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Type lll protein secretion systems are essential virulence factors for
many important pathogenic bacteria. The entire protein secretion
machine is composed of several substructures that organize into a
holostructure or injectisome. The core component of the injecti-
some is the needle complex, which houses the export apparatus
that serves as a gate for the passage of the secreted proteins
through the bacterial inner membrane. Here, we describe a high-
resolution structure of the export apparatus of the Salmonella
type lll secretion system in association with the needle complex
and the underlying bacterial membrane, both in isolation and in
situ. We show the precise location of the core export apparatus
components within the injectisome and bacterial envelope and
demonstrate that their deployment results in major membrane
remodeling and thinning, which may be central for the protein
translocation process. We also show that InvA, a critical export
apparatus component, forms a multiring cytoplasmic conduit that
provides a pathway for the type Ill secretion substrates to reach
the entrance of the export gate. Combined with structure-guided
mutagenesis, our studies provide major insight into potential
mechanisms of protein translocation and injectisome assembly.
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ype III protein secretion systems (T3SSs) have the remark-

able capacity to deliver multiple bacterially encoded effector
proteins into target eukaryotic cells (1-3). They are central for
the virulence of many important bacterial pathogens and there-
fore have been long considered prime targets for the development
of novel antiinfective strategies (4-6). T3SSs are evolutionary re-
lated to flagella and, consequently, some of its components share
amino acid sequence or structural similarities with components of
the flagellar apparatus (7).

The central element of the protein secretion machine is the
injectisome, a multiprotein structure composed of the needle
complex and the cytoplasmic sorting platform (Fig. 14) (8, 9).
The needle complex is made up of a base structure, embedded in
the bacterial envelope, and a filamentous extension or needle
that projects several nanometers from the bacterial surface. The
base is composed of a double-ring structure, inner ring 1 (IR1)
and inner ring 2 (IR2), which are made up of PrgH and PrgK in
the Salmonella pathogenicity island 1 (SPI-1) T3SS, and the
outer rings (OR1 and OR2) and neck, which are made up of
InvG (10, 11). Buried within the needle complex lies the export
apparatus, a complex of several membrane proteins that facilitate
the passage of type III secreted substrates through the bacterial
inner membrane (12). The entire needle complex is traversed by a
narrow (~3 nm) channel, which serves as a conduit for the pro-
teins transiting the type III secretion pathway. On the cytoplasmic
side of the needle complex lies the sorting platform, a multiprotein
complex that engages, sorts, and initiates substrates into the
secretion pathway (9).

The complexity of the injectisome dictates that its assembly must
occur in a highly coordinated, step-wise manner that is initiated by
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the formation of a complex of the core membrane protein com-
ponents of the export apparatus, which are thought to nucleate the
assembly of the inner rings (12, 13). Following the recruitment of
the independently assembled outer rings, the assembly of the injec-
tisome is completed by the recruitment of the cytoplasmic sorting
platform and the polymerization of the needle filament (14-16).
Previous studies have provided structural information on the
different substructures that make up the injectisome (10, 11, 17—
25). However, there are still significant knowledge gaps, and
importantly, it remains unclear how some of the structural in-
formation generated with isolated subcomplexes may ultimately
relate to the injectisome structure in situ. This is particularly the
case for the export apparatus, which is composed of 5 predicted
membrane proteins (SpaP, SpaQ, SpaR, Spa$, and InvA) in the
Salmonella (S.) Typhimurium SPI-1 T3SS (also known as SctR,
SctS, SctT, SctU, and SctV in the proposed unifying nomencla-
ture) that are highly conserved in both the virulence-associated
type III secretion and flagellar assembly systems (12, 26). A re-
cent single-particle cryoelectron microscopy (cryo-EM) structure
of a FliP/FliQ/FliR complex of the flagellar export apparatus
(homologs of SpaP/SpaQ/SpaR) surprisingly showed that, in iso-
lation, these proteins do not adopt typical integral membrane
protein topologies but rather, they organize in a helical assembly
that was proposed to be located largely within the periplasmic
portion of the secretion machine (27). Therefore, it remains unclear
how this complex facilitates the passage of type I1I secreted proteins
through the inner membrane. Even less structural information
is available about InvA (28), which is thought to play a central
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Fig. 1.

Cryo-EM and cryo-ET analyses of the core components the T3SS export apparatus. (A) A schematic representation of the T3SS injectisome. (B and C)

Horizontal (B) and vertical (C) sections of a 3D reconstruction of a cryo-EM structure of the inner rings of the needle complex containing the export apparatus
(denoted with a yellow arrow). (D) A vertical section from an in situ cryo-ET structure of the injectisome from a S. Typhimurium AinvA mutant strain. The export
apparatus is denoted with a yellow arrow. (E and F) Horizontal (E) and vertical (F) sections of a 3D reconstruction of a cryo-EM structure of the inner rings of the
needle complex obtained from a S. Typhimurium mutant strain (AspaP AspaQ AspaR AspaS) lacking the core components of the export apparatus. (G) A vertical
section from in situ cryo-ET structure of the injectisome from a AspaP AspaQ AspaR Aspa$ S. Typhimurium strain. The position where the export apparatus would
be located is denoted with a black arrow. IM, inner membrane; IR1, inner ring 1; OM, bacterial outer membrane; PM, target host cell plasma membrane.

role in energizing the secretion process (29). Although it has
been proposed that the cytoplasmic domain of this protein family
forms a nonameric ring interfacing with components of the sorting
platform and export apparatus (25, 30), the localization of its
critical transmembrane domain region within the secretion ma-
chine has remained elusive.

