelic acid
(80 pg/ml), glycerol (4 mg/ml), and MgCl, (20 mM). After 1.5 h of growth at 25°C, the yop reg-
ulon was induced by shifting the culture to 37°C. Where indicated, expression of the pBAD
constructs was induced by adding L-arabinose (0.2%, unless stated otherwise) to the culture just
before the shift to 37°C. After 3 h of incubation at 37°C, cultures were used for further analysis.
At this point, bacteria for FRAP and PALM analysis were collected (2,400¢, 4 min) and re-
suspended in HEPES-M22 complemented with diaminopimelic acid (80 pg/ml) and either
5 mM EDTA (secreting conditions) or 5 mM CaCl, (non-secreting conditions).

Secretion Analysis and Immunoblotting

Bacteria and supernatant (SN) fractions were separated by centrifugation at 20,800¢ for 10 min
at 4°C. The cell pellet was taken as total cell (TC) fraction. Proteins in the SN were precipitated
with trichloroacetic acid 10% (w/v) final for 1-8 hours at 4°C. Proteins were separated on
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Novex 4%-20% gradient SDS-PAGE gels (Life technologies). Unless mentioned otherwise,
proteins secreted by 3 x 10® bacteria (SN) or produced by 2.5 x 10° bacteria (TC) were loaded
per lane. Secreted proteins were stained using the Coomassie-based “Instant blue” staining so-
lution (Expedeon). Immunoblotting was carried out using mouse polyclonal antibodies against
GFP (Clontech 632459, 1:1,000) or mCherry (Clontech 632543, 1:1,000) or rabbit polyclonal
antibodies against YscQ (MIPA235, 1:1,000). Detection was performed with corresponding
rabbit anti-mouse or goat anti-rabbit secondary antibodies conjugated to horseradish peroxi-
dase (Dako; 1:5,000), before development with Immobilon Western chemiluminescent sub-
strate (Millipore). For the quantification of YscQg, the signal intensity of the region around the
expected protein size in each lane of the immunoblot was measured using ImageJ and corrected
for the background intensity in the lane lacking YscQc.

B-lactamase Assay

Y. enterocolitica strains were transformed with plasmids pAD372 or pAD374 (expressing GST-
bla or YopH,_,7-bla under an arabinose-inducible promoter) (see S2 Table). Cultures were in-
oculated and grown under non-secreting conditions as stated above. Expression was induced
with 0.2% Arabinose (w/v) in parallel to the temperature switch to 37°C. Bacteria were collect-
ed by centrifugation (4 min, 2,400g, 37°C), and resuspended in prewarmed HEPES-M22 (M22
buffered with 20 mM HEPES instead of phosphate buffer) complemented with diaminopimelic
acid (80 pg/ml), glycerol (4 mg/ml), and MgCl, (20 mM) and 5 mM EDTA to induce secretion,
followed by 30 min incubation at 37°C. In a 96 well Corning 3603 plate, 100 ul/well of each
strain was added in triplicates and 20 pl/well of B-lactamase substrate solution (0.1 M Tris-HCI
[pH 7.5], 20 uM Fluoricillin Green 495/525 [Life Technologies]) was added. Fluorescence was
measured every 30 s for 15 min, using a BMG Labtech Fluostar photometer (Ex 490/10 nm,
Em 530/12 nm) and the slope of the linear increasing region was determined. The results are
averages of five independent experiments (four independent experiments for strain AYscN)
with three technical replicates each.

Fluorescence Microscopy

For standard fluorescence imaging, determination of spot intensity, and deconvolution, 1.5 pl
of resuspended bacterial culture was placed on a microscope slide layered with a pad of 2% aga-
rose in HEPES-M22 (M22 buffered with 20 mM HEPES instead of phosphate) supplemented
with diaminopimelic acid (80 ug/ml) and either EDTA (5 mM) (secreting conditions) or CaCl,
(5 mM) (non-secreting conditions). A Deltavision Spectris optical sectioning microscope (Ap-
plied Precision) equipped with a UPlanSApo 100 x 1.40 oil objective (Olympus) combined
with 1.6x auxiliary magnification and an Evolve EMCCD camera (Photometrics) was used to
take differential interference contrast (DIC) and fluorescence photomicrographs. For fluoro-
phore visualization, either the GFP/hsGFP filter set (Ex 475/28 nm, Em 522/44 nm) or the
mCherry/hsCherry filter set (Ex 575/25 nm, Em 634/63 nm) were used. DIC frames were taken
with 0.05 s and fluorescence frames with 1.0 s exposure time. Per image, a Z-stack containing

7 to 15 frames per wavelength with a spacing of 150 nm was acquired. The stacks were decon-
volved using soft WoRx 5.5 with standard settings (Applied Precision). A representative DIC
frame and the corresponding fluorescence frame were selected and further processed with the
Image]J software. Quantitative analysis was performed on the undeconvolved images.

Fluorescence Recovery after Photobleaching

For FRAP, a custom-built multi-color fluorescence microscope was used, which allows photo-
bleaching of one fluorescent spot within the cell using slimfield while simultaneously
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monitoring the fluorescence emission using conventional widefield epifluorescence [68, 83].
1.5 pl of resuspended bacterial culture were analyzed on a microscope slide layered with a pad
of 2% agarose in the respective resuspension medium. Fluorescence was excited using a

