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Bacterial pathogens use an injectisome to deliver virulence proteins into eukaryotic host cells. The bacterial
flagellum and injectisome export their component proteins for self-assembly. These two systems show high
structural similarities and are classified as the type III secretion system, but it remains elusive how similar
they are in situ because the structures of these complexes isolated from cells and visualized by electron
cryomicroscopy have shown only the export channel and housing for the export apparatus. Here we report
in situ structures of Salmonella injectisome and flagellum by electron cryotomography. The injectisome
lacks the flagellar basal body C-ring, but a wing-like disc and a globular density corresponding to the export
gate platform and ATPase hexamer ring, respectively, are stably attached through thin connectors, revealing
yet unidentified common architectures of the two systems. The ATPase ring is far from the disc, suggesting
that both apparatuses are observed in an export-off state.

P
athogenic bacteria use the injectisome, also called the needle complex (NC), to directly inject virulence
effector proteins into eukaryotic host cells upon contact, thereby causing rearrangement of the host cytos-
keletons to allow their invasion into the host cells1,2. The NC structure is made of an extracellular thin needle

tube and a basal body consisting of multiple rings that span the inner and outer membranes. The bacterial
flagellum is an organelle for motility and is made of an extracellular, long helical filament as a propeller and a basal
body as a rotary motor. The flagellar basal body (FBB) is also made of multiple rings that span the inner and outer
membranes3. The injectisome and bacterial flagellum are both large assemblies of 20 to 30 different proteins and
export their component proteins for self-assembly at the distal, growing ends. Their basal bodies function as
specific protein export apparatuses classified as the type III secretion system (T3SS)1,3. The T3SS of pathogens is a
potentially excellent target for anti-infection drug design because such drugs do not affect bacterial survival and
therefore resistant mutations would occur much less frequently1,2. NC and FBB isolated from bacterial cells by
detergent treatment show highly similar architecture4–6 and their component proteins are highly homologus1,2,
suggesting that NC is evolutionally related to the flagella (Fig. 1).

Both T3SS consists of a membrane-embedded export gate and a cytoplasmic complex including an ATPase and
are composed of multiple, highly conserved proteins (Supplementary Table 1). In Salmonella enterica serovar
Typhimurium, the NC export gate is made of five membrane proteins, SpaP, SpaQ, SpaR, SpaS and InvA, and
InvC ATPase forms a homo-hexameric ring with OrgA, OrgB and InvI on the cytoplasmic side. These compo-
nents are all required not only for effector protein secretion but also for needle tube formation1,2. The export gate
components are located in the central portion of the inner membrane ring (IR) complexes7. SpaO forms a sorting
platform in the cytoplasm to facilitate sequential export of secretory proteins by providing specific binding sites
for OrgA and OrgB to bring in the InvC-chaperone-secretory protein complexes to the vicinity of the export gate8.
InvC ATPase induces chaperone release from and unfolding of cognate effectors in an ATP hydrolysis-dependent
manner9. Similarly, the export gate of the flagellar protein export apparatus is composed of six membrane
proteins, FlhA, FlhB, FliO, FliP, FliQ, FliR, and FliI ATPase forms a cytoplasmic hexamer ring complex with
FliH and FliJ3. FliN forms the bottom edge of the C ring (Fig. 1), which is essential for torque generation and
rotational switch of the flagellar motor, to facilitate sequential export of flagellar proteins by providing many FliH
binding sites to deliver the FliH-FliI-FliJ-chaperone-substrate complexes to the export gate3,10. Thus, the export
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gate and cytoplasmic structures of FBB play essentially the same roles
in protein export as the corresponding two parts of NC, respectively.

