
Organization and coordinated assembly of the type III
secretion export apparatus
Samuel Wagnera, Lisa Königsmaierb,c, María Lara-Tejeroa, Matthew Lefebrea, Thomas C. Marlovitsb,c,1, and Jorge E. Galána,1

aSection of Microbial Pathogenesis, Yale University School of Medicine, New Haven, CT 06536; bResearch Institute of Molecular Pathology, A-1030 Vienna,
Austria; and cInstitute of Molecular Biotechnology, Austrian Academy of Sciences, A-1030 Vienna, Austria

Edited by Thomas J. Silhavy, Princeton University, Princeton, NJ, and approved September 7, 2010 (received for review June 8, 2010)

Type III protein secretion systems are unique bacterial nanoma-
chines with the capacity to deliver bacterial effector proteins into
eukaryotic cells. These systems are critical to the biology of many
pathogenic or symbiotic bacteria for insects, plants, animals, and
humans. Essential components of these systems are multiprotein
envelope-associated organelles known as the needle complex and
a group of membrane proteins that compose the so-called export
apparatus. Here, we show that components of the export appara-
tus associate intimately with the needle complex, forming a struc-
ture that can be visualized by cryo-electron microscopy. We also
show that formation of the needle complex base is initiated at the
export apparatus and that, in the absence of export apparatus
components, there is a significant reduction in the levels of needle
complex base assembly. Our results show a substantial coordina-
tion in the assembly of the two central elements of type III
secretion machines.
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Widespread among bacteria pathogenic for plants, animals,
or humans, type III secretion systems (T3SS) are essential

for the establishment of intimate bacteria/host cell interactions (1,
2). Evolutionary and structurally related to flagella (3), these
systems are among the most complex protein secretion systems
known. Salmonella enterica serovar Typhimurium (S. Typhimu-
rium) encodes one of these systems within its pathogenicity island
1 (SPI-1) (4), which is essential for this pathogen’s ability to in-
vade and replicate within mammalian host cells (5). Central
components of type III secretion machines are the bacterial
envelope-associated needle complex (NC) and the export appa-
ratus, which makes the NC competent for secretion. The NC is
composed of a multiring base (made up in the S. Typhimurium
SPI-1 T3SS by the InvG, PrgH, and PrgK proteins), a central inner
rod (made up by PrgJ), and a protruding needle-like structure
(made up by PrgI), which is traversed by ∼28 Å-wide channel that
serves as a conduit for passage of the secreted proteins through
the bacterial envelope (6, 7). The recent availability of the crystal
structures of soluble domains of some of the components of the
NC (8–10), combined with their docking onto the NC protein
density map generated by cryo-electron microscopy (7, 11), is
beginning to provide a high-resolution view of this organelle (12).
Previous studies have shown that assembly of the needle complex
occurs in an orderly manner, in which the base substructure is
assembled first, followed by the assembly of the inner rod and
needle substructure (13, 14). The assembly of the last two sub-
structures requires the base to be rendered secretion-competent
by the export apparatus, thus gaining the ability to secrete the
needle and inner rod subunits. After the needle complex is fully
assembled, the secretion machine switches substrate specificity,
becoming competent for the secretion of translocases and effector
proteins. Much less is known about the arrangement of the export
apparatus, which is composed of a collection of highly conserved
membrane proteins (InvA, SpaP, SpaQ, SpaR, and SpaS in the S.
Typhimurium SPI-1–encoded T3SS) (1–3). Although all of the
components of the export apparatus are essential for type III

secretion, it is unknown whether these membrane proteins exert
a common function or even if they exist as a single complex within
the bacterial envelope. Furthermore, their functional and topo-
logical relationship to the NC is unknown. In this paper, we have
investigated in S. Typhimurium the localization of the membrane
proteins that make up the export apparatus and examined their
role in the assembly of the NC. We found that membrane protein
components of the export apparatus are intimately associated
with the base substructure of the NC, forming a defined structure
that can be visualized by cryo-electronmicroscopy. In addition, we
found that formation of the NC base is initiated at the export
apparatus and that the presence of export apparatus components
is required for the assembly of a functional NC. These findings
revealed a substantial coordination in the assembly of the export
apparatus and NC components of the T3SS.