In this study, we have utilized single-particle cryo-EM and
cryoelectron tomography (cryo-ET) to obtain a high resolution
view of the export apparatus of the S. Typhimurium T3SS encoded
within its pathogenicity island 1 (SPI-1), both in situ and in the
context of needle complexes obtained with an isolation protocol
optimized to maintain its native structural organization. These
approaches have allowed us to determine the precise topological
organization of the export apparatus relative to other components
of the type III secretion injectisome, to characterize its interface
with the base substructure, and to reveal major membrane
remodeling concomitant with the assembly of the export appa-
ratus. Furthermore, we have defined the structural organization of
InvA, which outlines a multiring conduit for the type III secretion
substrates to reach the entrance of the export apparatus gate.
These studies provide major insight into the structure and as-
sembly of the type III secretion injectisomes and suggest a path-
way for the type III secreted substrates to cross the bacterial
membrane.

Results

Cryo-EM and Cryo-ET Analysis of the Core Components of the T3SS
Export Apparatus and Associated Structures Reveals Major
Remodeling of the Bacterial Inner Membrane. Previous structural
studies of isolated T3SS injectisomes have relied on isolation
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procedures that result in the loss of some of its components or
the disruption of its interaction with surrounding structures
(10, 11, 24). To address this limitation, we developed a needle
complex isolation protocol under mild conditions that results in
minimal losses of export apparatus components. Extraction of
the needle complex from the bacterial envelope under these mild
conditions was facilitated by the genetic removal of the outer rings
and neck components, which anchor this structure to the bacterial
outer membrane. Liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis of the isolated structures
detected the presence of the lower ring components PrgH and
PrgK, the inner rod and filament proteins PrgJ and Prgl, as well as
the export apparatus components SpaP, SpaQ, and SpaS (SI Ap-
pendix, Table S1). The apparent absence of the core component
of the export apparatus SpaR was likely due to its lower stoi-
chiometry in the complex (27, 31) and difficulties in its de-
tection by LC-MS/MS under the conditions used in our
analysis. Although InvA was also present in the sample, only
few peptides were detected despite its large size and high
stoichiometry. This indicates that, most likely, InvA was absent
from most of the particles, which is consistent with previous
observations suggesting its loose association to the core com-
ponents of the export apparatus (12). Cryo-EM grids with the
isolated structures (SI Appendix, Fig. S1) were examined by
single-particle analysis as described in Materials and Methods.
We found that the most abundant population of substructures
consisted of inner rings with the associated export apparatus but
lacking the needle filaments (Fig. 1 and SI Appendix, Fig. S1).
However, inner rings with associated needle structures were also
observed in a proportion (~5%) of the total number of particles
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compiled from the electron micrographs (SI Appendix, Fig. S1).
Reference-free two-dimensional (2D) class average images of the
inner rings with the associated export apparatus revealed elements
of secondary structure in the IR1 (SI Appendix, Fig. S1). However,
the IR2 was poorly defined in all 2D class averages (Fig. 1 and S/
Appendix, Fig. S2), which is expected for this substructure that
undergoes a significant repositioning upon its isolation leading to
varying locations relative to the rest of the needle complex
structure (25), thus hampering its visualization at high resolution.
After subtraction of the less-resolved IR2 signal and imposing
24-fold symmetry, the resolution of the IR1 could be further im-
proved (SI Appendix, Fig. S1). Residues 171-364 of PrgH and 20—
203 of PrgK could therefore be docked with an excellent fit into
the densities of this ring (Fig. 2).

Further analysis of the “side views” in the 2D class averages of
structures lacking the needle filament revealed a cloud of density
spanning the space between IR1 and IR2 and extending above
IR1 (Figs. 1C and 2 A and B and SI Appendix, Figs. S1-S3). We
assigned this cloud of density to the core protein components of
the export apparatus since this density was absent in structures
isolated from an isogenic AspaP AspaQ AspaR AspaS S. Typhimu-
rium mutant strain (Fig. 1 £ and F and SI Appendix, Fig. S4). The
2D class averages of tilted views of the rings and the 3-dimensional
(3D) reconstruction of structures isolated from this S. Typhimurium
mutant strain showed an empty space at the center of the double
ring structure (Fig. 1 £ and F and SI Appendix, Fig. S4).

