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ABSTRACT Type III secretion systems (T3SSs) are multiprotein machines employed by many Gram-negative bacteria to inject
bacterial effector proteins into eukaryotic host cells to promote bacterial survival and colonization. The core unit of T3SSs is the
needle complex, a supramolecular structure that mediates the passage of the secreted proteins through the bacterial envelope. A
distinct feature of the T3SS is that protein export occurs in a strictly hierarchical manner in which proteins destined to form the
needle complex filament and associated structures are secreted first, followed by the secretion of effectors and the proteins that
will facilitate their translocation through the target host cell membrane. The secretion hierarchy is established by complex
mechanisms that involve several T3SS-associated components, including the “switch protein,” a highly conserved, inner mem-
brane protease that undergoes autocatalytic cleavage. It has been proposed that the autocleavage of the switch protein is the trig-
ger for substrate switching. We show here that autocleavage of the Salmonella enterica serovar Typhimurium switch protein
SpaS is an unregulated process that occurs after its folding and before its incorporation into the needle complex. Needle com-
plexes assembled with a precleaved form of SpaS function in a manner indistinguishable from that of the wild-type form. Fur-
thermore, an engineered mutant of SpaS that is processed by an external protease also displays wild-type function. These results
demonstrate that the cleavage event per se does not provide a signal for substrate switching but support the hypothesis that
cleavage allows the proper conformation of SpaS to render it competent for its switching function.

IMPORTANCE Bacterial interaction with eukaryotic hosts often involves complex molecular machines for targeted delivery of
bacterial effector proteins. One such machine, the type III secretion system of some Gram-negative bacteria, serves to inject a
multitude of structurally diverse bacterial proteins into the host cell. Critical to the function of these systems is their ability to
secrete proteins in a strict hierarchical order, but it is unclear how the mechanism of switching works. Central to the switching
mechanism is a highly conserved inner membrane protease that undergoes autocatalytic cleavage. Although it has been sug-
gested previously that the autocleavage event is the trigger for substrate switching, we show here that this is not the case. Rather,
our results show that cleavage allows the proper conformation of the protein to render it competent for its switching function.
These findings may help develop inhibitors of type III secretion machines that offer novel therapeutic avenues to treat various
infectious diseases.
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Many bacteria pathogenic or symbiotic for mammals, insects,
or plants utilize specialized protein-delivering nanoma-

chines known as type III secretion systems (T3SSs) (1). These
systems evolved to “inject” bacterial effector proteins into host
cells to modulate cellular functions and facilitate bacterial coloni-
zation and survival (2). The core component of T3SSs is the needle
complex (Fig. 1A), a multiprotein nanostructure composed of a
membrane-anchored multiring base, an inner membrane-
embedded export apparatus, a filamentous needle-like structure
that protrudes from the bacterial surface, the inner rod, which
connects the needle filament to the base substructure, and a cyto-
plasmic apparatus involved in targeting and preparation of sub-

strates prior to their secretion (3). The entire needle complex is
traversed by a channel, which allows passage of the secreted pro-
teins through the bacterial envelope (4). The needle complex is
evolutionarily related to flagella and exhibits an architecture that
resembles that of the hook/basal body complex of the flagellar
structure (5). Consistent with this evolutionary relationship, sev-
eral components of the T3SS exhibit amino acid sequence similar-
ity to flagellar proteins (6) (Fig. 1C). During needle complex as-
sembly and subsequently during the delivery of effector proteins,
type III secretion occurs in a highly hierarchical fashion (7, 8).
Assembly of this complex machine is a multistep and sequential
process, which starts by the assembly of the base and associated
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cytoplasmic substructures (9–12). This substructure can function
as a type III secretion machine but with very limited specificity
restricted to the proteins necessary to form the inner rod and
needle (early substrates) (Fig. 1A). Once a fully functional needle
complex is assembled, the secretion machine switches substrate