473 nm or a 561 nm laser (for EGFP or mCherry, respectively). Fluorescence emission was im-
aged at 50 nm/pixel in frame-transfer mode at 25 Hz by a 128 x 128-pixel, cooled, back-
thinned electron-multiplying charge-coupled device camera (iXon DV860-BI; Andor Technol-
ogy). The displayed images are unweighted averages of three consecutive frames. Analysis was
performed on the raw data. Average fluorescence intensities of the spot (Is), the corresponding
bacterium (I), and the background (I,) were determined manually using Image]. The spot in-
tensity ratio R = (Is — I) / (I — L) was calculated for each frame. The pre-bleach ratio and
post-bleach ratio were determined using ten frames immediately before and after photobleach-
ing the spot with a 20 ms focused laser beam. Unless stated otherwise, the recovery curve was
measured by 100 frames of 40 ms exposure over a period of 335-570 s. Values were normalized
with the pre-bleach and post-bleach ratio and t,, was calculated by fitting R(time) to an expo-
nential curve using the formula R(time) = start + (start-end) * (Exp(—time/ty,) — 1) using the
sequential quadratic programming algorithm in SPSS Statistics 21 (IBM), with the parameters
set to start = [0.9; 1.1], end = [~0.1; 0.4]. Fits with an r? value of less than 0.4 were excluded
from further analysis. The recovery half-time (or half-life) t,, was calculated using he formula
t, = Tox In(2).

Photoactivated Localization Microscopy Y. enterocolitica cultures were grown and treated
as given above for FRAP analysis. 15,000 consecutive frames were imaged with a frame rate of
15.26 ms on a custom-built single-molecule fluorescence microscope using a 405-nm laser
(CNI) for photoactivation and a 561-nm laser (Oxxius) for PAmCherry excitation. Analysis
was performed using the STORMTRACKER package for MATLAB (MathWorks) as
described by Uphoff and colleagues [53]. The minimal track length was 5, the threshold used
to discriminate between bound and unbound molecules was 0.15 um?/s for the single-step dif-
fusion coefficient.

Spot Detection and Determination of Intensities

The stoichiometry of YscQ was determined comparing the fluorescence intensities of fluores-
cent foci in strains expressing EGFP-YscQ or EGFP-YscD under secreting and non-secreting
conditions. Both proteins were expressed from their native promoter on the pYV virulence
plasmid. Images were corrected for background fluorescence only and were not processed
otherwise to allow for direct comparison of fluorescence distribution and intensity. Automat-
ed spot counting in fluorescent 3D stacks was performed in MATLAB (MathWorks) using
the electron tomography related Dynamo toolbox (http://dynamo-em.org/) [84]. The peaks
were detected based on the fluorescent intensity being higher than the average background of
the stack by 5 standard deviations of the pixel values. The minimal distance between two
peaks was limited by 3 pixels (304 nm). For each strain and condition, 11 stacks from two in-
dependent experiments were imaged. In each stack, at least 100 spots were detected, the total
number of analyzed spots was between 3,400 and 4,300 per condition. In parallel, ten stacks
from two independent experiments were imaged for cells not expressing any fluorophore.
Spot intensity was corrected for the background outside of cells and the average fluorescence
background in cells not expressing a fluorophore. Each stack was treated as an independent
value. Spot detection and quantification for EGFP-YscQyz154 at different mCherry-YscQc
levels was performed using MicrobeTracker 0.937 [85] and the automated SpotFinderZ algo-
rithm using the following settings: Expand cells, 2 px; max width squared, 22.3 px*; min
width squared, 1.11 px* min height, 0.053 i.u.; max rel. sq. error, 97; max var/sq. height ratio,
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1.23; min filtered/fitted ratio, 0.02187; and standard settings otherwise. More than 170 cells
per condition were analyzed.
The numerical data used in all figures (Figs. 1-4) are included in S1 Data.

Supporting Information

S1 Data. Numerical values and raw data. Numerical values and raw data used to generate
Figs. 1B, 1C, 2D, 2E, 2F, 3B, 3D, 3G, and 4.
(XLSX)

S1 Fig. Schematic representation of the type III secretion injectisome. Conformation and lo-
calization of the dashed components (names in italics) have not been experimentally deter-
mined. Protein names in black: general Sct nomenclature [3]; brown: Yersinia nomenclature.
(EPS)

S2 Fig. Stability and functionality of the EGFP fusion proteins used in this study. (A) Im-
munoblot anti-GFP of total cellular proteins in a wild-type strain and strains expressing EGFP-
YscD or EGFP-YscQ from their native promoter on the pYV virulence plasmid, or EGFP-
YscQc in trans in a YscQp1sa background. To assess the stability of the fusion proteins, un-
treated total cellular proteins were analyzed using anti-GFP antibodies. All samples were run
on the same gel, the grey lines denote the omission of intermediate lanes. (B) Secretion assay
showing the secreted proteins in the strains shown in (A), as well as the negative control
AYscN and YscQpa14 with no plasmid or expressing YscQg in trans. (C) Secretion assay
showing the Calcium regulation of tested strains. Translocated proteins under secreting condi-
tions (absence of calcium) in the WT strain (left side, black) and under non-secreting condi-
tions (presence of calcium) in the strains shown in the strains shown in (B) (right side, green).
(EPS)

S3 Fig. YscQumoi1sa> Ys€Qe, and YscN require each other for localization at the injectisome.
(A) Fluorescence micrographs showing the distribution of EGFP-YscQc¢ expressed in trans in
strains expressing YscQu1s4 (left) or no YscQ (right). (B) Distribution of EGFP-YscN ex-
pressed in trans in strains lacking native YscN and otherwise wild-type (left) or YscQuz1sa

(right). Insets show enlarged parts of the main frames.
(EPS)

$4 Fig. Determination of mCherry-YscQc protein levels at different induction levels. The
amount of mCherry-YscQc in a strain expressing EGFP-YscQp154 (from its native promoter
on the virulence plasmid) and mCherry-YscQc (not expressed in the left lane and expressed in
trans by induction of the plasmid with the given concentrations of arabinose in the other lanes)
was determined by an immunoblot anti-YscQ of total cellular proteins. Amount of detected
YscQc per condition (in arbitrary units, left lane = no YscQc set to 0), from left to right: 0.00,
1.59,2.4,4.41,5.12,9.93, 20.73.