The structures of NC5,11 and FBB6 isolated from bacterial cells have
been analyzed by electron cryomicroscopy (cryoEM) and single par-
ticle image analysis. The central sections of the image reconstructions
of NC5 and FBB are shown in the insets of Fig. 1, and their structures
are presented in pale green in the schematic diagram (Fig. 1).
Although the structures of the NC IR1 ring made of 24 copies of
PrgH and PrgK and the FBB MS ring made of 26 copies of FliF have
been revealed clearly, those of the export gates within these rings are
not yet visualized in detail5–7,12. The distinct difference between iso-
lated NC and FBB is the absence of the C ring in NC (Fig. 1). That is
why precise location of SpaO is still unknown even though it has been
biochemically detected on the cytoplasmic face of NC13. As the NC
IR2 ring (Fig. 1) is made of the cytoplasmic domains of PrgH and
PrgK11, IR2 is not a candidate for the location of SpaO. Most of all, the
structures of isolated NC and FBB show neither the cytoplasmic
domains of the export gate proteins (InvA and SpaS of NC; FlhA
and FlhB of FBB), which form another sorting platform for ordered
protein export called export gate platform, nor the ATPase com-
plexes (OrgA-OrgB-InvC-secretory protein in NC; FliH-FliI-FliJ-
export substrate in FBB), which facilitate protein export, probably
due to structural disorder or dissociation from NC and FBB by the
purification procedure. Additional densities on the cytoplasmic side
of isolated NC are highly variable, indicating disorder5,11. Therefore,
it has been thought that the C ring of NC, if it exists, may be lost
during purification for the same reason. Although in situ structure of
Yersinia NC has been revealed recently, the structural details are still
obscure14. So there are yet no structural clues to the export mech-
anism. In the present study, we therefore carried out in situ structural
analysis of Salmonella NC and FBB by electron cryotomography
(ECT).

Results
Structural analysis of isolated FBB. Although the structure of FBB
isolated from Salmonella enterica has already been revealed by
cryoEM image analysis6, we carried out cryoEM image analysis of
FBB isolated from the same strain of Salmonella enterica that we used
for in situ structural analysis of NC and FBB, in order to compare the
structures of in situ and isolated FBB as precisely as possible. We
isolated and purified FBBs from a wild-type strain of Salmonella with
modifications in the genetic background to increase the number of
flagella per cell and to form the flagellar basal body without growing
the filament and then carried out cryoEM single particle image
analysis as described in Methods. The structure is shown in Figs. 1
inset, 4 and 5. We did not find any discernible differences in the
structural features from the one previously published6.

Structural analysis of in situ NC and FBB. Because the cell body of
Salmonella (approximately 1 mm) is too thick even for 300 keV
electrons to pass through without too much inelastic and multiple
scattering, thereby limiting the resolution of image reconstruction,
we constructed mini-cells by overproducing FtsZ (see Methods). The
rod shaped cells became nearly spherical with a diameter of ,0.5 mm
(Fig. 2). Most of the mini-cells had one or two flagella and showed
active motility in liquid media (Supplementary movie 1). This
assured that FBBs of mini-cells are fully functional, and most likely
so are NCs co-present in the mini-cells.

We prepared frozen-hydrated mini-cells on holey carbon grids
and carried out ECT to collect tomograms. There were always a
few NCs and one or two flagella in the tomogram of each cell
(Fig. 3). We often observed NC and FBB side by side, which allowed
direct comparison of their in situ structures (Fig. 3b). Both of them
showed the structural features that have been revealed for their iso-
lated particles. For FBB, it was possible to recognize the curved

Figure 1 | Schematic representation of the structures of Salmonella injectisome (NC, left) and flagellar hook basal body (FBB, right). Different colors

indicate structures of different categories: pale green, structures of isolated complexes; blue, additional structures present in the in situ complexes;

red, putative structures not yet visible in the in situ complexes. Insets are the axial sections of isolated NC10 and FBB obtained by cryoEM image

analysis. OR: outer membrane ring, IR: inner membrane ring, OM: outer membrane, PG: peptidoglycan layer, CM: cytoplasmic membrane.
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flagellar hook in the cell exterior, the LP ring spanning the outer
membrane (OM) and peptidoglycan layer (PG), the MS ring span-
ning the cytoplasmic membrane (CM), and the C ring in the cyto-
plasmic side of the MS ring (see Fig. 1 for each substructure). For NC,
the thin needle in the cell exterior and the basal body spanning the
periplasmic space (OR, neck and IR1 in Fig. 1) were visible, but no
clear structural features were discernible in the cytoplasmic side
unlike the C ring of FBB, although it was predicted from the func-
tional similarity as a sorting platform as discussed below.