specificity and becomes competent for the secretion of the protein
translocases (middle substrates) and effectors (late substrates)
(13–15) (Fig. 1A). Needle complexes assembled from mutants un-
able to switch substrate specificity exhibit much longer needles, as
these secretion machines are locked in a secretion mode that is
compatible only with the secretion of early substrates (13, 14, 16,
17). The process by which the T3SS switches specificity, however,
is poorly understood, and it involves several components. One of
these proteins is a highly conserved membrane-associated pro-
tease known as the “switch protein,” which undergoes autocata-
lytic cleavage (15, 18–25) (Fig. 1A and B). It has been proposed
that autocleavage of the switch protein determines the timing of
substrate switching from early to middle and late substrates (26,
27). However, we show here that a Salmonella enterica serovar Ty-
phimurium strain expressing a catalytic, autocleavage-deficient
mutant of SpaS, the switch protein of the Salmonella pathogenicity
island 1 (SPI-1)-encoded T3SS, assembles needle complexes with
wild-type needle length. Furthermore, we show that needle com-
plexes assembled with preprocessed SpaS function in a manner
indistinguishable from that of the wild-type SpaS. These results
indicate that the cleavage of the switch protein cannot be the reg-
ulatory signal for substrate switching. Rather, we show that SpaS
autocleavage is an unregulated process that occurs after its folding
and before its incorporation into the needle complex. Our results
support the hypothesis that cleavage is necessary for SpaS to
achieve a conformation compatible with its secretion function.

RESULTS
An S. Typhimurium strain expressing a catalytic mutant of the
SpaS switch protein exhibits altered type III secretion hierarchy
but normal needle length. To clarify the potential role of the au-
tocatalytic processing of SpaS in determining the timing of sub-
strate switching, we examined the phenotype of S. Typhimurium
strains expressing C-terminally FLAG-tagged SpaS mutants con-
taining alanine substitutions at the conserved catalytic site. We
found that the S. Typhimurium strain expressing SpaS with a
N258A substitution (SpaSN258A) was unable to secrete middle
substrates (translocases [e.g., SipB]) and late substrates (effectors
[e.g., SptP]), although it was competent for the secretion of early
substrates (Fig. 2A). This SpaS mutant exhibited no autocatalytic
processing. In contrast, S. Typhimurium strains expressing
SpaST260A or SpaSH261A were unaffected in type III secretion, and
these mutants exhibit normal autocleavage (Fig. 2A). The S. Ty-
phimurium strain expressing SpaSP259A showed an intermediate
phenotype with partial autocleavage and greatly diminished secre-
tion of intermediate and late substrates (Fig. 2A). These results
confirmed that, as in other homologous systems, SpaS autocleav-
age is required for the efficient secretion of middle and late sub-
strates. Accordingly, the capability of host cell invasion of the
autocleavage-deficient S. Typhimurium SpaSN258A mutant was
drastically reduced (see Fig. S1 in the supplemental material). The
absence of secretion of middle and late substrates in the presence
of secretion of early substrates suggests that the autocatalytic mu-
tants of SpaS may fail to undergo substrate switching. If this were
the case, the SpaS autocatalytic mutant should behave similarly to
a mutant lacking the regulatory protein InvJ, which is locked in
early substrate secretion mode and therefore exhibits needle com-
plexes with much longer needles (13). However, we found that in
stark contrast to the phenotype of the �invJ mutant, the length of
the needles of complexes obtained from an S. Typhimurium strain

FIG 1 The needle complex of T3SSs and components involved in needle
length control and substrate specificity switching. (A) Model of the needle
complex of T3SSs highlighting components involved in needle length control
and substrate specificity switching (3). Needle and inner rod assembly is facil-
itated by early secretion of the substrates PrgI, PrgJ, and InvJ. In response to the
needle reaching a sufficient length, the system switches substrate specificity to
the secretion of middle substrates (e.g., SipB) and late substrates (e.g., SptP).
Evidence suggests that the InvJ proteins (shown in red) and SpaS proteins
(shown in blue) are involved in these processes. The InvG, PrgH, PrgK, and
InvA proteins are indicated because they are used throughout this study in
mutants and as expression and loading controls. (B) Structure of the C termi-
nus of SpaS indicating the conserved N|PTH autocleavage motif (PDB acces-
sion no. 3C01). The C-terminal fragment resulting from autocleavage (SpaScc)
is shown in blue. (C) List of homologs of the needle length regulator InvJ and
the switch protein SpaS. Abbreviations: OM, outer membrane; IM, inner
membrane; SPI-1, Salmonella pathogenicity island 1; Fla, flagella; Eco, Esche-
richia coli; Shi, Shigella; Yer, Yersinia; Uni, unified nomenclature.
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expressing the autocatalytic SpaSN258A mutant was indistinguish-
able from the length of the needles of complexes obtained from an
S. Typhimurium strain expressing the wild-type SpaS. Needle
complexes obtained from the S. Typhimurium spaSN258A (spaS
gene with N-to-A change at position 258) mutant exhibited nee-
dles with an average length of 36 nm, in close agreement with the
needle length observed in complexes isolated from S. Typhimu-
rium expressing the wild-type SpaS, which exhibited an average
length of 37 nm (Fig. 2B and C). Furthermore, and also in contrast
to the phenotype of the �invJ mutant (28), the S. Typhimurium
spaSN258A mutant exhibited needle complexes with wild-type lev-
els of the inner rod protein PrgJ (Fig. 2D). We also observed that
the loss of needle length control in a �invJ mutant occurred inde-
pendent of SpaS autocleavage (Fig. S2). These results indicate that,
contrary to what has been proposed previously for the homolo-
gous flagellar system (29), SpaS autocleavage is not involved in
needle length determination.