Comparison of this inner ring substructure with previously
reported needle complex structures showed a notable difference,
characterized by the presence of a large double-layered density
surrounded by the IR2 that occupies the entire cytoplasmic side
of the double ring structure (Figs. 1 and 2 and SI Appendix, Fig.
S5). This density, which cannot be accounted for by the cyto-
plasmic domain of PrgH (Fig. 2), forms a funnel-like structure
with its center leading to the entrance of the export apparatus
(Figs. 1 and 2 and SI Appendix, Fig. S5). The overall thickness
(~4 nm) and double layer appearance of this density indicates
that this structure corresponds to the bacterial inner membrane,
which under our mild isolation conditions has been retained in
the isolated structures. Consistent with this hypothesis, the 3D
reconstruction of structures isolated from the strain lacking the
export apparatus showed that in this mutant, the double layer
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density no longer organizes in a funnel shape but, rather, appears
flat, completely sealing the space surrounded by the IR2 (Fig. 1F
and SI Appendix, Fig. S4). These results indicate that the de-
ployment of the core components of the export apparatus results
in a rather significant remodeling of the surrounding bacterial
membrane.

To ascertain whether the membrane remodeling observed in
isolated structures is also present in in situ structures embedded
within the bacterial envelope, we examined by cryo-ET, injecti-
somes in bacterial minicells obtained from an S. Typhimurium
strain lacking invA (which was absent in our samples thus better
resembling the isolated complex and thus facilitating direct
comparison). Subtomogram average from 5,929 injectisome re-
constructions shows a rather pronounced rearrangement of the
inner membrane in the vicinity of the density corresponding to
the export apparatus (Fig. 1D). Like in the isolated complex, in
the in situ structure the membrane is seen adopting a funnel-like
shape with its narrow end in close proximity to the density that
corresponds to the core components of the export apparatus.
The remodeled membrane was not observed in in situ structures
obtained from a mutant lacking all of the core components of the
export apparatus (subtomogram average from 2,368 injectisomes
reconstructions) (Fig. 1G), indicating that membrane remodel-
ing is a consequence of the deployment of the core components
of the export apparatus. The isolated cryo-EM injectisome
structures and associated membranes could be overlaid onto the
cryo-ET structures with an excellent fit (SI Appendix, Fig. S6),
indicating that the isolation procedure did not disrupt the to-
pology of the core components of the export apparatus relative
to the surrounding membranes and injectisome substructures.
Importantly, the membrane remodeling was also observed in
cryo-ET structures from WT injectisomes (S Appendix, Fig. S7),
although the presence of InvA resulted in differences in the
densities surrounding the core components of the export appa-
ratus (see below). Furthermore, the core-components of the ex-
port apparatus in injectisome structures obtained from WT and
AinvA mutant strains completely overlap, indicating that the ob-
served membrane remodeling and the position of the core com-
ponents of the export apparatus are not significantly influenced by
the presence or absence of InvA (SI Appendix, Fig. S7).

Fig. 2. Three-dimensional reconstructions of the needle complex IR1 and IR2 containing the core components of the export apparatus and associated
membranes. (A and B) Three-dimensional density maps of the inner membrane rings containing the export apparatus with the crystal structures of PrgH
(residues 171-364, light blue) and PrgK (residues 20-203, dark blue) docked into the density corresponding to the IR1. Although the resolution is not sufficient
for confident assignment, a modeled structure of residues 11-120 of PrgH (red) docked into the density corresponding to the IR2 is shown to mark the
expected position of this structural element. Tilted (A) and cut-away (B) views are shown. Densities corresponding to the export apparatus and associated

membranes are shown in yellow. IR1, inner ring 1; IR2, inner ring 2.
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Taken together, these results indicate that the mild isolation
protocol resulted in needle complex substructures that have
retained the export apparatus and associated membranes, thus
maintaining the in situ topology. More importantly, these ob-
servations indicate that the bacterial inner membrane undergoes
a significant remodeling upon deployment of the core compo-
nents of the export apparatus.

Needle Complex Inner Rings Assembled in the Absence of the Export
Apparatus Exhibit a Different Symmetry. The 2D class averages and
the 3D reconstruction of structures obtained from the S. Typhi-
murium mutant strain lacking the export apparatus showed that
the vast majority (~80%) of the inner membrane rings exhibited
23-fold symmetry (Fig. 1E and SI Appendix, Fig. S4). This obser-
vation is significant since it is in marked contrast to the inner
membrane rings assembled in the presence of the export appa-
ratus, which invariably exhibited 24-fold symmetry (Fig. 1B and SI
Appendix, Figs. S1 and S2). We have previously shown that the
efficiency of assembly of the needle complex is markedly reduced
in S. Typhimurium mutants lacking the core components of the
export apparatus, which in combination with additional bio-
chemical data led us to propose that these components of the
export apparatus templates the assembly of the inner rings (12).
The observation that inner rings assembled in the absence of the
export apparatus exhibit symmetry never observed in the rings
assembled in its presence is consistent with this model and strongly
supports the notion that during assembly of a functional injecti-
some the export apparatus must be deployed prior to the assembly
of the inner rings.