We then boxed out subtomograms of NC and FBB and compu-
tationally aligned and averaged them to obtain their in situ struc-
tures at resolutions high enough to be compared quantitatively
with those of isolated NC and FBB obtained by cryoEM single
particle image analysis. The number of averaged subtomograms
was 75 and 48, and the resolution of image reconstruction was
4.4 nm and 4.5 nm for NC and FBB, respectively (Supplementary
Fig. 1; Supplementary Table 2 for statistics). Their central sections
are shown in Fig. 4.

Structural comparison of in situ and isolated NC and FBB. The
structures of NC and FBB in situ both span the outer membrane
(OM) and cytoplasmic membranes (CM) in a similar manner

(Fig. 4a, b). The distances between the two membranes are almost
the same, and their surface-surface separation forming the peri-
plasmic space is 19 nm. The structures of isolated NC5 and FBB
can be well superimposed except for some details, indicating that
their core structures are well preserved even after isolation and
purification by detergent treatment (Fig. 4c, d). Interestingly, the
NC basal body is too short for the OR ring to span the outer
membrane (Fig. 4c). Because the shape of isolated NC (OR, neck
and IR1) can be superposed over the periplasmic portion of the in
situ NC structure relatively well, there may be another ring spanning
the outer membrane, rather than elongation of the entire basal body
allowing for the OR ring to span the outer membrane as proposed for
Yersinia NC14. Since the LP ring is easily detached from isolated FBB
in the absence of the hook, suggesting that the hook diameter is large
enough to prevent the LP ring from coming off the rod, (Miyata, T.,
unpublished data) and because the needle, which is attached to the
NC OR ring, is also easily detached from the basal body by
mechanical perturbation, there may be an unidentified NC ring
that spans the outer membrane, and the ring may have been
detached from isolated NC as the needle is not thick enough to
prevent it.

The densities on the cytoplasmic side, not present in isolated NC
and FBB, are also similar to each other, showing a wing-like disc close
to CM (red arrow) and a globular density a little farther away (blue
arrow). The diameter of the disc and globular densities are ,17 nm
and ,10 nm, respectively. The upper surfaces of the discs are about
3.3 nm and 4.4 nm away from the bottom surface of NC and FBB,
respectively, and the surface-surface distances between the disc and
globular densities are 9.2 nm and 11 nm, respectively. These two
structural features have been reported previously for FBB and
assigned to the cytoplasmic domain of FlhA (FlhAC) and the FliI
ring complex, respectively15,16. The crystal structure of the cytoplas-
mic domain of Shigella MxiA (MxiAC), a homolog of InvA and FlhA,
is a nonameric ring complex (PDB ID 4A5P; ref. 16), and the atomic
model can be well fitted into the NC disc density (Fig. 5a, c). A
nonameric ring model of FlhAC built with the crystal structure of
FlhAC (PDB ID 3A5I; ref. 17) was fitted into the FBB disc density as
well (Fig. 5b, d). The hexameric ring model of FliI18 can also be fitted
into the globular densities of NC and FBB (Fig. 5a, b). We therefore
identify the two cytoplasmic densities of NC as the cytoplasmic
domain of InvA (InvAC) forming a nonameric ring and InvC form-
ing a hexameric ring, respectively, although the involvement of the
cytoplasmic domains of SpaS and FlhB in the disc density should not
be neglected3.

Figure 2 | Characteristics of Salmonella mini-cell produced by the
overproduction of FtsZ. (a) Negatively stained EM image of a Salmonella

wild-type cell with a diameter of ,1.0 mm and a mini-cell with a diameter

of ,0.5 mm. Scale bar, 500 nm. (b) Bright-field and fluorescence

microscopy images of wild-type cells and mini-cells are merged to show

cell bodies and the flagellar filaments. The filaments were labeled with the

Alexa fluorescent dye (red). Mini-cells are highlighted by square box of

dashed or solid line, and the one in the solid-line square is magnified. Scale

bar, 4 mm.