SpaS autocleavage occurs before needle complex assembly. It
has been suggested previously that autocleavage of SpaS may dic-
tate the timing of switching of the T3SS from early to middle and
late substrates (26, 27). We reasoned that if this were the case, SpaS
autocleavage must be regulated to ensure that it occurs prior or
concomitant to substrate switching. Therefore, to investigate
whether autocleavage is regulated by the state of needle complex
assembly or by the state of secretion, we compared SpaS auto-
cleavage after the arabinose-induced expression of the SPI-1 T3SS
in wild-type, �prgHIJK (assembly-deficient), �invA (secretion-
deficient), �prgIJ (needle assembly-deficient), or �invJ
(switching-deficient) S. Typhimurium strains. We observed that
SpaS autocleavage occurred rapidly and was complete within
15 min of induction (Fig. 3A). We estimated the half-life of full-
length SpaS to be �5 min. More importantly, the cleavage and
cleavage kinetics of SpaS were indistinguishable in all the strains
tested, indicating that neither secretion nor the state of assembly

FIG 2 Finishing of needle elongation and substrate specificity switching are subsequent and separate events. (A) SpaS expression levels and autocleavage in the
wild-type (wt) strain and indicated mutant strains with alanine substitutions in the conserved NPTH autocleavage motif were assayed by SDS-PAGE of whole-cell
lysates, subsequent Western blotting, and immunodetection of the C-terminal FLAG tag of SpaS. Likewise, type III secretion into culture supernatants was
profiled by immunodetection of the indicated substrate proteins. SpaSfl, full-length SpaS. (B) Purified needle complexes of Salmonella containing wt SpaS or its
autocleavage-deficient allele N258A were negatively stained on copper grids and visualized by electron microscopy. Bar, 100 nm. (C) Needle lengths of about 750
isolated needle complexes were measured for each strain, and the length distribution was illustrated in a histogram. (D) The protein content of isolated needle
complexes was analyzed by SDS-PAGE, Western blotting, and immunodetection of the needle complex base proteins InvG, PrgH, and PrgK and of the inner rod
protein PrgJ.

Role of SpaS Autocleavage in Function of T3SS

September/October 2015 Volume 6 Issue 5 e01459-15 ® mbio.asm.org 3

mbio.asm.org


of the needle complex influences the kinetics of its autoproteolytic
processing. Blue native PAGE (BN-PAGE) analysis showed that
SpaS was observed within needle complexes as early as 15 min
after induction of its expression (Fig. 3B). These results suggest
that SpaS autocleavage may be an unregulated process that occurs
just after folding of its C-terminal domain and before incorpora-
tion into the needle complex. Taken together, these observations
indicate that SpaS autocleavage is unlikely to be the triggering
event that determines the timing of substrate switching.