(EPS)

S5 Fig. Overexpression of YscQc does not titrate YscQyz154 away from the injectisome.
Cellular distribution of EGFP-YscQy2154 (expressed from its native promoter on the virulence
plasmid) and mCherry-YscQc (overexpressed in trans induced by 0.08% arabinose). The in-
creased cytosolic level of YscQc does not interfere with the localization of EGFP-YscQj2154 at
the injectisome.

(EPS)

S6 Fig. Stability and functionality of the YscV-mCherry and YscC-mCherry fusion pro-
teins. (A) Immunoblot anti-mCherry of total cellular proteins in a wild-type strain and
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strains expressing YscV-mCherry or YscC-mCherry from their native promoters on the
pYV virulence plasmid. To assess the stability of the fusion proteins, untreated total cellular
proteins were analyzed using anti-mCherry antibodies. YscV-mCherry and YscC-

mCherry run at single bands at the expected size of the fusion proteins (indicated at the bot-
tom). (B) Secretion assay showing the secreted proteins in the strains used in (A).

(C) Secretion assay showing the calcium regulation of tested strains. Translocated proteins
under secreting conditions (absence of calcium) in the WT strain (left side, black) and
under non-secreting conditions (presence of calcium) in the strains shown in (B) (right
side, green).

(EPS)

S7 Fig. EGFP-YscQc subunits exchange in the active injectisome in a similar manner as
EGFP-YscQ. Micrographs showing representative images before and after photobleaching of a
single fluorescent spot (marked by red circle). While recovery of EGFP-YscQc was generally
observable, the expression of the analyzed protein in trans lead to cell-to-cell variations of
YscQc protein levels and higher background fluorescence, preventing the quantification of the
exchange rate.

(EPS)

S8 Fig. Functionality of the PAmCherry fusion proteins used in this study. (A) Secretion
assay showing the secreted proteins in a wild-type strain, a strain lacking the ATPase YscN and
strains expressing PAmCherry-YscQ or YscV-PAmCherry from their native promoters on the
pYV virulence plasmid. All samples were run on the same gel, the grey line denotes the omis-
sion of intermediate lanes. (B) Secretion assay showing the Calcium regulation of tested strains.
Translocated proteins under secreting conditions (absence of Calcium) in the WT strain (left
side, black) and under non-secreting conditions (presence of Calcium) in a WT strain and
strains expressing PAmCherry-YscQ or YscV-PAmCherry from their native promoters on the
pYV virulence plasmid (right side, green).

(EPS)

S9 Fig. Conservation heat map of the type III secretion system. (A) The degree of sequence
conservation of several subunits was determined using the similarity score of the consensus se-
quence determined by the multiple sequence alignment package M-Coffee [86] for representa-
tives of major T3SS subfamilies [81]. More conserved subunits are represented by darker
colors. Proteins with very low molecular weight or low number of known homologues are dis-
played in grey. Conformation and localization of the dashed components have not been experi-
mentally determined. (B) Multiple sequence alignment of SctQ proteins from different T3SS,
top to bottom: Y. enterocolitica YscQ (AAD16827), Ralstonia solanacearum HrcQ
(CAD18012), Pseudomonas syringae HrcQa.p (AAO54919, AA054918), E. coli SepQ
(CAS11493), Salmonella Typhimurium SPI-1 SpaO (CBW18968). A plain text alignment can
be accessed in S2 Text.

(EPS)

S1 Movie. Fluorescence recovery after photobleaching of YscC-mCherry. To reduce
background levels, the displayed frames are walking averages of three 40 ms exposed
frames each (except the bleach frame). After photobleaching with a 20 ms frame of a tightly
focused laser beam, the frame rates were: 10 x 25,10 x 45,10 x65,10x 105,10 x 155,

10 x 20 s.

(AVT)
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S2 Movie. Fluorescence recovery after photobleaching of YscV-mCherry. As S1 Movie, ex-
cept for the following frame rates after photobleaching: 25 x 25,25 x 45,25 x 65,25 X 10 s.
(AVI)

S$3 Movie. Fluorescence recovery after photobleaching of EGFP-YscQ. As S1 Movie, except
for the following frame rates after photobleaching: 25 x 15,25 x 25,25 x 45,26 X 6 5.
(AVI)

S1 Table. Homologous proteins and their function in various families of T3SS and the fla-
gellum. General Sct names [3] and protein names are given for well-studied members of the re-
spective T3SS families. -, no clear homologue present.

(DOCX)

$2 Table. List of strains and plasmids used in this study. Relevant genotype of Y. enterocoli-
tica strains. All strains are based on the multi-effector knock-out auxotrophic strain
IML421asd, which is an E40-based strain.

(DOCX)

$1 Text. Calculation of the C-ring diameter.
(DOCX)

$2 Text. Plain text alignment of the sequences compared in S9B Fig.
(TXT)

Acknowledgments
The authors are grateful to Christopher Jones for help with the MicrobeTracker package.

Author Contributions

Conceived and designed the experiments: AD JPA. Performed the experiments: AD. Analyzed
the data: AD MK NJD. Contributed reagents/materials/analysis tools: MK RMB JPA. Wrote
the paper: AD RMB JPA.