Figure 3 | NC and FBB in the tomogram of Salmonella mini-cell. (a) NC

and (b) FBB are highlighted with a box on an 11 nm-thick slice of each

tomogram. Scale bar, 100 nm. Magnified images of NC and FBB are shown

in the insets. The NC and FBB are indicated by red and white arrowheads,

respectively. The two small white arrows indicate the C ring of FBB. Scale

bar, 50 nm.
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Discussion
We now see that NC does not have the density corresponding to the
FBB C ring even in situ and that its absence in isolated NC is not due
to the isolation procedure. But SpaO must be localized somewhere on
the cytoplasmic side of NC as a sorting platform8. What we found as a
new structural feature of NC is a weak but clear density (white arrow)
connecting the edge of the wing-like disc to an yet unidentified
structural part (asterisk) located on the cytoplasmic surface of the
membrane in a radius much farther out (14 nm) than the outer radii
of the IR1 (12 nm) and IR2 (11 nm) rings (Fig. 4c). This new feature
is also present in FBB except that the connection is made to the inner
lobe of the C ring (Fig. 4b, d). The C ring and inner lobe show some
conformational changes from those of isolated FBB (Fig. 4b, d, 5b),
probably due to the extra connection to the disc. In the in situ NC
structure, the IR2 ring formed by the cytoplasmic domains of PrgH

and PrgK5,11,19 is buried in the membrane density, and the extra
density observed in some fraction of isolated NC around the NC axis
below IR2 is not present (Fig. 4a, c), suggesting that the structure of
IR2 represents only a portion of the cytoplasmic structure composed
of PrgH, PrgK, SpaO, OrgA and OrgB and that the extra density near
the NC axis is an artifact produced by the isolation of NC.
Considering the important roles of SpaO and FliN in facilitating
ordered protein export as the sorting platform and the structural
features observed for in situ NC and FBB, the cytoplasmic domains
of PrgH and PrgK may actually form a ring of larger diameter on the
cytoplasmic surface of the membrane, and many copies of SpaO may
be bound on the outside of this ring to form another ring of much
larger diameter, to which the wing-like disc composed of InvAC is
connected as depicted in Fig. 1.

Possible candidates for the connecting densities would be the lin-
ker regions of InvA (InvAL) and FlhA (FlhAL) connecting their
N-terminal transmembrane regions with InvAC and FlhAC, respect-
ively. But it is unlikely since it would be difficult for these linker
chains to be visualized at the present resolution and because the
N-terminal transmembrane regions of InvA and FlhA are supposed
to be part of the export gate, which is presumably located at the center
of the NC IR and FBB MS rings, respectively. FliH may also be a
candidate20, but its identification requires further experiments. That
the connecting densities are visible, albeit weakly, after 24-fold (NC)
and 26-fold (FBB) rotational symmetry enforcement suggests that
the densities may not represent sparse linkers but actually form a
circular sheet that shields against free protein diffusion to the export
gate to regulate specific protein export.

The SpaO/YscQ/Spa33 family, which is an essential cytoplasmic
component of T3SS, shows a significant sequence similarity to FliN
and FliM1. The crystal structure of HscQB, a SpaO/YscQ/Spa33
ortholog of Pseudomonas syringae, is similar to that of FliN21,22.
Immuno-electron microscopy with pull-down assays by GST affinity
chromatography has revealed that Shigella Spa33 is localized to the

Figure 5 | Superposition of cryoEM density maps of isolated NC and FBB
on and docking of the atomic models of MxiAC, FlhAC and FliI into the
density maps of in situ NC and FBB. Magnified views of the membrane

and cytoplasmic portions of NC (a,c) and FBB (b,d). Side views of half-cut

section (a,b) and bottom views (c,d) of in situ (grey) and isolated (beige)

structures are shown in solid surface representation. The ribbon models in

purple are the nonameric rings of Shigella MxiAC (PDB ID 4A5P; ref. 16)

(A, C) and FlhAC
17 (b,d) fitted into the wing-like disc densities, and those

in cyan are the hexameric ring model of FliI ATPase18 fitted into the

globular densities (a,b).