Overall Architecture of the Core Components of the Export Apparatus
in Association with the Inner Rings and the Bacterial Membrane.
Overall, the density associated with the core export apparatus
in the context of needle complex rings is ~11 nm long from top
to bottom and ~8 nm at its widest (SI Appendix, Fig. S8). The
cryo-EM structure of an isolated subcomplex of the flagellar-
associated export apparatus made of FliP, FliQ, and FliR (ho-
mologs of SpaP, SpaQ, and SpaR, respectively) (27) revealed
that none of its subunits adopt a typical membrane protein to-
pology, but rather they participate in the formation of a helical
structure that was postulated to be largely located in the periplasm
(27). This observation raised the question how this complex may
insert in the membrane, an essential requirement to mediate the
passage of secreted proteins through the membrane barrier.
Analysis of the surface hydrophobicity of the FliP/FliQ/FliR com-
plex revealed only a small hydrophobic strip at the base of the
structure, which was hypothesized to be buried in the membrane
(27) (SI Appendix, Fig. S9). The length of this segment (~30 A)
would predict that such hydrophobic region would not span a
typical membrane, thus raising intriguing questions about the
mechanism by which this complex may mediate protein trans-
location across the membrane. Although attempts were made to
place the isolated structure onto a low-resolution cryo-ET map of
the export apparatus (27), it has remained unclear what the pre-
cise location of the core component of the export apparatus rel-
ative to the bacterial inner membrane is. We therefore docked a
cryo-EM structure of the isolated FliP/FliQ/FliR complex of the
flagellar-associated export apparatus into our structures, which
allowed us to precisely place this export apparatus subcomplex in
its appropriate topological context. Overall, there is good agree-
ment between the FliP/FliQ/FIliR isolated complex structure and
the cryo-EM and cryo-ET structures of the S. Typhimurium export
apparatus embedded within the needle complex, particularly in
the densities that correspond to the periplasmic domain of the
export apparatus (Fig. 3 B-G and SI Appendix, Fig. S9). Close
examination of the overlay of the structures reveals that the hy-
drophobic vertex of the FliP/FliQ/FliR complex is predicted to be
located at the expected plane of the membrane (Fig. 3 B-G and SI
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Appendix, Fig. S9). Importantly, both our cryo-EM and cryo-ET
structures suggest that the substantial remodeling of the inner
membrane associated with the deployment of the export apparatus
results in a significant membrane thinning in the immediate vi-
cinity of the export apparatus (Fig. 3 B-G and SI Appendix, Fig.
S9). The thinned membrane allows the hydrophobic vertex of the
export apparatus core complex to span the membrane in its entire
width (Fig. 3 B-G, SI Appendix, Fig. S9, and Movie S1). This ar-
chitecture places the cavity observed at the vertex of the cryo-EM
structure of the FliP/FliQ/FliR complex in direct communication
with the cytoplasm of the bacterial cell (Fig. 3 B-G, SI Appendix,
Fig. S9, and Movie S1), an arrangement that may facilitate the
passage of the substrates through the membrane. These observa-
tions have important implication for the understanding of the
protein translocation mechanism across the bacterial inner mem-
brane during type III secretion.

Interactions of a Domain of the Periplasmic PrgK Ring with the Core
Components of the Export Apparatus Are Required for Type Il
Secretion. Close examination of the interface between the nee-
dle complex IR1 and the export apparatus revealed a segment of
PrgK that makes the most intimate contact with the periplasmic
region of the export apparatus (Fig. 4 A-F). This region consists
of a 7 amino acid loop (residues 92-98), which is anchored by 2
helixes (Fig. 4F). To examine the functional significance of this
intimate association between IR1 and the export apparatus, we
introduced discrete mutations in this loop region of PrgK and
examined the structure and function of the needle complex. We
found that structures isolated from S. Typhimurium strains
expressing PrgK2%, PrgKA%~>, or PrgK “**% were indistin-
guishable from WT except for the reduced number of needle fila-
ments associated to these structures, which was particularly
apparent in the structures obtained from the strain expressing
the PrgK*%*~% mutant (Fig. 4G and SI Appendix, Figs. S10 and
S11). The export apparatus was readily detectable in the needle
complexes isolated from all mutants, which at this level of res-
olution appeared indistinguishable from WT (Fig. 4G and SI
Appendix, Fig. S10). Despite the apparently normal appearance
of the injectisomes and the equivalent yield during their iso-
lation, all of the mutants showed a marked decrease in type III
secretion function as measured by the ability of these S. Typhi-
murium prgK mutant strains to secret various substrates of the
SPI-1 T3SS (Fig. 4H). The mutant phenotype was particularly
apparent for the prgk*5%>% mutant strain, which showed almost
complete loss of function (Fig. 4H). These observations indicate
that this intimate interaction between PrgK and the export ap-
paratus is central for type III secretion but not for the assembly
of the needle complex and the deployment of the export appa-
ratus. These observations suggest an active role for the PrgK ring
substructure in T3SS function beyond the scaffolding of the ex-
port apparatus in the bacterial membrane.