References

1. Cornelis GR, Wolf-Watz H (1997) The Yersinia Yop virulon: a bacterial system for subverting eukaryotic
cells. Mol Microbiol 23: 861-867. doi: 10.1046/j.1365-2958.1997.2731623.x PMID: 9076724

2. Galan JE, Collmer A (1999) Type lll secretion machines: bacterial devices for protein delivery into host
cells. Science 284: 1322—1328. doi: 10.1126/science.284.5418.1322 PMID: 10334981

3. Hueck CJ (1998) Type lll protein secretion systems in bacterial pathogens of animals and plants. Micro-
biol Mol Biol Rev 62: 379-433. PMID: 9618447

4. Coburn B, Sekirov |, Finlay BB (2007) Type lll secretion systems and disease. Clin Microbiol Rev 20:
535-549. doi: 10.1128/CMR.00013-07 PMID: 17934073

5. Buttner D (2012) Protein export according to schedule: architecture, assembly, and regulation of type
Il secretion systems from plant- and animal-pathogenic bacteria. Microbiol Mol Biol Rev 76: 262—-310.
doi: 10.1128/MMBR.05017-11 PMID: 22688814

6. Viprey V, Del Greco A, Golinowski W, Broughton WJ, Perret X (1998) Symbiotic implications of type IlI
protein secretion machinery in Rhizobium. Mol Microbiol 28: 1381-1389. doi: 10.1046/j.1365-2958.
1998.00920.x PMID: 9680225

7. Cusano AM, Burlinson P, Deveau A, Vion P, Uroz S, et al. (2011) Pseudomonas fluorescens BBc6R8
type Ill secretion mutants no longer promote ectomycorrhizal symbiosis. Environ Microbiol Rep 3:
203-210. doi: 10.1111/j.1758-2229.2010.00209.x PMID: 23761252

8. Galan JE (2009) Common themes in the design and function of bacterial effectors. Cell Host Microbe
5:571-579. doi: 10.1016/j.chom.2009.04.008 PMID: 19527884

PLOS Biology | DOI:10.1371/journal.pbio.1002039 January 15,2015 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=

@'PLOS | BIOLOGY

The C-ring, a Dynamic Component of the Type Ill Secretion Injectisome

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Van der Heijden J, Finlay BB, Heijden J (2012) Type I effector-mediated processes in Salmonella in-
fection. Future Microbiol 7: 685—-703. doi: 10.2217/fmb.12.49 PMID: 22702524

Cornelis GR (2006) The type Il secretion injectisome. Nat Rev Microbiol 4: 811-825. doi: 10.1038/
nrmicro1526 PMID: 17041629

Galan JE, Wolf-Watz H (2006) Protein delivery into eukaryotic cells by type Ill secretion machines. Na-
ture 444:567-573. doi: 10.1038/nature05272 PMID: 17136086

Schraidt O, Marlovits TC (2011) Three-dimensional model of Salmonella’s needle complex at subnan-
ometer resolution. Science 331: 1192—1195. doi: 10.1126/science.1199358 PMID: 21385715

Bergeron JRC, Worrall LJ, Sgourakis NG, DiMaio F, Pfuetzner RA, et al. (2013) A refined model of the
prototypical Salmonella SPI-1 T3SS basal body reveals the molecular basis for its assembly. PLoS
Pathog 9: €1003307. doi: 10.1371/journal.ppat.1003307 PMID: 23633951

Akeda Y, Galan JE (2005) Chaperone release and unfolding of substrates in type Ill secretion. Nature
437:911-915. doi: 10.1038/nature03992 PMID: 16208377

Blaylock B, Riordan K, Missiakas D, Schneewind O (2006) Characterization of the Yersinia enterocoli-
tica type Ill secretion ATPase YscN and its regulator, YscL. J Bacteriol 188: 3525-3534. doi: 10.1128/
JB.188.10.3525-3534.2006 PMID: 16672607

Pallen MJ, Bailey CM, Beatson SA (2006) Evolutionary links between FliH/YscL-like proteins from bac-
terial type lll secretion systems and second-stalk components of the FoF1 and vacuolar ATPases.
Protein Sci 15: 935-941. doi: 10.1110/ps.051958806 PMID: 16522800

Ibuki T, Imada K, Minamino T, Kato T, Miyata T, et al. (2011) Common architecture of the flagellar type
Il protein export apparatus and F- and V-type ATPases. Nat Struct Mol Biol 18: 277-282. doi: 10.1038/
nsmb.1977 PMID: 21278755

Evans LDB, Hughes C (2009) Selective binding of virulence type Ill export chaperones by FliJ escort
orthologues Invl and YscO. FEMS Microbiol Lett 293: 292—297. doi: 10.1111/j.1574-6968.2009.01535.
x PMID: 19260965

Romo-Castillo M, Andrade A, Espinosa N, Monjaras Feria J, Soto E, et al. (2014) EscO, a functional
and structural analog of the flagellar FliJ protein, is a positive regulator of EscN ATPase activity of the
enteropathogenic Escherichia coli injectisome. J Bacteriol 196: 2227-2241. doi: 10.1128/JB.01551-14
PMID: 24706741

Morita-ishihara T, Ogawa M, Sagara H, Yoshida M, Katayama E, et al. (2005) Shigella Spa33is an es-
sential C-ring component of type Il secretion machinery. J Biol Chem 281: 599-607. doi: 10.1074/jbc.
M509644200 PMID: 16246841

Johnson S, Blocker AJ (2008) Characterization of soluble complexes of the Shigella flexneri type Il se-
cretion system ATPase. FEMS Microbiol Lett 286: 274—-278. doi: 10.1111/j.1574-6968.2008.01284.x
PMID: 18657109

Jackson M, Plano G V (2000) Interactions between type Il secretion apparatus components from Yersi-
nia pestis detected using the yeast two-hybrid system. FEMS Microbiol Lett 186: 85-90. doi: 10.1111/j.
1574-6968.2000.tb09086.x PMID: 10779717