Results
Export Apparatus Is Intimately Associated with the NC. It has been
previously shown that at least some components of the export
apparatus are associated or cofractionate with the NC or the hook–
basal body complex (a functional equivalent of the NC in flagella)
(15, 16). Therefore, we investigated whether the components of the
export apparatus of the S.Typhimurium SPI-1–encoded T3SS could
be isolated in association with the NC. Because previously reported
stringent NC isolation protocols may affect the identification of
associated components (6), we developed a protocol to examineNC
under milder conditions (SIMaterials and Methods and Fig. S1). We
first analyzed NC and associated proteins using 2D blue native
PAGE (BN-PAGE). The NC and associated proteins migrated as
adistinct bandwithamobility that is consistentwith thatof a complex
larger than 1,200 kDa (Fig. 1A and Fig. S2). Proteins making up this
complex were identified by liquid chromatography followed by tan-
demMS (LC-MS/MS) and/orWestern immunoblotting. In addition
to the structural components of the inner and outer rings of the NC
(PrgH, PrgK, and InvG) (6) and the needle and inner rod proteins
(PrgI and PrgJ) (17, 18), we detected the export apparatus compo-
nents InvA (19), SpaP, and SpaS (20) (Table S1). To validate the
interaction of the export apparatus components with the NC base,
we immunoprecipitated the complex froma strain carrying a carboxy
terminal FLAG-epitope tagged allele of SpaS (SpaSN258A), which
carries amutation in its catalytic, autoprocessing site, thuspreventing
the cleavage of its carboxyl terminus (21, 22). Proteins affinity puri-
fied with an anti-FLAG antibody were separated by BN-PAGE, and
the band corresponding to theNCwas analyzed by LC-MS/MS. This
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band contained all needle complex and export apparatus membrane
protein components, including SpaRandSpaQ (Fig. 1B, Fig. S3, and
Table S1). Similar results were obtained when the complex was
immunoprecipitated from a strain expressing a functional FLAG-
epitope tagged allele of InvA (Fig. 1B). Unlike SpaS, however,
a significant amount of free InvA was also detected, suggesting
a somewhat weaker association of InvA to the NC. Taken together,
these results indicate that the export apparatus is intimately associ-
ated with the NC.

Export Apparatus Components Associate with One Another in the
Absence of the NC. We investigated whether the components of
the export apparatus themselves could form a complex in the
absence of the NC. To this end, we constructed strains of S.
Typhimurium expressing functional FLAG-tagged InvA, SpaP,
SpaR, and SpaS (SpaQ could not be tagged in a manner that
would retain function) in the context of the NC-defective
ΔprgHIJK mutant. We purified inner membrane fractions from
these strains and identified interacting proteins by immunopre-
cipitation combined with 2D BN-PAGE and LC-MS/MS analy-
sis. We found that, in the absence of the NC, SpaP and SpaR
could form a complex (Fig. 2A). In contrast, InvA and SpaS were
not seen associated to any member of the export apparatus un-
der the isolation conditions used in this assay (Fig. 2A). It is often
the case that the stability of members of a multiprotein complex
is compromised in the absence of other components of the
complex (23). Therefore, we tested whether the stability of in-
dividual export apparatus components was compromised by the
absence of other export apparatus components. Deletion of spaP
resulted in reduced levels of SpaR (and vice versa) (Fig. 2B),
presumably because of their reduced stability in the absence of
their interacting partners. Furthermore, levels of SpaSN258A were
reduced in the absence of SpaP, SpaQ, and SpaR. In contrast,
the levels of InvA were not affected by the removal of any of the
other export apparatus components (Fig. 2B). These results in-
dicate that a subset of the export apparatus components can
assemble into a stable complex in the absence of the NC and that
the members of this complex require each other for stability.