Type III secretion machines assembled with precleaved SpaS
are fully functional. If cleavage of SpaS were not involved in the
regulation of type III secretion, it follows that needle complexes
assembled with precleaved forms of the switch protein should be
fully functional and display no hierarchical secretion defects. To
test this hypothesis, we designed an experiment in which SpaS was
expressed and cleaved before expression of all other T3SS compo-
nents (Fig. 4A). SpaS expression was then halted, and the expres-
sion of the rest of the SPI-1 T3SS was subsequently induced. Un-
der these experimental conditions, no unprocessed SpaS was
detected prior to the induction of expression of the rest of the
T3SS components (Fig. 4B). Type III secretion and needle com-
plex assembly under these conditions were compared in samples
obtained from the same strains subjected to conditions that led to
the simultaneous expression of SpaS and the rest of the T3SS com-
ponents. We found no difference in needle complex assembly or
type III secretion in samples obtained from T3SS machines assem-

bled under both experimental conditions, and the needle com-
plexes exhibit similar needle length and architecture (Fig. 4C and
D). Furthermore, no differences were found in the secretion of
middle and late substrates (Fig. 4B). These results indicate that the
SpaS autocleavage event does not play a role in needle complex
assembly, needle length regulation, or the establishment of a hier-
archy in the secretion process.

Exogenous cleavage of SpaS results in a fully functional pro-
tein. The observation that SpaS cleavage occurs rapidly and can
occur prior to its insertion into the secretion apparatus suggests
that autoprocessing may not be a regulatory event but rather a
requirement to achieve its proper functional conformation. We
reasoned that if this were the case, it should be possible to obtain a
functional SpaS protein even if its processing is mediated by an
external protease. We replaced the NPTH processing site of SpaS
with a cleavage site for the human rhinovirus 3C protease. We also
introduced a human rhinovirus 3C protease cleavage site at a dif-
ferent position in the SpaS C terminus (E271) in the context of an
autocleavage-deficient mutant (Fig. 5A). The resulting mutants
exhibited the same InvJ secretion phenotype as that shown by a
strain expressing a catalytic mutant of SpaS, indicating that intro-
duction of the novel processing site did not result in gross confor-
mational changes. We examined the effect of the expression of the
human rhinovirus 3C protease in trans in the context of S. Typhi-
murium strains expressing the engineered SpaS mutants. We
found that expression of the viral protease resulted in the specific

FIG 3 SpaS autocleavage is not regulated and occurs before needle complex assembly. All experiments shown were done with S. Typhimurium strains
containing C-terminally FLAG-tagged SpaS (SpaSFLAG) and an arabinose-inducible SPI-1 master regulator HilA on the chromosome. (A) To assay the kinetics
of SpaS autocleavage in wt and indicated mutant strains, bacteria were grown for 3 h, after which SPI-1 was induced by the addition of arabinose. Thirty minutes
after induction, further protein synthesis was inhibited by the addition (�) of chloramphenicol (CM). Samples were taken at the indicated time points, and SpaS
autocleavage was analyzed by SDS-PAGE, Western blotting, and immunodetection of its C-terminal FLAG tag. As a reference for the position of full-length SpaS,
a sample of the autocleavage mutant was run in the leftmost lane. Induction of the needle complex base components InvG and PrgH is shown as a reference. The
state of needle complex assembly and secretion in a given mutant is illustrated. The positions of molecular mass markers (in kilodaltons) are indicated to the right
of the gel. SpaS is highlighted in blue. Abbreviations: OM, outer membrane; IM, inner membrane; SpaSfl, full-length SpaS. (B) To assay the kinetics of needle
complex assembly, crude membranes of bacteria harvested at the indicated time points after SPI-1 induction were solubilized by DMNG, after which protein
complexes were separated by blue native PAGE. Complex association of needle complex base components and SpaS was analyzed by Western blotting and
immunodetection using an Li-Cor Odyssey system. Base components were detected in the 700-nm channel, while SpaSFLAG was detected in the 800-nm channel.
The overlay of both channels is shown.
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cleavage of SpaS at the predicted sites. Even though the efficiency
of exogenous SpaS cleavage was low, possibly for SpaS being inac-
cessible due to quick assembly into the needle complex, the rhi-
novirus 3C protease-mediated cleavage yielded functional SpaS
competent for mediating the secretion of the middle substrate
SipB and the late substrate SptP in both cases (Fig. 5B). These
results indicate that external SpaS cleavage, even if not at the site of
the conserved NPTH motif, results in a fully functional protein
and further support the hypothesis that the cleavage of SpaS per se

does not play a regulatory role. Rather, these results support the
hypothesis that cleavage allows the proper conformational flexi-
bility of SpaS to render it competent for substrate specificity
switching and secretion of middle and late substrates.