Spaeth K, Chen Y-S, Valdivia R (2009) The Chlamydia type Ill secretion system C-ring engages a
chaperone-effector protein complex. PLoS Pathog 5: €1000579. doi: 10.1371/journal.ppat.1000579
PMID: 19750218

Cherradi Y, Hachani A, Allaoui A (2014) Spa13 of Shigella flexneri has a dual role: chaperone escort
and export gate-activator switch of the type Il secretion system. Microbiology 160: 130—-141. doi: 10.
1099/mic.0.071712-0 PMID: 24126350

Diepold A, Amstutz M, Abel S, Sorg |, Jenal U, et al. (2010) Deciphering the assembly of the Yersinia
type Ill secretion injectisome. EMBO J 29: 1928—1940. doi: 10.1038/emb0j.2010.84 PMID: 20453832

Lara-Tejero M, Kato J, Wagner S, Liu X, Galan JE (2011) A Sorting Platform Determines the Order of
Protein Secretion in Bacterial Type Ill Systems. Science 331: 1188—1191. doi: 10.1126/science.
1201476 PMID: 21292939

Wilharm G, Lehmann V, Krauss K, Lehnert B, Richter S, et al. (2004) Yersinia enterocolitica type Ill se-
cretion depends on the proton motive force but not on the flagellar motor components MotA and MotB.
Infect Immun 72: 4004—4009. doi: 10.1128/IA1.72.7.4004-4009.2004 PMID: 15213145

Gophna U, Ron E, Graur D (2003) Bacterial type Ill secretion systems are ancient and evolved by multi-
ple horizontal-transfer events. Gene 312: 151-163. doi: 10.1016/S0378-1119(03)00612-7 PMID:
12909351

Abby SS, Rocha EPC (2012) The non-flagellar type Il secretion system evolved from the bacterial fla-
gellum and diversified into host-cell adapted systems. PLoS Genet 8: €1002983. doi: 10.1371/journal.
pgen.1002983 PMID: 23028376

PLOS Biology | DOI:10.1371/journal.pbio.1002039 January 15,2015 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix

@'PLOS | BIOLOGY

The C-ring, a Dynamic Component of the Type Ill Secretion Injectisome

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Blocker AJ, Komoriya K, Aizawa S-I (2003) Type lll secretion systems and bacterial flagella: insights
into their function from structural similarities. Proc Natl Acad Sci U S A 100: 3027-3030. doi: 10.1073/
pnas.0535335100 PMID: 12631703

Erhardt M, Namba K, Hughes KT (2010) Bacterial nanomachines: the flagellum and type Ill injectisome.
Cold Spring Harb Perspect Biol 2: a000299. doi: 10.1101/cshperspect.a000299 PMID: 20926516

Yu X-J, Liu M, Matthews S, Holden DW (2011) Tandem translation generates a chaperone for the Sal-
monella type Il secretion system protein SsaQ. J Biol Chem 286: 36098-36107. doi: 10.1074/jbc.
M111.278663 PMID: 21878641

Bzymek KP, Hamaoka BY, Ghosh P (2012) Two translation products of Yersinia yscQ assemble to
form a complex essential to type Ill secretion. Biochemistry 51: 1669—-1677. doi: 10.1021/bi201792p
PMID: 22320351

Driks A, DeRosier D (1990) Additional structures associated with bacterial flagellar basal body.
J Mol Biol 211: 669-672. doi: 10.1016/0022-2836(90)90063-R PMID: 2179562

Khan |, Reese T, Khan S (1992) The cytoplasmic component of the bacterial flagellar motor. Proc Natl
Acad SciU S A 89: 5956-5960. doi: 10.1073/pnas.89.13.5956 PMID: 1631080

Irikura VM, Kihara M, Yamaguchi S, Sockett H, Macnab RM (1993) Salmonella typhimurium fliG and
fliN mutations causing defects in assembly, rotation, and switching of the flagellar motor. J Bacteriol
175: 802-810. PMID: 8423152

Bren A, Eisenbach M (1998) The N terminus of the flagellar switch protein, FliM, is the binding domain
for the chemotactic response regulator, CheY. J Mol Biol 278: 507-514. doi: 10.1006/jmbi.1998.1730
PMID: 9600834

Welch M, Oosawa K, Aizawa S-I, Eisenbach M (1993) Phosphorylation-dependent binding of a signal
molecule to the flagellar switch of bacteria. Proc Natl Acad Sci U S A 90: 8787—-8791. doi: 10.1073/
pnas.90.19.8787 PMID: 8415608

Erhardt M, Hughes KT (2009) C-ring requirement in flagellar type 1l secretion is bypassed by FIhDC
upregulation. Mol Microbiol 75: 376-393. doi: 10.1111/j.1365-2958.2009.06973.x PMID: 19919668

Konishi M, Kanbe M, McMurry J, Aizawa S-1 (2009) Flagellar formation in C-ring defective mutants by
overproduction of Flil, the ATPase specific for the flagellar type Ill secretion. J Bacteriol 191: 6186—
6191. doi: 10.1128/JB.00601-09 PMID: 19648242

Kudryashev M, Stenta M, Schmelz S, Amstutz M, Wiesand U, et al. (2013) In situ structural analysis of
the Yersinia enterocolitica injectisome. Elife 2: €00792. doi: 10.7554/eLife.00792 PMID: 23908767

Kawamoto A, Morimoto Y V, Miyata T, Minamino T, Hughes KT, et al. (2013) Common and distinct
structural features of Salmonella injectisome and flagellar basal body. Sci Rep 3: 3369. doi: 10.1038/
srep03369 PMID: 24284544

Francis NR, Sosinsky GE, Thomas D, DeRosier D (1994) Isolation, characterization and structure of
bacterial flagellar motors containing the switch complex. J Mol Biol 235: 1261-1270. doi: 10.1006/jmbi.
1994.1079 PMID: 8308888