In Situ Structure of InvA, a Highly Conserved Component of the
Export Apparatus. InvA (FIhA in the flagellar system and SctV
in the proposed unifying nomenclature) is 1 of the most highly
conserved components of the export apparatus (28, 32). However,
its role in the protein secretion process is poorly understood.
Secondary structure predictions and molecular modeling indicate
that the amino terminal half of this protein family contains several
transmembrane segments, and its large carboxyl-terminal domain
is located entirely within the bacterial cytoplasm (32, 33). It has
been proposed that this protein family, alone or in association with
other components of the export apparatus, may function as a
proton or Na* channel that contributes to energizing the secretion
process (29, 34, 35). However, how this protein may contribute to
this activity is still uncertain, and it is unclear whether it forms a
physical complex with other components of the export apparatus.
Of critical importance for the understanding of the function of this
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export apparatus

Fig. 3. Assembly of the export apparatus results in pronounced membrane remodeling. (A) A vertical section from in situ cryo-ET structure of the injectisome
from a 4invA S. Typhimurium strain (the dotted box denotes area of detail shown in B-G). (B-G) Vertical sections of cryo-EM (B-D) and cryo-ET (E-G) structures
of the inner rings of the needle complex T3SS complex overlaid with a section (B and E), surface rendering (C and F), or hydrophobicity surface representation
(D and G) of the FliP/FIiQ/FIiR (homologs of SpaP/SpaQ/SpaR from S. Typhimurium) isolated complex (PDB ID code 6F2E). Red and blue colors (D and G) on the
surface representation of the FliP/FIiQ/FIiR isolated complex represent hydrophobic and charge residues, respectively. IM, inner membrane; IR1, inner ring 1;

OM, bacterial outer membrane.

crucial component of the T3SS is to identify the location of the
predicted transmembrane region within the context of the injec-
tisome structure. Efforts to isolate InvA (or any of its homologs) in
association with the injectisome have failed. The crystal struc-
ture of a region of the carboxy-terminal cytoplasmic domain of a
member of this protein family suggests that it can form a nona-
meric ring (30), which previous cryo-ET imaging has located in the
bacterial cytoplasm, in close apposition to components of the
sorting platform (25). However, there is no structural information
on the critical amino terminal half of this protein, which is re-
sponsible for positioning it within the structure of the injectisomes.
We therefore applied a high-throughput cryo-ET pipeline to im-
age minicells obtained from a S. Typhimurium strain expressing a
WT SPI-1 T3SS and applied subtomogram averaging to image
InvA. We found that InvA forms a sea horse-like structure, with
the head embedded in the membrane and the body and tail lo-
cated entirely within the cytoplasm (Fig. 5 A-D and Movie S2).
Consistent with the crystal structure (30), the cytoplasmic domain
of InvA forms a nonameric ring 17 nm in diameter and 5.5 nm in
height (Fig. 5). This ring is enclosed within the sorting platform
immediately above a density we have previously assigned to the
ATPase InvC (25). Importantly, immediately above this ring and
closer to the membrane but still within the bacterial cytoplasm, we
detected an additional ring 6 nm in diameter and 8 nm in height
(Fig. 5 and Movie S2). This smaller ring aligns very well with the
larger ring and marks the entrance to a broad conduit that narrows
as it gets closer to the export apparatus gate. This conduit is
bounded by densities that we postulate correspond to the trans-
membrane domains of InvA, whose arrangement tracks the con-
tour of the drastically remodeled bacterial membrane. Consistent
with this notion, subtomogram averages of injectisome from an S.
Typhimurium strain expressing an InvA mutant lacking its last 329
amino acids, which removes its entire cytoplasmic domain, lack
the larger cytoplasmic ring but retained the smaller ring and
membrane proximal structures (SI Appendix, Fig. S12). None of
these structures were present in a strain lacking InvA (Fig. 1D)
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although they were readily detected in a strain lacking the export
apparatus component SpaS (SI Appendix, Figs. S12 and S13). All
combined, the 2 rings and membrane-associated densities build a
contiguous substructure that we hypothesize initiates the sub-
strates of the type III secretion machine into the secretion path-
way (Movie S3). Of note, sagittal sections through the injectisome
cutting through the PrgH cytoplasmic IR2 domain showed an
intimate association between this structure of the needle complex
and a surface region (dubbed SD2 in previous studies; ref. 30)
within the larger InvA cytoplasmic ring (Fig. 6). Previous studies in
Shigella flexneri have shown that mutations in SD2 domain of
MxiA, a homolog of InvA, impaired type III secretion function but
did not affect its oligomerization (30). These observations suggest
a potential mechanism by which conformational changes in the
needle complex could modulate the activity of InvA, which plays
a central role in the initiation of substrates into the secretion
pathway.