DISCUSSION

During needle complex assembly and later, during secretion of its
substrates, the type III secretion machine functions in a hierarchi-
cal fashion. After completion of the assembly of the base substruc-
ture, the T3SS becomes competent for the engagement of the early
substrate proteins that form the inner rod and needle substruc-
tures as well as the regulatory protein InvJ (13, 14, 17). Subsequent
to completion of the assembly of the needle complex, the T3SS
changes substrate specificity, losing the ability to secrete early sub-
strates and becoming competent for the secretion of the effector
proteins and the proteins necessary for their translocation
through the target host cell membrane (translocases) (15). The
mechanism of substrate reprogramming is poorly understood and
the subject of some controversy. It is clear that the regulatory
protein InvJ (and its homologs in other bacteria) plays an impor-
tant role in this process, since mutants lacking this regulator are
“locked” in the “early secretion mode,” therefore exhibiting ab-
normally long needles (13, 14, 16, 17). Mutant strains lacking InvJ
are also unable to assemble the inner rod protein, which suggests
that the role of this regulatory protein in substrate switching may
be indirect, through its involvement in needle complex assembly
(28, 30). It has been suggested previously that the process of sub-
strate switching also involves the export apparatus component
SpaS (or its homologs in other bacteria [Fig. 1C]), a highly con-
served membrane protease, which undergoes autocatalytic cleav-
age (15, 18–25). It has been proposed that SpaS works in concert
with InvJ to mediate substrate switching and that its autocleavage

FIG 4 Fully functional secretion systems can be obtained from previously provided cleaved SpaS. (A) Illustration of the experimental set up. The experiments
were done with Salmonella �spaS mutant containing an arabinose-inducible SPI-1 master regulator HilA on the chromosome. C-terminally FLAG-tagged SpaS
was complemented from a rhamnose-inducible low-copy-number plasmid. For the assembly control, bacteria were grown for 3 h in the absence of inducing
sugars and washed, and expression of SPI-1 and SpaSFLAG was simultaneously induced by the addition of arabinose and rhamnose (ara/rha). To express SpaSFLAG

prior to the other needle complex components, bacteria were grown for 3 h in the presence of rhamnose. Then, SpaS expression was switched off by rhamnose
removal, and SPI-1 expression (without SpaS) was induced by the addition of arabinose after 30 min, 90 min, and 150 min after SPI-1 induction. SpaS expression
and secretion was profiled, and needle complexes were isolated. (B) SpaS expression levels and autocleavage was assayed by SDS-PAGE of whole-cell lysates,
subsequent Western blotting, and immunodetection of the FLAG epitope. Likewise, type III secretion into culture supernatants was profiled by immunodetec-
tion of the indicated substrate proteins. Abbreviations: wc, whole cells; sup, culture supernatant. (C) Purified needle complexes were negatively stained on copper
grids and visualized by electron microscopy. Bars, 100 nm. (D) The protein content of isolated needle complexes was analyzed by SDS-PAGE, Western blotting,
and immunodetection of the needle complex base proteins InvG, PrgH, and PrgK.

FIG 5 NPTH-dependent autocleavage is not necessary to achieve substrate
specificity switching. (A) Illustration of the positions of the introduction of
human rhinovirus 3C protease cleavage sites on the crystal structure of the
C-terminal domain of SpaS (SpaSc) (PDB accession no. 3C01). (B) The ex-
pression and cleavage of SpaSFLAG and 3C protease in the indicated strains
were analyzed in whole-cell lysates by SDS-PAGE, Western blotting, and im-
munodetection of the FLAG epitope. Functionality of substrate specificity
switching was profiled by SDS-PAGE of TCA-precipitated culture superna-
tants, Western blotting, and immunodetection of InvJ, SipB, and SptP. Aster-
isks indicate the cleaved C-terminal fragments of the engineered SpaS variants.
Abbreviations: 3C, human rhinovirus 3C protease; wc, whole cells; sup, culture
supernatant.
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(potentially triggered by its interaction with InvJ) is the signal that
determines substrate switching from early to middle and late sub-
strates (15, 25–27, 31). In this study, we present evidence that is
incompatible with this model.