Spreter T, Yip CK, Sanowar S, André |, Kimbrough TG, et al. (2009) A conserved structural motif medi-
ates formation of the periplasmic rings in the type Il secretion system. Nat Struct Mol Biol 16: 468—476.
doi: 10.1038/nsmb.1603 PMID: 19396170

Schraidt O, Lefebre MD, Brunner MJ, Schmied WH, Schmidt A, et al. (2010) Topology and organization
of the Salmonella typhimurium type Ill secretion needle complex components. PLoS Pathog 6:
€1000824. doi: 10.1371/journal.ppat.1000824 PMID: 20368966

McDowell MA, Johnson S, Deane JE, Cheung M, Roehrich AD, et al. (2011) Structural and functional
studies on the N-terminal domain of the Shigella type Il secretion protein MxiG. J Biol Chem 286:
30606-30614. doi: 10.1074/jbc.M111.243865 PMID: 21733840

Hodgkinson J, Horsley A, Stabat D, Simon M, Johnson S, et al. (2009) Three-dimensional reconstruc-
tion of the Shigella T3SS transmembrane regions reveals 12-fold symmetry and novel features
throughout. Nat Struct Mol Biol 16: 477—485. doi: 10.1038/nsmb.1599 PMID: 19396171

Sani M, Allaoui A, Fusetti F, Oostergetel GT, Keegstra W, et al. (2006) Structural organization of the
needle complex of the type Il secretion apparatus of Shigella flexneri. Micron 38: 291-301. doi: 10.
1016/j.micron.2006.04.007 PMID: 16920362

Diepold A, Wiesand U, Cornelis GR (2011) The assembly of the export apparatus (YscR,S,T,U,V) of
the Yersinia type Il secretion apparatus occurs independently of other structural components and in-
volves the formation of an YscV oligomer. Mol Microbiol 82: 502—514. doi: 10.1111/j.1365-2958.2011.
07830.x PMID: 21923772

Marketon MM, DePaolo RW, DeBord KL, Jabri B, Schneewind O (2005) Plague bacteria targetimmune
cells during infection. Science 309: 1739-1741. doi: 10.1126/science.1114580 PMID: 16051750

PLOS Biology | DOI:10.1371/journal.pbio.1002039 January 15,2015 19/21


Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix

@'PLOS | BIOLOGY

The C-ring, a Dynamic Component of the Type Ill Secretion Injectisome

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Charpentier X, Oswald E (2004) Identification of the secretion and translocation domain of the entero-
pathogenic and enterohemorrhagic Escherichia coli effector Cif, using TEM-1 beta-lactamase as a new
fluorescence-based reporter. J Bacteriol 186: 5486-5495. doi: 10.1128/JB.186.16.5486-5495.2004
PMID: 15292151

Sory M-P, Boland A, Lambermont |, Cornelis GR (1995) Identification of the YopE and YopH domains
required for secretion and internalization into the cytosol of macrophages, using the cyaA gene fusion
approach. Proc Natl Acad SciU S A 92: 11998-12002. doi: 10.1073/pnas.92.26.11998 PMID:
8618831

Uphoff S, Reyes-Lamothe R, Garza de Leon F, Sherratt DJ, Kapanidis AN (2013) Single-molecule
DNA repair in live bacteria. Proc Natl Acad SciU S A 110: 8063—8068. doi: 10.1073/pnas.1301804110
PMID: 23630273

Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S, et al. (2006) Imaging intracellular fluo-
rescent proteins at nanometer resolution. Science 313: 1642—1645. doi: 10.1126/science.1127344
PMID: 16902090

Manley S, Gillette JM, Patterson GH, Shroff H, Hess HF, et al. (2008) High-density mapping of single-
molecule trajectories with photoactivated localization microscopy. Nat Methods 5: 155—-157. doi: 10.
1038/nmeth.1176 PMID: 18193054

Subach F V, Patterson GH, Manley S, Gillette JM, Lippincott-Schwartz J, et al. (2009) Photoactivatable
mCherry for high-resolution two-color fluorescence microscopy. Nat Methods 6: 153—159. doi: 10.
1038/nmeth.1298 PMID: 19169259

Eichelberg K, Ginocchio CC, Galan JE (1994) Molecular and functional characterization of the Salmo-
nella typhimurium invasion genes invB and invC: homology of InvC to the FOF1 ATPase family of pro-
teins. J Bacteriol 176: 4501-4510. PMID: 8045880

Akeda Y, Galan JE (2004) Genetic analysis of the Salmonella enterica type Il secretion-associated
ATPase InvC defines discrete functional domains. J Bacteriol 186: 2402-2412. doi: 10.1128/JB.186.8.
2402-2412.2004 PMID: 15060043

Li H, Sourjik V (2011) Assembly and stability of flagellar motor in Escherichia coli. Mol Microbiol 80:
886-899. doi: 10.1111/j.1365-2958.2011.07557.x PMID: 21244534

Sourjik V, Berg HC (2000) Localization of components of the chemotaxis machinery of Escherichia coli
using fluorescent protein fusions. Mol Microbiol 37: 740-751. doi: 10.1046/j.1365-2958.2000.02044.x
PMID: 10972797

Delalez NJ, Berry RM, Armitage JP (2014) Stoichiometry and turnover of the bacterial flagellar switch
protein FliN. MBio 5: e01216—e01214. doi: 10.1128/mBio.01216-14 PMID: 24987089

Thomas DR, Francis N, Xu C, DeRosier D (2006) The three-dimensional structure of the flagellar rotor
from a clockwise-locked mutant of Salmonella enterica serovar Typhimurium. J Bacteriol 188:
7039-7048. doi: 10.1128/JB.00552-06 PMID: 17015643