Hierarchy in the Recruitment of Export Apparatus Components to the
NC. We analyzed the effect of removal of individual components
of the export apparatus on the recruitment of the remaining
export apparatus components to the NC using BN-PAGE com-
bined with Western blotting and 2D BN-PAGE (Fig. 3 and

Fig. 1. The export apparatus is intimately associated with the NC. (A) Export
apparatus components cofractionate with the NC. Protein complexes of puri-
fied S.Typhimurium innermembrane fractionswere solubilizedwith n-dodecyl-
β-D-maltopyranoside (DDM) and separated by 2D BN-PAGE. Indicated proteins
were identified by LC-MS/MS or Western blotting. (B) The export apparatus
interacts with the needle complex. DDM-solubilized inner membrane fraction
proteins interacting with C-terminally FLAG-tagged InvA or SpaSN258A were
immunoprecipitated, separated by BN-PAGE, and identified by LC-MS/MS.

Fig. 2. Export apparatus components associate with one another in the
absence of the needle complex. (A) The export apparatus components SpaP
and SpaR form a complex in the absence of the NC. DDM-solubilized inner
membrane fraction proteins of a S. Typhimurium ΔprgH ΔprgI ΔprgJ ΔprgK
mutant strain expressing FLAG-epitope tagged SpaP, InvA, or SpaSN258A (as
indicated) were immunoprecipitated with an anti-FLAG antibody. Pre-
cipitated proteins were separated by 2D BN-PAGE, and indicated proteins
were identified by LC-MS/MS. (B) The levels of SpaP, SpaR, and SpaS (but not
InvA) are significantly reduced in the absence of some export apparatus
components. Purified inner membrane fractions from wild-type S. Typhi-
murium (wt) or the ΔspaP, ΔspaQ, ΔspaR, ΔspaS, or ΔinvAmutants expressing
FLAG-epitope tagged InvA, SpaP, SpaR, or SpaSN258A (as indicated) were
analyzed by Western blotting (Upper). The intensity of the bands was
quantified using the Odyssey imaging system (Li-Cor), and values represent
the mean ± SD of three independent experiments (Lower). Values were
standardized relative to a loading control (PrgH) and across different sam-
ples relative to wild type, which was assigned an arbitrary value of 1.
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Fig. S4). Deletion of invA or spaS did not significantly affect the
recruitment of any of the other components of the export ap-
paratus to the NC base. In contrast, deletion of spaP, spaQ, or
spaR resulted in the abrogation of the recruitment of all com-
ponents of the export apparatus to the NC base. Taken together,
these results indicate that there is a hierarchy in the recruitment
of export apparatus components to the NC and that SpaP, SpaQ,
and SpaR act first, playing a central role in the assembly process.

Export Apparatus Is Required for Efficient NC Base Assembly. The
observation that the export apparatus is assembled in a coordinated
fashion with the NC prompted us to examine the effect of the
absence of export apparatus components on the assembly of the NC
base. We have previously shown that NC base substructures can be
detected in the absence of export apparatus components (13).
However, using a quantitative assay, we found that deletion of spaP,
spaQ, or spaR resulted in a drastic (∼80%) reduction in the levels
of NC bases, although the absence of the export apparatus did not
affect the total levels of the NC individual components such as
PrgH, PrgK, and InvG (Fig. 4 A and B). Consequently, the absence
of SpaP, SpaQ, and SpaR also resulted in an accumulation of free
NC protomers (Fig. 4D). In contrast, deletion of invA had no effect
on the levels of assembled NC bases (or the accumulation of free

protomers), whereas deletion of spaS had an intermediate pheno-
type (Fig. 4 A and B). Taken together, these results indicate that
components of the export apparatus play an important role in the
assembly and/or stability of the NC base.
Todistinguishwhether components of the export apparatus have