We have confirmed that the autocatalytic mutant of SpaS ex-
hibits altered secretion. While competent for the secretion of early
substrates, this mutant is unable to secrete middle and late sub-
strates, a phenotype that originally led to the proposed implica-
tion of SpaS in substrate switching (18–20, 32–34). However, we
found that an S. Typhimurium strain expressing the autocatalytic
mutant SpaSN258A assembled wild-type needle complexes with
normal needle lengths, a phenotype drastically different from that
of a strain lacking the regulatory protein InvJ. We also found that
the kinetics of SpaS processing were very fast and unaffected by the
state of assembly of the needle complex or by its secretion status.
More importantly, we found that exogenous processing of SpaS
did not alter its function and that needle complexes assembled
with a precleaved form of SpaS exhibited normal needle length
and a normal secretion profile. These findings indicate that the
cleavage event per se has no role in substrate switching. Rather, we
propose that cleavage may be necessary for SpaS to achieve a struc-
tural configuration compatible with its role in secretion.

The autocatalytic mutant of SpaS exhibits normal needle
length, although it is unable to secrete middle and late substrates.
This observation indicates that in the case of this mutant, the
secretion machine can become incompetent for the secretion of
early substrates without automatically gaining the ability to se-
crete middle and late substrates. This phenotype is in sharp con-
trast with that of a mutant lacking the regulatory protein InvJ,
which is “locked” in an early substrate secretion mode and exhib-
its abnormally long needles (13). These observations suggest that
the substrate switching process may involve two steps: losing com-
petency for secretion of early substrates (i.e., needle and inner rod
proteins) and gaining the ability to secrete middle and late sub-
strates (effectors and protein translocases). While it is clear that
the latter cannot occur with an unprocessed form of SpaS, our
data indicate that the cleavage event is not involved in switching.
Rather, our results favor the notion that the cleavage of SpaS may
confer this protein the conformational flexibility that is compati-
ble with the secretion of all substrates. More experiments will be
required to demonstrate that a two-step process is involved under
physiological conditions.

It had been shown in the flagellar system that loss of autocleav-
age of the SpaS homolog FlhB results in an impairment of hook
length control (29, 35). Based on these results, it was hypothesized
that FlhB autocleavage per se plays a role in hook length control.
Also in Yersinia, an impaired needle length control was observed
in an autocleavage mutant of the switch protein YscU (33). How-
ever, this defect could be compensated for by overexpression of
the needle length regulator YscP, indicating that a general secre-
tion defect of the autocleavage mutant might be responsible for
the observed phenotype. FliK secretion had not been tested in the
FlhB autocleavage mutant in the study of the flagellar system so
that reduced FliK secretion remains a possible explanation for
impaired hook length control in the FlhB autocleavage mutant. In
our study, secretion of the needle length regulator InvJ was indis-
tinguishable in the wild type and SpaSN258A autocleavage mutant
(Fig. 2), which strengthens the ground for our hypothesis that
autocleavage plays no role in needle length control.

Based on the structures of uncleaved and cleaved versions of

the C-terminal domain of SpaS and its homologs, it had been
suggested that changes in surface features after autocleavage are
the critical facilitators of substrate specificity switching (21). Our
results with SpaS cleaved by an exogenous protease suggest that
the specific surface of SpaS created by the autocleaved N|PTH
motif is not critical for substrate specificity switching, as it can be
replaced by the dissimilar human rhinovirus 3C protease
LEVLFQ|GP cleavage motif. More importantly, since SpaS capa-
ble of substrate specificity switching also results from cleavage on
the site of the C-terminal domain opposite the N|PTH motif, it is
likely that conformational flexibility allowed by the separated
polypeptide chains is the critical facilitator of substrate specificity
switching. This notion is supported by the observation that a de-
creased thermal stability—indicating an increased conforma-
tional flexibility— correlates with a higher probability of YscP-
independent switching in mutants of the Yersinia SpaS homolog
YscU (36).

In summary, we have presented evidence indicating that the
cleavage of SpaS is not involved in determining the timing for
substrate switching. We thus propose that cleavage per se is neces-
sary for the structural flexibility that allows the switch protein to
acquire a conformation compatible with its function in substrate
specificity switching and secretion of middle and late substrates.