Yuan J, Branch RW, Hosu BG, Berg HC (2012) Adaptation at the output of the chemotaxis signalling
pathway. Nature 484:233-236. doi: 10.1038/nature10964 PMID: 22498629

Chen S, Beeby MD, Murphy GE, Leadbetter JR, Hendrixson DR, et al. (2011) Structural diversity of
bacterial flagellar motors. EMBO J 30: 2972-2981. doi: 10.1038/emboj.2011.186 PMID: 21673657

Koster M, Bitter W, de Cock H, Allaoui A, Cornelis GR, et al. (1997) The outer membrane component,
YscC, of the Yop secretion machinery of Yersinia enterocolitica forms a ring-shaped multimeric com-
plex. Mol Microbiol 26: 789-797. doi: 10.1046/j.1365-2958.1997.6141981.x PMID: 9427408

Morimoto Y V, Ito M, Hiraoka KD, Che Y-S, Bai F, et al. (2014) Assembly and stoichiometry of FliF and
FIhA in Salmonella flagellar basal body. Mol Microbiol 91: 1214-1226. doi: 10.1111/mmi.12529 PMID:
24450479

Wagner S, Kénigsmaier L, Lara-Tejero M, Lefebre MD, Marlovits TC, et al. (2010) Organization and co-
ordinated assembly of the type Il secretion export apparatus. Proc Natl Acad SciU S A 107:
17745-17750. doi: 10.1073/pnas.1008053107 PMID: 20876096

Leake MC, Chandler J, Wadhams GH, Bai F, Berry RM, et al. (2006) Stoichiometry and turnover in sin-
gle, functioning membrane protein complexes. Nature 443: 355-358. doi: 10.1038/nature05135 PMID:
16971952

Delalez NJ, Wadhams GH, Rosser G, Xue Q, Brown M, et al. (2010) Signal-dependent turnover of the
bacterial flagellar switch protein FliM. Proc Natl Acad SciU S A 107: 11347—11351. doi: 10.1073/pnas.
1000284107 PMID: 20498085

Fukuoka H, Inoue Y, Terasawa S, Takahashi H, Ishijima A (2010) Exchange of rotor components in
functioning bacterial flagellar motor. Biochem Biophys Res Commun 394: 130—135. doi: 10.1016/j.
bbrc.2010.02.129 PMID: 20184859

PLOS Biology | DOI:10.1371/journal.pbio.1002039 January 15,2015 20/21


Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
Undefined namespace prefix
http://dx.doi.org/10.1126/science.1127344
http://www.ncbi.nlm.nih.gov/pubmed/16902090
http://dx.doi.org/10.1038/nmeth.1176
http://dx.doi.org/10.1038/nmeth.1176
http://www.ncbi.nlm.nih.gov/pubmed/18193054
http://dx.doi.org/10.1038/nmeth.1298
http://dx.doi.org/10.1038/nmeth.1298
http://www.ncbi.nlm.nih.gov/pubmed/19169259
http://www.ncbi.nlm.nih.gov/pubmed/8045880
http://dx.doi.org/10.1128/JB.186.8.2402-2412.2004
http://dx.doi.org/10.1128/JB.186.8.2402-2412.2004
http://www.ncbi.nlm.nih.gov/pubmed/15060043
http://dx.doi.org/10.1111/j.1365-2958.2011.07557.x
http://www.ncbi.nlm.nih.gov/pubmed/21244534
http://dx.doi.org/10.1046/j.1365-2958.2000.02044.x
http://www.ncbi.nlm.nih.gov/pubmed/10972797
http://dx.doi.org/10.1128/mBio.01216-14
http://www.ncbi.nlm.nih.gov/pubmed/24987089
http://dx.doi.org/10.1128/JB.00552-06
http://www.ncbi.nlm.nih.gov/pubmed/17015643
http://dx.doi.org/10.1038/nature10964
http://www.ncbi.nlm.nih.gov/pubmed/22498629
http://dx.doi.org/10.1038/emboj.2011.186
http://www.ncbi.nlm.nih.gov/pubmed/21673657
http://dx.doi.org/10.1046/j.1365-2958.1997.6141981.x
http://www.ncbi.nlm.nih.gov/pubmed/9427408
http://dx.doi.org/10.1111/mmi.12529
http://www.ncbi.nlm.nih.gov/pubmed/24450479
http://dx.doi.org/10.1073/pnas.1008053107
http://www.ncbi.nlm.nih.gov/pubmed/20876096
http://dx.doi.org/10.1038/nature05135
http://www.ncbi.nlm.nih.gov/pubmed/16971952
http://dx.doi.org/10.1073/pnas.1000284107
http://dx.doi.org/10.1073/pnas.1000284107
http://www.ncbi.nlm.nih.gov/pubmed/20498085
http://dx.doi.org/10.1016/j.bbrc.2010.02.129
http://dx.doi.org/10.1016/j.bbrc.2010.02.129
http://www.ncbi.nlm.nih.gov/pubmed/20184859

@'PLOS | BIOLOGY

The C-ring, a Dynamic Component of the Type Ill Secretion Injectisome

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lele PP, Branch RW, Nathan VSJ, Berg HC (2012) Mechanism for adaptive remodeling of the bacterial
flagellar switch. Proc Natl Acad Sci U S A 109: 20018-20022. doi: 10.1073/pnas.1212327109 PMID:
23169659

Minamino T, Imada K, Namba K (2008) Mechanisms of type Il protein export for bacterial flagellar as-
sembly. Mol Biosyst 4: 1105-1115. doi: 10.1039/b808065h PMID: 18931786

Enninga J, Mounier J, Sansonetti P, Tran Van Nhieu G, Nhieu GT Van (2005) Secretion of type Il effec-
tors into host cells in real time. Nat Methods 2: 959-965. doi: 10.1038/nmeth804 PMID: 16299482