Discussion

The export apparatus is a central core component of T3SS that is
thought to mediate the passage of type III secreted substrates
through the bacterial membrane, a critical step during the pro-
tein translocation process. All of the core components of the
export apparatus (SpaP, SpaQ, SpaR, Spa$S, and InvA in the S.
Typhimurium SPI-1 T3SS) are predicted to be integral mem-
brane proteins (33). However, a recent cryo-EM structure of an
isolated subcomplex of the flagellar-associated export apparatus
made up of FliP, FliQ, and FliR (homologs of SpaP, SpaQ, and
SpaR) revealed that none of these proteins adopt a typical
membrane protein topology, and, instead, they assemble into a
helical structure that through fitting into a low resolution in situ
structure of the injectisomes was proposed to be largely located
within the bacterial periplasm (27). The absence of typical
transmembrane regions in this subcomplex is intriguing in light
of their proposed role in mediating the passage of type III se-
creted proteins through the bacterial membrane and raised the
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Fig. 4. Interaction of the periplasmic PrgK ring with the export apparatus is required for type Ill secretion function but not for injectisome assembly. (A-F)
Top view (A) and cross section (D) of the 3D reconstruction of the IR1 and IR2 rings of the needle complex containing the core components of the export
apparatus. The interface between PrgK and the export apparatus is highlighted (in blue and red rectangles). The specific densities corresponding to PrgK
residues 93-96 targeted for mutagenesis and functional analysis are shown in more detailed in the zoom-in views depicted in B-F. (G) Representative class
averages of needle complexes isolated from S. Typhimurium expressing WT PrgK or the indicated deletion mutants. (H) Type Ill protein secretion analysis of
S. Typhimurium strains expressing the PrgKk mutants with the indicated deletions in the region that interacts with the core components of the export ap-
paratus. Whole-cell lysates and cultured supernatants of the indicated strains were analyzed by Western immunoblot for the presence of SipB, SipC, and InvJ,
which are substrates of the S. Typhimurium type Il secretion system. This experiment was repeated 3 times with equivalent results.

question whether other components of the export apparatus  may allow the relatively short (~30 A) hydrophobic vertex of the
could fulfill this role. To address these issues, we have utilized core complex of the export apparatus to span the entire mem-
single-particle cryo-EM and cryo-ET to determine the precise  brane, thus facilitating the movement of the type III secreted
architecture of the export apparatus in situ and, in particular, to  proteins through the bacterial inner membrane. Furthermore, this
determine the topological organization of its components rela-  topological organization would allow a central cavity present within
tive to the bacterial membrane. this vertex to be in direct communication with the bacterial cyto-
To this aim, we developed an isolation protocol that allowed  plasm, thus facilitating substrate translocation across the mem-
us to obtain needle complex substructures containing the core  brane. These observations have important implications for the
components of the export apparatus in association with the bac-  understanding of the mechanisms involved in the protein trans-
terial membrane. Analysis of this structure by single-particle cryo-  location function of the export apparatus as it implies that this
EM allowed us to determine the precise topological relationship  complex would have all of the necessary structural elements to
between the core components of the export apparatus, the needle ~ form the channel that mediate the passage of the secreted sub-
complex, and the associated bacterial membrane. Notably, we found  strates through the bacterial inner membrane. It is noteworthy
that the bacterial membrane undergoes a profound remodeling in  that the thinning of the membrane and a similar topological or-
the immediate vicinity of the export apparatus. This remodeling,  ganization have also been observed in the context of other protein
which is also observed in the cryo-ET in situ structure, is charac-  conducting channels such as the Hrd1, twin arginine translocator
terized by a significant outward “pinching” of the membrane, (Tat), and YidC protein translocation machines (36-38), suggest-
which organizes in a “funnel-like” fashion with its narrower end in  ing that this type of membrane remodeling may be a more general
immediate contact with the core components of the export ap-  feature associated with some protein translocation machines.
paratus. Notably, this reorganization was not observed in injecti- We have identified in our structure a region of PrgK, an inner
some subcomplexes isolated from a AspaPAspaQAspaRAspaS S.  ring component of the needle complex, which makes intimate
Typhimurium mutant strain, indicating that membrane remodel-  contact with the periplasmic region of the core complex of the
ing is strictly dependent on the deployment of the core compo-  export apparatus. Introduction of discrete mutations in this do-
nents of export apparatus. The membrane remodeling was also  main resulted in loss of function, although these mutations did
accompanied by a significant thinning of the bacterial membrane, not detectably affect the assembly of the PrgK rings or the de-
particularly in the immediate vicinity of its interface with the core  ployment of the export apparatus. It is therefore possible that
components of the export apparatus. The thinning of the membrane ~ PrgK may trigger conformational changes in the export apparatus
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Fig. 5.