MATERIALS AND METHODS
Materials. Chemicals were from Sigma-Aldrich unless otherwise speci-
fied. The detergents n-dodecyl-N,N-dimethylamine-N-oxide (LDAO)
and decyl-maltose-neopentyl-glycol (DMNG) were from Affymetrix-
Anatrace. Primers are listed in Table S1 in the supplemental material and
were synthetized by Eurofins and Integrated DNA Technologies.

Bacterial strains, plasmids, and growth conditions. Bacterial strains
and plasmids used in this study are listed in Table S2 in the supplemental
material. All strains were derived from Salmonella enterica serovar Typhi-
murium strain SL1344 (37). Strains expressing chromosomally FLAG-
tagged SpaS and mutants were constructed by allelic exchange as previ-
ously described (38). FLAG-tagged SpaS functions indistinguishably from
the wild-type protein with respect to the secretion of early, intermediate,
and late substrates (see Fig. S3 in the supplemental material) and the
invasion of host cells (Fig. S1). Salmonella Typhimurium strains were
grown at 37°C in LB broth supplemented with 0.3 M NaCl with low
aeration to enhance expression of genes of Salmonella pathogenicity is-
land 1 (SPI-1). Cultures were supplemented as required with streptomy-
cin (50 �g/ml), tetracycline (12.5 �g/ml), ampicillin (100 �g/ml), kana-
mycin (25 �g/ml), or chloramphenicol (50 �g/ml).

Secretion assay. S. Typhimurium strains were grown at 37°C in LB
broth supplemented with 0.3 M NaCl for 5 h (or as indicated). Whole cells
and culture supernatants were separated by centrifugation. Whole cells
were resuspended in an appropriate volume of SDS-PAGE loading buffer.
Supernatants were passed through a 0.2-�m filter, supplemented with
0.1% Na-deoxycholic acid, and precipitated with 10% trichloroacetic acid
(TCA) for a period of time ranging from 30 min to overnight at 4°C.
Precipitated culture supernatant samples were washed with acetone after
centrifugation and resuspended in SDS-PAGE loading buffer. Whole-cell
and culture supernatant samples were subjected to SDS-PAGE, followed
by immunoblotting.

Immunoblotting. For protein detection, samples were subjected to
SDS-PAGE using SERVAGel TG PRiME 8 to 16% precast gels, transferred
onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad), and
probed with primary antibodies anti-SipB, anti-InvJ, anti-PrgJ, anti-SptP,
anti-needle complex base (anti-NC base), and M2 anti-FLAG. Secondary
antibodies were goat anti-mouse IgG DyLight 800 conjugate and goat
anti-rabbit IgG DyLight 680 conjugate (Thermo Scientific Pierce). Detec-
tion was performed using the Odyssey imaging system (Li-Cor).
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Cell fractionation or crude membrane preparation. Ten optical den-
sity (OD) units of bacterial lysates were resuspended in 750 �l buffer K
(50 mM triethanolamine [pH 7.5], 250 mM sucrose, 1 mM EDTA, 1 mM
MgCl2, 10 �g/ml DNase, 2 mg/ml lysozyme, 1:100 protease inhibitor
cocktail) and incubated for 30 min on ice. Samples were bead milled, and
beads, unbroken cells, and debris were removed by centrifugation for
10 min at 10,000 � g and 4°C. Crude membranes contained in the super-
natant were precipitated by centrifugation for 45 min at 55,000 rpm and
4°C in a Beckman TLA 55 rotor. Pellets containing crude membranes were
frozen until use.

BN-PAGE. Blue native PAGE (BN-PAGE) was carried out as previ-
ously described (9) with some modifications. Crude membranes were
resuspended in 1� phosphate-buffered saline (PBS), and protein concen-
tration was determined using the bicinchoninic acid (BCA) protein assay
kit (Thermo Scientific Pierce). The membranes (10 �g) were solubilized
with a final concentration of 1% DMNG for 1 h at 4°C. BN loading dye
(5% [wt/vol] Serva Blue G [Serva Electrophoresis GmbH], 250 mM ami-
nocaproic acid, 50% glycerol) (0.5%) was added to the samples, mixed,
and run on a NativePAGE Novex Bis-Tris gel system (Thermo Life Tech-
nologies), followed by immunoblotting. NC bases were visualized using
anti-NC base antibodies and secondary anti-rabbit IgG DyLight 680 con-
jugate secondary antibodies. FLAG-tagged SpaS was visualized using M2
anti-FLAG antibodies and secondary anti-mouse IgG DyLight 800 conju-
gate antibodies. Detection was performed using the Odyssey imaging sys-
tem (Li-Cor).