Figure 4 | Comparison of in situ structures of NC and FBB. The central

sections of NC (a) and FBB (b) structures in situ after subtomogram

average. (c), (d) The axial sections of isolated NC10 and FBB obtained by

cryoEM image analysis are colored yellow and superimposed on their in

situ structures, respectively. The cytoplasmic densities designated as the

wing-like disc and the globular density in the text are indicated by red and

blue arrows and are assigned to InvAC and InvC ATPase in NC and FlhAC

and FliI ATPase in FBB, respectively. The white arrow indicates the

connection between the wing-like disc and a putative structure of the

sorting platform composed of SpaO, OrgA and OrgB in NC and that

between the disc and the inner lobe of the C ring in FBB. The C ring

conformation shows significant differences in the orientations of the

cylindrical wall and the inner lobe between the isolated and in situ

structures. OM: outer membrane, CM: cytoplasmic membrane. Scale bar,

10 nm.
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NC base through its interactions with MxiG (PrgH) and MxiJ
(PrgK)13. YscQ is not detected in the NC base of yscD (prgH) and
yscJ (prgK) mutants23. These observations further strengthen the
possibility that SpaO associates with the cytoplasmic domains of
PrgH and PrgK to form a ring as the functional counterpart of the
FBB C ring acting as a sorting platform for ordered protein export.

The flagellar protein export apparatus utilizes proton motive force
(pmf) across the cytoplasmic membrane24. A specific interaction of
FliJ with FlhAL is brought about by FliH and FliI for efficient, pmf-
driven protein export25,26. The recruitment of FliH and FliI to the
export gate requires the extreme N-terminal region of FliH that is
also responsible for the interaction with FliN20,27. So FliI must be
connected with FlhAC forming the disc as well as FliN forming the
bottom part of the C ring through FliH (red connections in Fig. 1
right). Likewise, InvC is required for unfolding and export of effector
proteins7 and must be connected with InvAC forming the disc as well
as with SpaO forming a putative cytoplasmic ring through OrgA and
OrgB8 (Fig. 1 left). FliJ and InvI are presumably inserted partially into
the central cavities of the FliI and InvC hexamer rings, respectively28

(short red bars on ATPases in Fig. 1), so that FliJ and InvI are brought
to the vicinity of FlhAC and InvAC discs for binding to their respect-
ive linker regions to convert the export gates into efficient, pmf-
driven protein export apparatuses25,26. The in situ structures of NC
and FBB, however, show that InvC and FliI ATPases are both too far
away from the rest (about 10 nm to the disc) and do not appear to be
connected with any part of NC and FBB (Fig. 4, 5). The FliH con-
nections as well as FliJ and InvI are not visible probably because they
are all too thin and too few to be visible at the present resolution,
especially after imposition of 24- or 26-fold rotational symmetry.
However, the distances are too long for FliJ and InvI to reach
FlhAL and InvAL, respectively (Fig. 1), implying that the structures
of NC and FBB revealed in this study may represent those of the
export-off state. T3SS is activated only upon host cell contact to
export effector proteins into the cytosol of host cells in an ordered
fashion1,2. When the flagellar filaments are broken by viscous shear,
the filament regrowth quickly occurs at the distal end of broken
filaments29. Therefore, we propose that T3SS can turn itself into an
off state to save energy as well as proteins and that dynamic con-
formational changes from what we reported as the export-off state
must occur to activate protein export.

Methods
Culture conditions of mini-cells for ECT. The Salmonella wild-type strain
SJW110330 carrying pYVM031, which encodes FtsZ on pBAD2431, was grown in 5 ml
M9 medium (17.1 g Na2HPO4?12H2O, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 0.2%
glycerol, 1% typtone, 1 mM MgSO4 per litre) containing 50 mg/ml Ampicillin at 30uC
using 50 ml of overnight culture until the culture density reached an OD600 of 0.5. An
arabinose solution was then added to the culture media to a final concentration of
0.2% for induction of FtsZ overproduction, and the growth continued until the mini-
cell density had reached an OD600 of ca. 1.032. After large-size cells and cell debris were
removed by centrifugation (4,400 g, 5 min, 4uC), the mini-cell fraction was collected
by centrifugation (15,300 g, 5 min, 4uC). The pellet was resuspended in 50 ml of M9
medium.