an effect on the assembly or the stability of theNCbase, we assayed
to find out whether SpaP, SpaQ, SpaR, and SpaS were able to in-
duce assembly of bases from presynthesized, free NC protomers.
To this end, we constructed a strain in which expression of the NC
components is controlled by an arabinose-inducible paraBAD pro-
moter (24) through the expression of HilA, the master transcrip-
tional regulator of the SPI-1 T3SS (25). In addition, invA and
spaPQRS were deleted from this strain and expressed from a low
copy plasmid under the control of the rhamnose-inducible prhaBAD

promoter (26). These strains and the growth conditions used (Fig.
4C andMaterials andMethods) allowed the sequential expressionof
NCbase and export apparatus components.As shown above, in the
absence of the export apparatus components SpaP, SpaQ, SpaR,
and SpaS, NC base assembly occurred inefficiently and led to the
accumulation of free protomers (Fig. 4 D and E). However, im-
mediately after spaPQRS expression, free protomers were effi-
ciently incorporated into the de novo assembled bases. This
resulted in a net increase in the total levels of NC bases without
a corresponding increase in the total levels of its individual subunits
PrgH,PrgK,or InvG(Fig. 4D andE). Thedenovo assembled bases
showed a substantially higher native mass (detectable by BN-
PAGE, shown in Fig. 4D) than the preassembled bases, most likely
because of the incorporation of the needle and inner rod proteins,
which can only occur on the recruitment of the export apparatus.
The levels of the preassembled fraction of NC bases remained
largely constant, and its mobility was not shifted (Fig. 4F), sug-
gesting that SpaP, SpaQ, and SpaRmay not be able to be recruited
into thesepreassembled structures (Discussion). In contrast towhat
was observed with spaPQRS expression, induction of invA expres-
sion had no effect on the levels ofNCbases (Fig. 4D andE and Fig.
S5), which is consistent with the observation that, in the absence of
InvA, NC assembly occurs normally without accumulation of free
NC base protomers (Fig. 4 D and E). Nearly all NC bases were
shifted into higher mobility on expression of InvA, presumably
because of the incorporation of the needle and inner rod proteins
(Fig. 4F), suggesting that, in contrast to SpaP, SpaQ, and SpaR,
InvA may be incorporated into preassembled NC bases. Taken
together, these results indicate that the export apparatus, particu-
larly, SpaP, SpaQ, andSpaR, canpromoteNCbase assembly rather
than increase its stability. This conclusion is also consistent with the
observation that, after assembled, the stability of the NC bases
isolated from the ΔspaPQRSmutant is indistinguishable from that
of wild type (Fig. S6).
To further explore the role of export apparatus components

on NC base assembly, we compared the efficiency of in-
corporation of export apparatus components into de novo syn-
thesized or preexisting NC bases. As shown above, we found that
SpaP could not be incorporated into preexisting NC bases. We
also found that incorporation of InvA into de novo synthesized
NC structures was more efficient than its incorporation into
preexisting NC bases (Fig. 5). The recruitment of InvA to the NC
required the presence of SpaP, SpaQ, SpaR, and SpaS. However,
InvA was not necessary for the recruitment of SpaP (and pre-
sumably, SpaQ and SpaR) into NC bases (Fig. S5). Taken to-
gether, these results indicate that NC assembly requires prior
deployment of some components of the export apparatus and
that at least those components (e.g., SpaP, SpaQ, and SpaR)
must be housed at a location that is inaccessible after the as-
sembly of the NC base is complete.

Components of the Export Apparatus Form a Defined Structure
Within the NC Base. The intimate relationship between the as-
sembly of the export apparatus and the NC base prompted us to