In situ structure of InvA, an essential component of the type Il secretion export apparatus. (A) A vertical section from the in situ cryo-ET structure of

the injectisome from WT S. Typhimurium (the dotted box denotes area of detail shown in B-G). (B-G) Vertical (B-D) and horizontal (through the plane
indicated in B) (E-G) sections highlighting the structure of InvA. Side (C) and cut-away (D) views of the InvA structure (in pink) are shown and the location of
the small (AR1) and large (AR2) rings are denoted. The overlaid of the structure of the FliP/FIiQ/FIiR isolated complex is shown in yellow. (F and G) Bottom
views of the InvA nonameric ring, with the overlaid atomic structure of the cytoplasmic domain of an InvA homolog (PDB ID code 4A5P) (G). No symmetry was
applied for A and B. However, to visualize the InvA ring, symmetry was applied in C-G. IM, inner membrane; IR1, inner ring 1; OM, bacterial outer membrane.

that may be necessary to “prime” its secretion function. These
observations point to an unexpected active role of the PrgK rings
in the type III secretion process, presumably involving more than
just serving as a scaffold for the export apparatus.

We have previously shown that in the absence of the export
apparatus the efficiency of assembly of the needle complex is
significantly diminished, which in combination with other ob-
servations led us to propose an injectisome assembly pathway
that is initiated by the deployment of the core components of the
export apparatus (12). However, alternative models of assembly
have also been proposed (16). We have shown here that needle
complexes assembled in the absence of the export apparatus
exhibit a fold symmetry that is never observed in fully assembled
needle complexes. Therefore, this observation demonstrates that
the assembly of the core components of the export apparatus
must be the first step in the injectisome assembly pathway.

Despite their central role in protein secretion, the mechanisms
by which the InvA protein family contributes to type III secretion
has remained elusive. Although it has been proposed to exert its
function as a proton channel that energizes the secretion process
(29), direct demonstration of its proton transport activity is
lacking. Furthermore, it is unclear how a putative proton channel
activity contributes to the secretion process. A major limitation
for the understanding of InvA function has been the lack of in-
formation on its precise localization within the secretion appa-
ratus. The crystal structure of the carboxy-terminal domain of
InvA forms a nonameric ring, and this structural feature has been
proposed to correlate with a toroidal density observed within the
cytoplasmic sorting platform of the injectisome (25, 30). However,
there has been no information on the localization of the amino-
terminal half of InvA, which contains multiple predicted trans-
membrane domains. Here, using a high-throughput cryo-ET
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pipeline, we have precisely determined the topological organiza-
tion of the entire InvA molecule. Our in situ structure indicates
that, as predicted by the crystal structure (30), the carboxy-terminal
domain of InvA (amino acids 357-685) forms a nonameric ring
(17 nm in diameter) located in the apical side of the sorting
platform cavity. In addition, our in situ structure revealed that
InvA forms a second cytoplasmic ring 6 nm in diameter that is
located in close apposition to the bacterial membrane and in
alignment with the larger ring. In keeping with a previous proposal
(35), we hypothesize that this ring is formed by a large cytoplasmic
loop (amino acids 131-196) predicted by secondary structure and
molecular modeling within the amino terminal half of InvA (33).
Consistent with this hypothesis, removal of the large cytoplasmic
domain of InvA did not affect the localization and organization of
its membrane proximal ring. Our structure also detected densities
that most likely represent the membrane-embedded domain of
InvA, which are located immediately adjacent (although appar-
ently not in intimate contact) to the core components of the export
apparatus, and within the remodeled funnel-shaped inner mem-
brane. These observations have significant implications for the
understanding of InvA function. First, the observed topological
organization does not support a direct role for the transmembrane
domains of InvA in the building of the putative protein trans-
location channel. This is significant since the lack of an obvious
transmembrane regions in the SpaPQR complex that would be
able to span the entire membrane had raised the possibility that
this complex may work in conjunction with InvA to form such a
channel (27). These observations coupled to the observed thinning
of the membrane around the core components of the export ap-
paratus strongly suggest that the SpaPQR complex (perhaps with
SpaS) may be sufficient to form such channel as its entire vertex
would be able to span the thinned membrane. Rather, the
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Fig. 6. Close association of a cytoplasmic ring of InvA with the sorting platform and cytoplasmic domain of the needle complex component PrgH. (A) A
vertical section from the in situ cryo-ET structure of the injectisome from WT S. Typhimurium indicating the section planes of the structures shown in B-D.
(B-D) Horizontal sections through the planes indicated in B depicting the InvA nonameric ring within the inner ring 1 (IR1) of the needle complex structure (B),
the linker region that joins the membrane and cytoplasmic domains of InvA (C), and its tight association with the cytoplasmic domain of the inner ring 2 (IR2)
of the needle complex (D). The position of the core component of the export apparatus (labeled PQR) is also shown. (E and F) Side (E) and bottom (F) views of
the surface rendering of the cytoplasmic elements of the T3SS injectisome. (G) Bottom view of the T3SS injectisome after removal of the sorting platform
elements to highlight the close association between the larger cytoplasmic ring of InvA (AR2) with the cytoplasmic ring of PrgH (IR2). (H) Bottom view of the
InvA nonameric ring (AR2) with the overlaid atomic structure of the cytoplasmic domain of an InvA holog (PDB-4A5P). No symmetry was applied in A-D but to
visualize the InvA ring, symmetry was applied in E-H. AR1, InvA-associated ring 1; AR2, InvA-associated ring 2. IM, bacterial inner membrane; OM, bacterial

outer membrane.

topology of InvA raises the exciting possibility that through its
series of cytoplasmic rings, InvA “guides” the substrates to the
entrance of the export apparatus channel (Fig. 7 and Movie S3), a
function that could be aided by its putative proton channel
activities as previously suggested (35).