EM observation of negatively stained samples. Sample solutions were applied to
carbon-coated copper grids and negatively stained with 0.5% (w/v) phosphotungstic
acid. Images were observed with a JEM-1011 transmission electron microscope
(JEOL, Tokyo, Japan) operating at 100 kV using a TVIPS TemCam-F415MP CCD
camera (4 k 3 4 k, 15 mm pixel size).

Fluorescence microscopy. Labeling of flagellar filaments was done as described
previously33. Salmonella mini-cells were attached to a coverslip (Matsunami glass,
Japan), and unattached cells were washed away with motility medium (10 mM
potassium phosphate, 0.1 mM EDTA, and 10 mM sodium lactate; pH 7.0).
Polyclonal anti-FliC antibody and anti-rabbit IgG conjugated with Alexa Fluor 594
(Invitrogen) were applied to the cells attached to the coverslip. After washing with
motility medium, cells were observed by a an inverted fluorescence microscope (IX-
71, Olympus) with a 1503 oil immersion objective lens (UApo150XOTIRFM, NA
1.45, Olympus) and an Electron-Multiplying Charge-Coupled Device (EMCCD)
camera (C9100-02, Hamamatsu Photonics).

ECT data collection and tomogram reconstruction. Quantifoil molybdenum 200
mesh R0.6/1.0 grids (Quantifoil Micro Tools) were glow discharged and pretreated
with a solution of 10 nm colloidal gold particles concentrated 1.5 times before use
(MP Biomedicals) for tomogram alignment. A 2.6 ml sample solution was applied to
the grid, blotted by filter paper, and plunged into liquid ethane using Vitrobot (FEI).
Images were collected at the liquid-nitrogen temperature using a Titan Krios FEG
transmission electron microscope (FEI) operated at 300 kV on FEI Falcon 4 k 3 4 k
direct electron detector (FEI). The magnification was calibrated by measuring the
layer-line spacing of 23.0 Å in the Fourier transform of images of tobacco mosaic virus
mixed in the sample solution. The pixel size on the specimen was 0.57 nm. Single-axis
tilt series were collected covering an angular range from 270u to 170u with a
nonlinear Saxton tilt scheme at 4–7 mm underfocus using the Xplore 3D software
package (FEI). A cumulative dose of 200 e2/Å2 or less was used for each tilt series.
Images were generally binned two folds and 3D reconstructions were calculated using
the IMOD software package34.

Subtomogram averaging. The total number of extracted particles and tomographic
reconstructions used in the experiments described in this study are listed in
Supplementary Table 2. Individual NCs and FBBs boxed into segments of 82 3 82 3

82 pixels were manually extracted from the tomographic reconstructions using the
IMOD software package34. The following processing was performed with the EMAN
software package35. For coarse alignment, 100-fold symmetry was applied around the
rod axis simply to improve the signal-to-noise ratio of each extracted particles and to
eliminate the effect of missing wedge. The 100-fold symmetry-enforced particles were
computationally aligned to a reference with a global 6D (angles and coordinates)
cross-correlation scan with an angular step of 8u. The aligned particles were re-
symmetrized and were then contributed to the reference for the next iteration. After
ten iterations, the 24-fold and 26-fold symmetry was applied to the aligned NC and
FBB particles, respectively, according to those reported for the NC IR1 ring and FBB
MS ring12,36. The alignment was refined 5 times with full angle search with 8u step, 3
times for a local search with 4u step within the range of 20u around the highest
correlation coefficient angle, 2 times with 2u step within the range of 10u around the
highest correlation coefficient angle. The coordinates of NC and FBB was stabilized
by this iterative refinement. Particles that had correlation coefficients larger than 0.5
with the averaged structure were contributed to the final average. All the processing
was performed on a PC cluster computer with 168 CPUs (RC server Calm2000, Real
Computing, Tokyo, Japan).