Fig. 3. Hierarchy in the recruitment to the needle complex of export ap-
paratus components. Protein complexes of purified inner membrane frac-
tions of wild type (wt) and the indicated mutants of S. Typhimurium
expressing FLAG-epitope tagged InvA or SpaP were solubilized with DDM,
separated by BN-PAGE, and analyzed by Western blotting using antibodies
directed to the NC base or FLAG (to detect either SpaP or InvA; A). The in-
tensity of the bands corresponding to SpaP or InvA associated with the NC
was quantified as above (B), and values represent the mean ± SD of three
independent experiments. Values were standardized relative to the levels of
the NC and across different samples relative to wild type, which was
assigned an arbitrary value of 1. The total levels of SpaP-FLAG and InvA-
FLAG in the different mutants are shown in Fig. 2B.
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examine the effect of removal of the export apparatus on the
structure of the NC base. We have shown that NC base sub-
structures can be obtained in the absence of the export appa-
ratus, although in significantly lower amounts (Results). We,
therefore, took advantage of this finding; we isolated NC base
structures from a strain that does not express any components of
the export apparatus and examined them by cryo-electron mi-
croscopy and single particle analysis (Fig. S7). Subtraction of the
2D class averages of NC bases obtained from the ΔinvA ΔspaP
ΔspaQ ΔspaR ΔspaS multiple mutant strain from class averages
of NC bases obtained from wild type revealed significant dif-
ferences. More specifically, structures obtained from the mutant
strain lacked a significant amount of density at the center of the
basal side of the NC base, including the cup and socket sub-
structures (Fig. 6 A–C). We also analyzed NC bases obtained
from a ΔspaP mutant strain, which looked indistinguishable from
structures obtained from the mutant lacking all of the membrane
components of the export apparatus (Fig. 6 A–C). Biochemical

analysis of the NC preparations used for cryo-electron micros-
copy isolated with a stringent isolation protocol (Material and
Methods) revealed the presence of SpaP and SpaR but not InvA
or SpaS (Fig. 6 D and E). Because part of the socket substructure
is missing from a mutant unable to secrete the regulatory protein
InvJ protein (18) (which would not be secreted in the mutant
strains used in this analysis), not all of the density absent from
these mutant strains can be unambiguously assigned to these
membrane proteins. Rather, it is likely that just the cup sub-
structure, which is present even in the absence of InvJ (18), is
formed by SpaP, SpaQ, and SpaR. Taken together, these results
indicate that a subset of the export apparatus components form
a defined substructure on the basal face of the NC and may
account for yet unassigned density in the NC protein density map
(12). Additional studies will be required to localize InvA and
SpaS, which are lost from NC preparations generated with the
stringent isolation protocol that is required to obtain particles
suitable for cryo-electron microscopy.

Fig. 4. The export apparatus
is required for efficientNCbase
assembly. (AandB) EfficientNC
base assembly requires SpaP,
SpaQ, SpaR, and SpaS but not
InvA. DDM-solubilized protein
complexes of purified inner
membrane fractions of wild
type (wt) and the indicated
mutants of S. Typhimurium
were separated by BN-PAGE
and analyzed by Western blot-
ting (A). The total levelsofPrgH
and PrgK in the different
mutants are shown inA Lower.
The quantification of the rela-
tive levels ofNC in thedifferent
mutants is shown (B). The in-
tensity of the bands was quan-
tified as above, and values
represent the mean ± SD of
three independent experi-
ments. Values were standard-
ized across different samples
relative towild type,whichwas
considered 100%. (C–E). The
export apparatus components
SpaP, SpaQ, SpaR, and SpaS
promote NC base assembly. (C)
The experimental setup for
theseexperiments involved the
use of engineered strains of
S. Typhimurim in which ex-
pression of the base compo-
nents is under the control of an
arabinose-inducible promoter,
whereas the expression of ei-
ther spaPQRS or invA is under
the control of a rhamnose-
inducible promoter (details in
Material and Methods). Base
expression was induced by the addition of arabinose. The inducer was washed away, and expression of the base components was blocked by the addition of the re-
pressor fucose. Sixtyminutes later (indicated as time 0 in the legend), expression of export apparatus components (either SpaPFLAGQRS or InvAFLAG)was inducedby the
addition of rhamnose. Samples were harvested 30 min and 60 min thereafter, and DDM-solubilized proteins of whole-cell lysates were separated by BN-PAGE and
analyzed byWestern blottingwith antibodies directed toNC base components (PrgH and PrgK) or FLAG (to detect SpaP or InvA, as indicated). SDS/PAGE ofwhole-cell
lysates shows theabsolute levels of thebase components PrgHandPrgK,which remainedconstant throughout theexperiment.DLeft shows results inwhichexpression
of the base was followed by expression of SpaPQRS, whereas D Right shows results in which expression of the base was followed by expression of InvA. Tominimize
variation when comparing NC-associated proteins and PrgHmonomers, we divided the same sample after solubilization and addition of Coomassie and loaded them
ontotwodifferentgels (D). Thetotal levelsofPrgHandPrgK indifferentsamplesareshowninthebottomrow(D).Quantificationof theseresults is showninEandF. The
intensity of the bands was quantified as above, and values represent the mean ± SD of three independent experiments. The maximal values for bases/NC and PrgH
protomers, respectively, were assigned an arbitrary value of 1. The proportion of bases and assembledNCs of the total base/NC signal (D) is shown in F. As an example,
Inset in F shows, for a time point (D), the region corresponding to NC (green) or bases (red) in the BN-PAGE analysis.
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Discussion
The assembly of complex protein machines often requires the
coordinated deployment of its components, both in time and