A central feature of virulence-associated T3SS is that their
protein-secretion activity is triggered only upon contact with
eukaryotic cells (39, 40). Consequently, it is expected that ma-
chines visualized in isolation or in situ after growth in culture
medium would be in the “close” or inactive conformation. Since
the activation of the machine is triggered by contact with target
eukaryotic cells, the activating signal is likely to emerge from the
tip structure of the needle filament and eventually transmitted to
the export apparatus through the needle and inner rod substruc-
tures (i.e., “top down”) (41). How this activating signal is relayed
to the export apparatus is unclear. However, our observation that
a discrete domain of the large cytoplasmic ring of InvA shown to
be essential for type III secretion function (30) makes intimate
contact with the IR2 cytoplasmic domain of the needle complex
protein PrgH suggests a potential functional link between these 2
structures that may be important for transducing the activation
signal. In this context, the close proximity of the core components
of the export apparatus to both the transmembrane domains of
InvA as well as a defined periplasmic domain of the needle
complex protein PrgK (see above) may define potential sites of
interactions that may serve as relay points for signals emanating
from the needle tip complex. These signals would be then trans-
duced through the needle filament and PrgJ ring to the export

Butan et al.

apparatus and subsequent relay points to coordinate substrate
engagement with the opening of the secretion channel. Furthermore,
these signals may also lead to the activation/coordination of the
putative proton motive force of InvA that may be required to
advance the substrates through its multiring conduit that lead to
the entrance of the export channel.

In summary, these studies have provided a close-up view of the
export apparatus in its in situ topological context and in associ-
ation with other injectisomes components and the bacterial
membrane. The topological relationship of these components to
each other and to the bacterial membrane combined with the
multiring organization of InvA suggest a potential pathway for
the type III-secreted substrates during their translocation through
the bacterial envelope.

Materials and Methods

Bacterial Strains and Plasmids. All bacterial strains used in this study are listed
in SI Appendix, Table S2. All strains were constructed by allelic exchange
(42), and all plasmids were constructed by Gibson assembly (43).

Analysis of Type Il Protein Secretion Function. The functionality of the SPI-1
T3SS in the S. Typhimurium strains was assessed by examining their ability
to secrete type lll-secreted proteins to the culture supernatant as previously
described (44).

Isolation of Needle Complexes Substructures. Needle complexes from the

different S. Typhimurium strains were isolated by an affinity purification
protocol described in S/ Appendix.
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sorting platform sorting platform

Fig. 7. Schematic model of the export apparatus in the context of a fully assembled injectisome structure and the different bacterial envelope elements. AR1
and AR2, membrane proximal (AR1) and distal (AR2) cytoplasmic rings of InvA; IM, bacterial inner membrane; IR1 and IR2, inner rings 1 and 2 of the T3SS
needle complex; OM, bacterial outer membrane; PM, target host cell plasma membrane.

Single-Particle Cryo-EM. Vitrified specimens were imaged at the NIH or at the
Yale West Campus microscopy facility on a Titan Krios microscope (Thermo
Fisher Scientific) operated at 300-kV cryoelectron microscope equipped with
an energy filter (Gatan GIF Quantum), and a post-GIF Gatan K2 Summit direct
electron detector.

Single-Particle Cryo-EM Image. The frames from each exposure were aligned
to compensate for drift and beam-induced motion using MotionCor2 (45) in
Relion 2.1 (46, 47). Single particles were manually picked using Relion 2.1,
and defocus and astigmatism were estimated with CTFFIND4 (48). Local
resolution variations were estimated from 2 half data maps using ResMap
(49). Additional details on EM image processing can be found in S/ Appendix.
Model fitting of cryo-EM structures was carried out using UCSF Chimera (50)
and refined using PHENIX real-space refinement (51). The outliers were
corrected in Coot (52). Overall model quality and geometry outliers for final
models were reported using MolProbity (53). More detail can be found in S/
Appendix, Table S3.

EM and Negative Staining. Samples containing needle complex preparations
were applied to glow-discharged, carbon-coated copper grids, stained with
2% (wt/vol) solution of uranyl acetate, and examined under a FEl Technai T12
(120 KV) microscope equipped with a Gatan 4k-by-4k CCD camera. Particle
picking and several cycles of classification and averaging were performed
with Relion 2.1 (46, 47).
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