The 3D volumes after subtomogram average were inspected with IMOD software
package34. The resolution was estimated by FSC of two data sets produced by dividing
the particles contributed to the final average into two halves. The 0.5 threshold
criterion was used. Solid surface-rending image were obtained by UCSF Chimera37.
For identification of the known structural features of NC and FBB, the EM maps of
NC5, which was deposited in the Electron Microscopy Data Bank under accession
number EMDB-1875 and FBB were fitted into the in situ structures of NC and FBB.
Figures were arranged with Adobe illustrator (Adobe Systems Inc.).

Purification of FBB. The Salmonella strain SJW2177 (DflgK)38 with deletion of the
clpP gene to increase the number of flagella was used39. FBB was isolated as previously
described40 with some modifications. The cells were grown in 5 L culture, harvested at
late-logarithmic stage, and collected by centrifugation at 4,600 g for 10 min. The
pellets were resuspended in 240 ml of an ice-cold buffer containing 0.5 M sucrose
and 50 mM Tris/HCl (pH 8.0). EDTA and lysozyme were added to final
concentrations of 10 mM and 0.1 mg/ml, respectively. After the solution was stirred
for 30 min, resulting spheroplasts were lysed by adding Triton X100 and MgSO4 to
final concentrations of 1% and 10 mM, respectively, and the solution was stirred
again on ice for 1 hour. Unlysed cells and cell debris were removed by centrifugation
at 15,000 g for 20 min, and pH of the supernatant was adjusted to 10.5 by adding 5 M
NaOH. The lysate was spun down by centrifugation at 60,000 g for 60 min, and the
pellet was resuspended in Buffer C (10 mM Tris-HCl, 5 mM EDTA, 1% Triton
X100). FBB was collected from a fraction of 20–50% sucrose density-gradient
centrifugation in Buffer C. After centrifugation at 60,000 g for 60 min, the pellet was
resuspended in Buffer S (25 mM Tris-HCl pH8.0, 1 mM EDTA, 50 mM NaCl, 0.1%
TX100) to remove sucrose.

CryoEM and single particle image analysis of isolated FBB. A 3 ml FBB solution was
applied onto a holey carbon grid (Quantifoil R0.6/1.3, Quantifoil Micro Tools) glow-
discharged in a weak vacuum for 5 sec immediately before use. After excess solution
was blotted for 3 sec 2 times, the grid was quickly frozen by rapidly plunging it into
liquid ethane using Vitrobot (FEI). CryoEM images were collected using a JEM-
3200FSC electron microscope (JEOL) equipped with a liquid-nitrogen cooled
specimen stage, an V-type energy filter and a field-emission electron gun, operated at
an accelerating voltage of 200 kV. Images were recorded with a F415mp CCD camera
(TVIPS) at a magnification of 88,8003 corresponding to a pixel size of 1.69 Å, a
defocus range of 1.0–2.5 mm and an electron dose of 40 e2/Å2. Defocus and
astigmatism in the image were determined using CTFFIND341. The image processing
was carried out using the EMAN software package35. FBB images were boxed out with
BOXER, aligned, classified and averaged using the REFINE2D.PY program script.
Averaged images with out-of-plain tilt angle from 70u to 90u were used for 3D image
reconstruction. The refinement of the image analysis was carried out by REFINE with
the c100 symmetry.
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Model building and docking into the densities. A nonameric ring model of FlhAC

was built by fitting the crystal structure of FlhAC (PDB ID 3A5I; ref. 17) to the
nonameric ring model of MxiAC in the crystal (PDB ID 4A5P; ref. 16) by using UCSF
Chimera37. The docking of nonameric ring models of MxiAC and FlhAC into the disc
densities of NC and FBB, respectively, was done also with UCSF Chimera37

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

2. Kosarewicz, A., Königsmaier, L. & Marlovits, T. C. The blueprint of the type-3
injectisome. Philos. Trans. R. Soc, Lond. B Biol. Sci. 367, 1140–1154 (2012).

3. Minamino, T., Imada, K. & Namba, K. Mechanisms of type III protein export for
bacterial flagellar assembly. Mol. Biosyst. 4, 1105–1115 (2008).

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

5. Schraidt, O. & Marlovits, T. C. Three-dimensional model of Salmonella’s needle
complex at subnanometer resolution. Science. 331, 1192–1195 (2011).

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

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

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

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