space. We have shown here that two central components of T3SS
machines, the NC and the export apparatus, are assembled through
a coordinated process that results in the incorporation of these two

Fig. 6. Components of the export apparatus form a defined substructure in the NC base. (A) Diagram of the S. Typhimurium NC base depicting the different sub-
structures. (B) Total class averagesof single particle analysis of cryo-electronmicroscopy imagesanddensity differencesbetween the averaged images ofwild-typeNCs
and the indicated mutant strains. (C) Longitudinal sections through the center of base complexes fromwild type or the indicated mutant strains lacking SpaP, SpaQ,
SpaR, SpaS, and InvA or only SpaP reveal the absence of the cup and socket substructures observed in the NC base obtained fromwild type. The difference images of
sections fromeitherof themutant strainsandwild typearevery similar, indicatingthat removalofSpaPalone is sufficient togeneratethis structuralphenotype.Thecut-
away view and blow-up view of an overlay of wild-type complexes (gray/mesh) and complexes from the ΔspaPQRS ΔinvAmutant strain at a distance that allows the
visualization of the entire cup and socket substructures in 3D emphasizes the difference between the complexes analyzed. (D and E) Highly purified NC bases contain
SpaPandSpaRbutno InvAor SpaS.NCbaseseitherprepared inan identicalmanner to thoseused in cryo-electronmicroscopy studies or frompurified innermembrane
fractionswere analyzed by SDS/PAGE (D) or BN-PAGE (E) followed byWestern blottingwith antibodies to detect the indicated proteins. (F)Model for the coordinated
assembly of the T3SS export apparatus andNCbase. SpaP forms a stable complexwith SpaQand SpaR,which is likely to be the nucleation point for PrgH/PrgKNCbase
ringassembly. ThepresenceofSpaSfurtherenhances theassemblyof thePrgH/PrgKring, although itdoesnot seemtobeessential. Thepresenceof InvA isnot required
for efficient NC base formation or for the stability and/or recruitment of any of the other export apparatus components. These results suggest that InvA is the last
component recruited to the export apparatus. However, InvA is not efficiently recruited into preassembled bases.