SpaS cleavage before T3SS induction. The coordinated expression of
T3SS components was carried out as previously described (9) by using
S. Typhimurium strains in which expression of examined components
was uncoupled by the employment of two different compatible promoter
systems. Chromosomal expression of the master regulator of the SPI-1
T3SS (HilA) was under control of an arabinose-inducible promoter. SpaS
was deleted from the chromosome and complemented in trans from a
low-copy-number plasmid under control of a rhamnose-inducible pro-
moter.

To achieve complete autocleavage of SpaS before expression of all
other T3SS components, SpaS was expressed by the addition of rhamnose
for 3 h. Then, the inducer was washed out. After a 30-min period to allow
depletion of residual SpaS expression, arabinose was added for induction
of all other T3SS components. In control samples, expression of SpaS and
all other T3SS components was induced by the simultaneous addition of
rhamnose and arabinose, respectively, after 3 h of bacterial growth. Sam-
ples were taken at different time points after induction of the T3SS, and
secretion assays were performed.

SpaS exogenous cleavage. The human rhinovirus 3C protease cleav-
age site was introduced into the chromosome at two different positions of
SpaS: first, replacing the NPTH motif and second, after residue E271 in a
SpaSN258A background. A rhamnose-inducible plasmid expressing 3C
protease with an N-terminal InvJ signal sequence (residues 1 to 15) and a
C-terminal FLAG tag were constructed and introduced in the strains con-
taining SpaS with the engineered cleavage site. Bacteria were grown in the
presence of 500 �M rhamnose for expression of the 3C protease and
0.05% arabinose for expression of the SPI-1 T3SS, including FLAG-tagged
SpaS. Secretion assays were performed in the presence (expression) or
absence of the 3C protease, and whole-cell and culture supernatant sam-
ples were subjected to SDS-PAGE, followed by immunoblotting.

Purification of Salmonella needle complexes. Purification of needle
complexes was carried out with slight modification of a previously pub-
lished protocol (39). The cultures were grown at 37°C in LB supplemented
with 0.3 M NaCl and appropriate antibiotics. The bacteria were harvested
and resuspended in 150 mM Tris (pH 7.4), 0.5 M sucrose, 1 mg/ml hen
egg lysozyme, and 7 mM EDTA and incubated on ice while stirring for
45 min followed by 20 min at 37°C. The cells were lysed with 0.5% LDAO,
and then 450 mM NaCl and 12 mM MgCl2 were added to the lysate. Cell
debris was removed by low-speed centrifugation at 15,000 � g for 30 min,
and NCs were pelleted by high-speed centrifugation at 264,900 � g for

2.5 h. The pellet was resuspended in a buffer composed of 0.5% LDAO,
1� PBS (pH 7.4), 375 mM NaCl, and 5 mM EDTA and adjusted to a final
concentration of 27.5% (wt/vol) of CsCl. Samples were centrifuged for 14
to 16 h at 286,000 � g. Aliquots (0.5 ml) were collected by using a Bio-
comp gradient station. Diluted fractions were pelleted at 121,139 � g for
2 h. Needle complexes were resuspended in buffer composed of 0.1%
LDAO, 1� PBS (pH 7.4), 375 mM NaCl, and 5 mM EDTA. The compo-
sition of NC preparations was assessed by SDS-PAGE, followed by immu-
noblotting.

Electron microscopy and image analysis. Purified needle complexes
were negatively stained with 2% phosphotungstic acid (pH 4.5) or 1%
aqueous uranyl acetate on carbon-coated copper grids. Micrographs were
recorded either using an FEI Tecnai Biotwin microscope at 80 kV or using
a JEM-1400Plus (JEOL) microscope at 120 kV, and needle lengths were
measured as published previously (28).
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