Schlumberger MC, Milller A, Ehrbar K, Winnen B, Duss |, et al. (2005) Real-time imaging of type Ill se-
cretion: Salmonella SipA injection into host cells. Proc Natl Acad Sci U S A 102: 12548-12553. doi: 10.
1073/pnas.0503407102 PMID: 16107539

Minamino T, Yoshimura SDJ, Morimoto Y V, Gonzalez-Pedrajo B, Kami-lke N, et al. (2009) Roles of
the extreme N-terminal region of FliH for efficient localization of the FliH-Flil complex to the bacterial fla-
gellar type Ill export apparatus. Mol Microbiol 74: 1471-1483. doi: 10.1111/j.1365-2958.2009.06946.x
PMID: 19889085

Hara N, Morimoto Y V, Kawamoto A, Namba K, Minamino T (2012) Interaction of the extreme N-termi-
nal region of FliH with FIhA is required for efficient bacterial flagellar protein export. J Bacteriol 194:
5353-5360. doi: 10.1128/JB.01028-12 PMID: 22843851

Tran EJ, Wente SR (2006) Dynamic nuclear pore complexes: life on the edge. Cell 125: 1041-1053.
doi: 10.1016/j.cell.2006.05.027 PMID: 16777596

Marteyn B, West NP, Browning DF, Cole JA, Shaw JG, et al. (2010) Modulation of Shigella virulence in
response to available oxygen in vivo. Nature 465: 355-358. doi: 10.1038/nature08970 PMID:
20436458

Schiuller S, Phillips A (2010) Microaerobic conditions enhance type Il secretion and adherence of
enterohaemorrhagic Escherichia coli to polarized human intestinal epithelial cells. Environ Microbiol
12: 2426-2435. doi: 10.1111/].1462-2920.2010.02216.x PMID: 20406285

Yu X-J, McGourty K, Liu M, Unsworth KE, Holden DW (2010) pH sensing by intracellular Salmonella in-
duces effector translocation. Science 328: 1040—1043. doi: 10.1126/science.1189000 PMID:
20395475

Diepold A, Wagner S (2014) Assembly of the bacterial type Il secretion machinery. FEMS Microbiol
Rev 38:802-822. doi: 10.1111/1574-6976.12061 PMID: 24484471

Kaniga K, Delor I, Cornelis GR (1991) 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.
doi: 10.1016/0378-1119(91)90599-7 PMID: 1756974

Plank M, Wadhams GH, Leake MC (2009) Millisecond timescale slimfield imaging and automated
quantification of single fluorescent protein molecules for use in probing complex biological processes.
Integr Biol (Camb) 1: 602—-612. doi: 10.1039/b907837a

Castafo-Diez D, Kudryashev M, Arheit M, Stahlberg H (2012) Dynamo: a flexible, user-friendly devel-
opment tool for subtomogram averaging of cryo-EM data in high-performance computing environments.
J Struct Biol 178: 139—-151. doi: 10.1016/j.jsb.2011.12.017 PMID: 22245546

Sliusarenko O, Heinritz J, Emonet T, Jacobs-Wagner C (2011) High-throughput, subpixel precision
analysis of bacterial morphogenesis and intracellular spatio-temporal dynamics. Mol Microbiol 80:
612—627.doi: 10.1111/1.1365-2958.2011.07579.x PMID: 21414037

Wallace IM, O’Sullivan O, Higgins DG, Notredame C (2006) M-Coffee: combining multiple sequence
alignment methods with T-Coffee. Nucleic Acids Res 34: 1692—-1699. doi: 10.1093/nar/gkl091 PMID:
16556910

PLOS Biology | DOI:10.1371/journal.pbio.1002039 January 15,2015 21/21


http://dx.doi.org/10.1073/pnas.1212327109
http://www.ncbi.nlm.nih.gov/pubmed/23169659
http://dx.doi.org/10.1039/b808065h
http://www.ncbi.nlm.nih.gov/pubmed/18931786
http://dx.doi.org/10.1038/nmeth804
http://www.ncbi.nlm.nih.gov/pubmed/16299482
http://dx.doi.org/10.1073/pnas.0503407102
http://dx.doi.org/10.1073/pnas.0503407102
http://www.ncbi.nlm.nih.gov/pubmed/16107539
http://dx.doi.org/10.1111/j.1365-2958.2009.06946.x
http://www.ncbi.nlm.nih.gov/pubmed/19889085
http://dx.doi.org/10.1128/JB.01028-12
http://www.ncbi.nlm.nih.gov/pubmed/22843851
http://dx.doi.org/10.1016/j.cell.2006.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16777596
http://dx.doi.org/10.1038/nature08970
http://www.ncbi.nlm.nih.gov/pubmed/20436458
http://dx.doi.org/10.1111/j.1462-2920.2010.02216.x
http://www.ncbi.nlm.nih.gov/pubmed/20406285
http://dx.doi.org/10.1126/science.1189000
http://www.ncbi.nlm.nih.gov/pubmed/20395475
http://dx.doi.org/10.1111/1574-6976.12061
http://www.ncbi.nlm.nih.gov/pubmed/24484471
http://dx.doi.org/10.1016/0378-1119(91)90599-7
http://www.ncbi.nlm.nih.gov/pubmed/1756974
http://dx.doi.org/10.1039/b907837a
http://dx.doi.org/10.1016/j.jsb.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22245546
http://dx.doi.org/10.1111/j.1365-2958.2011.07579.x
http://www.ncbi.nlm.nih.gov/pubmed/21414037
http://dx.doi.org/10.1093/nar/gkl091
http://www.ncbi.nlm.nih.gov/pubmed/16556910