Fig. 5. NC base assembly requires the pre-
deployment of the export apparatus. (A) Out-
line of the experimental setup to ensure that
expression of the base components preceded
expression of the export components (indicated
as base> SpaPFLAGQRS or base> InvAFLAG in B) or
vice versa (indicated as SpaPFLAGQRS > base or
InvAFLAG> base in B). (B and C) Export apparatus
components do not efficiently incorporate into
preassembled bases. The incorporation of SpaP
(BLeft) or InvA (BRight) intopreformedNCbases
was examined by BN-PAGE of DDM-solubilized
proteins of whole-cell lysates followed by West-
ern blotting analysis with specific antibodies and
an Odyssey (Li-Cor) infrared imaging system to
simultaneously detect the indicated proteins.
The merger of the two detection channels is
shown in color [red, bases/NC (PrgH/PrgK);
green, InvA or SpaP]. The total levels of PrgH and
SpaP/InvA in the different samples are shown in
Lower (B). (C) Quantification of the results
shown in B. The intensity of the bands was
quantified as above, and values represent the mean ± SD of three independent experiments. Incorporation of InvA or SpaP into preexisting bases, de novo
assembled bases from free preexisting protomers, or de novo assembled bases from de novo synthesized protomers was determined as indicated in SI Materials
and Methods. Values were standardized relative to the NC and across different samples relative to wild type, which was assigned an arbitrary value of 1.
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subcomplexes into a single structure. It was previously assumed that
the assembly of the NC is initiated by the assembly of the inner and/
or outer ring substructures (13, 14). However, we found that the
assembly process is initiated by the deployment of a subset of the
conserved inner membrane protein components of the export
apparatus, which presumably provides a platform onto which sub-
sequent elements of the NC can assemble (Fig. 6F). The organiza-
tion of this inner membrane protein complex itself must also occur
in an organized and coordinated fashion, because we have shown
that there is a hierarchy in its formation; in this hierarchy, SpaP,
SpaQ, SpaR, and to a lesser extent, SpaS play a central role, whereas
InvA seems to be less critical for this process. We have also shown
that some export apparatus components are not incorporated into
preassembled NC bases, indicating that they must be placed at
a location that is not accessible after theNCassembly is finished.We
have shown that at least a subset of these inner membrane proteins,
SpaP, SpaQ, and SpaR, forms a defined substructure within the NC,
where they are well-positioned to receive the T3SS substrates and
presumably, facilitate their passage through the inner membrane.
Our findings, therefore, indicate that the NC and at least some
components of the so-called export apparatus form an indivisible
holostructure, which should be considered as a single functional
entity. These studies have revealed unique insight into the assembly
and organization of the T3SS organelle. Given the conservation
of this system among pathogenic bacteria, this information could
serve as the bases for the development of broadly applicable anti-
infective strategies.

Materials and Methods
General Techniques. Detailed information about strains, plasmids, and culture
conditions used can be found in SI Materials and Methods and Table S2.
Western blotting was carried out using infrared fluorescent secondary anti-
bodies (emission 680 or 800 nm). Bands were quantified using the Odyssey
imaging system (Li-Cor). Cell fractionationwas carried out as described before
(27) with some modifications. BN-PAGE was carried out as described pre-
viously (28, 29). Identification of T3SS components by MS was carried out at
the Keck Biotechnology Resource Laboratory (Yale University, New Haven,

CT) according to its standardized protocol. Detailed techniques can be found
in SI Materials and Methods.

Immunoprecipitation of Export Apparatus Components. FLAG-tagged export
apparatus components were immunoprecipitated from purified inner
membranes using the anti-FLAG M2 affinity gel according to the recom-
mendations of the manufacturer. Precipitated complexes were eluted and
subsequently analyzed by 1D or 2D BN-PAGE and transmission electron mi-
croscopy (SI Materials and Methods).

Coordinated Expression of T3SS Components. The coordinated expression of
T3SS components was carried out by using bacterial strains in which ex-
pression of examined components was uncoupled by using two different
compatible promoter/inducer systems (arabinose vs. rhamnose). Briefly, ex-
pression of HilA, which is the master regulator of the SPI-1 T3SS, was put
under control of an arabinose-inducible promoter. The other components of
interest were deleted from the chromosome and complemented in trans
under control of a rhamnose-inducible promoter. Complex assembly was
assessed by BN-PAGE and Western blotting. Details can be found in SI
Materials and Methods and Fig. S8.

Stability of T3SS Bases. The stability of needle complexes/bases was assessed
by using a modified BN-PAGE/Western blotting protocol. In brief, complexes
were destabilized by increasing amounts of SDS (details in SI Materials
and Methods).

NC Expression, Purification, Electron Microscopy, and Image Analysis. Electron
microscopic analysis of needle complexes was carried out as described pre-
viously (7). More detailed methods are provided in SI Materials and Methods.
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