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Pathogenic Yersinia species employ a type III secretion system (TTSS) to target antihost factors, Yop
proteins, into eukaryotic cells. The secretion machinery is constituted of ca. 20 Ysc proteins, nine of which show
significant homology to components of the flagellar TTSS. A key event in flagellar assembly is the switch from
secreting-assembling hook substrates to filament substrates, a switch regulated by FIhB and FliK. The focus
of this study is the FIhB homologue YscU, a bacterial inner membrane protein with a large cytoplasmic
C-terminal domain. Our results demonstrate that low levels of YscU were required for functional Yop
secretion, whereas higher levels of YscU lowered both Yop secretion and expression. Like FIhB, YscU was
cleaved into a 30-kDa N-terminal and a 10-kDa C-terminal part. Expression of the latter in a wild-type strain
resulted in elevated Yop secretion. The site of cleavage was at a proline residue, within the strictly conserved
amino acid sequence NPTH. A YscU protein with an in-frame deletion of NPTH was cleaved at a different
position and was nonfunctional with respect to Yop secretion. Variants of YscU with single substitutions in the
conserved NPTH sequence—i.e., N263A, P264A, or T265A—were not cleaved but retained function in Yop
secretion. Elevated expression of these YscU variants did, however, result in severe growth inhibition. From
this we conclude that YscU cleavage is not a prerequisite for Yop secretion but is rather required to maintain

a nontoxic fold.

The pathogenic species of the genus Yersinia (Yersinia pestis,
Y. enterocolitica, and Y. pseudotuberculosis) cause infections of
highly varied severity in humans. Y. pestis causes plague and is
transmitted by flea bites or infectious aerosols, whereas Y.
enterocolitica and Y. pseudotuberculosis are enteric pathogens
that cause gastroenteritis after the ingestion of contaminated
food or water (for reviews, see references 9 and 35). Still, the
virulence mechanisms of the different species show a lot of
similarities. One such similarity is the ability to inhibit phago-
cytosis, which enables the pathogens to replicate in lymphoid
tissues. This is conferred by an ca. 70-kb plasmid that is re-
quired for virulence in all three species. The plasmid encodes
a type III secretion system (TTSS) that delivers antihost pro-
teins or virulence effectors called Yops (Yersinia outer pro-
teins) into the cytosol of eukaryotic cells (12, 13). Yop secre-
tion is normally triggered by eukaryotic cell contact (36, 37),
but it can also be induced in vitro by growing the bacteria in
calcium-depleted medium at 37°C (13).

TTSSs are found in several gram-negative animal and plant
pathogens (20, 39). The overall mechanism of secretion ap-
pears to be conserved in the different systems. Typically, 20 to
25 proteins are required to assemble a functional secretion
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system. Nine of these proteins are conserved not only in the
TTSSs of different pathogens but also in the bacterial flagellar
export apparatus (for reviews, see references 1, 20, and 25).
For several animal pathogens, the type III secretion organelle,
also referred to as the secreton, has been isolated and analyzed
(5, 6, 21, 22, 40, 44). The basal body of this structure possesses
two sets of rings resembling the flagellar basal body. The com-
ponents common to the virulence associated and the flagellar
TTSS are believed either to associate with the cytoplasmic face
of the basal body-like structure or to form a pore in the inner
membrane ring (15, 42). A common feature of secretons iso-
lated so far is a needle-like structure that protrudes from the
ring structure located in the outer membrane. This needle is
required for secretion, suggesting that the combination of the
basal portion and needle extension (needle complex) consti-
tutes an intact secretion organelle (5, 6, 21, 22, 40, 44). In
Yersinia spp. the needle-like structure is comprised of the YscF
protein and localizes to the bacterial cell surface prior to eu-
karyotic cell contact (18; P. Edgvist, J. Olsson, M. Lavander, L.
Sundberg, A. Forsberg, H. Wolf-Watz, and S. Lloyd, unpub-
lished data).

The proteins forming the actual secretion apparatus are
believed to somehow identify the type III secretion substrates
to enable their secretion through the basal body-like structure.
One key protein in the export of flagellar components is FIhB,
a membrane protein with a large cytoplasmic C-terminal do-
main (29, 30). YscU, the corresponding protein of the TTSS of
Yersinia spp. has also been shown to localize to the cytoplasmic
membrane (3). The flagellum is a tripartite organelle consist-
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FIG. 1. Schematic drawing of the structure of the homologous pro-
teins YscU and FlhB adapted from the studies by Allaoui et al. (3) and
Minamino and Macnab (31). Black numbers indicate amino acid po-
sitions of YscU, and numbers in italics (gray) represent those of FIhB.
The sequence NPTH (amino acids 263 to 266 and amino acids 269 to
272) is conserved through the YscU/FIhB family and contains the
proline-270 where FlhB has been shown to be cleaved (31).

ing of the membrane spanning basal body, the propulsive
flagellar filament, and the hook which joins the two former (for
reviews, see references 2 and 26). During flagellar assembly,
one critical event is when the hook is completed and the se-
cretion system switches from secreting hook components to
filament components. FliK, a protein secreted by the flagellar
secretion system during hook assembly, somehow senses when
the hook is completed and communicates with the secretion
system to switch the export specificity to flagellin (23, 28, 33,
45). As a consequence, fliK mutants have two distinct mutant
phenotypes: they are disabled (i) in the terminating hook as-
sembly and (ii) in the initiating filament assembly, leading to
the formation of so-called “poly-hook” structures (17, 34, 43).
Interestingly, extragenic suppressor mutants that allow secre-
tion and assembly of filament-type substrates have been iso-
lated and mapped to flhB, which indicates that FliK and FIhB
interact to control the order in which flagellar components are
secreted (23, 45). It has been suggested that FliK, upon the
completion of hook assembly, switches the substrate specificity
of the flagellar export apparatus by altering the conformation
of FIhB in order to promote the export of the filament com-
ponent, flagellin. Minamino and Macnab also demonstrated
that FIhB is proteolytically cleaved at position proline-270
within a region of four amino acids, i.e., NPTH (Fig. 1), which
is conserved in all FIhB/YscU homologues (31).

A phenomenon corresponding to the assembly of poly-
hooks in the flagellar TTSS has been reported by Galan and
coworkers in the type III secretion system encoded by Salmo-
nella pathogenicity island 1. Specifically, an invJ mutant assem-
bles a type III secreton with abnormally long needles (22) and
is unable to secrete effector proteins (10), which suggests that
it is defective in substrate specificity switching. In addition,
Inv] and corresponding proteins of other secretons show low
levels of homology to FliK, arguing for a similar switching
mechanism between different secretion substrates also in other
TTSSs.

We examined here the function of the YscU protein in the
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Yersinia type 111 secretion system. We demonstrate that YscU
is cleaved at the same position, proline-264 (Fig. 1), as was
previously shown for FIhB, which results in a C-terminal frag-
ment of ca. 10 kDa. The different domains of YscU were found
to influence Yop expression and secretion differently. High
levels of full-length YscU resulted in lowered Yop expression,
whereas expression of the C-terminal 10-kDa domain in a
wild-type bacterial background instead resulted in increased
Yop secretion. Deletion of the conserved four amino acids,
NPTH (amino acids 263 to 266), rendered YscU nonfunctional
in Yop secretion, and in this case the proteolysis occurred at a
different position. Single substitutions of the conserved resi-
dues prevented cleavage of YscU, but the protein was still
functional in secretion, which suggests that proteolytic cleav-
age of YscU is not essential for its function in the TTSS.
Instead, it seems that the cleavage of YscU is essential for the
survival of the bacteria, since the uncleaved form of YscU was
highly toxic.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmid used in this study are listed in Table 1. Yersinia strains were grown in
either Luria broth (LB) or brain heart infusion (BHI; Oxoid). BHI was supple-
mented with 2.5 mM CaCl, (BHI plus Ca**) or 5 mM EGTA, 20 mM MgCl,,
and 0.1% Triton X-100 (BHI minus Ca®"). For solid media Yersinia selective
agar base (YSAB; Difco) or blood agar base (BAB; Merck) was used. To test the
growth phenotype (MOX-test), BAB plates were supplemented with 20 mM Na
oxalate, 20 mM MgCl,, and 0.2% glucose (MOX plates, Ca®>" free) or with 2.5
mM Ca?*. Escherichia coli strains were grown in LB or on BAB plates.

‘When appropriate, antibiotics were used at the following final concentrations:
kanamycin, 50 wg/ml; ampicillin-carbenicillin, 100 wg/ml; and chloramphenicol,
20 pg/ml.

DNA methods. Preparation of plasmid DNA, restriction enzyme digests, sep-
aration by gel electrophoresis, ligation, and transformation of E. coli strains were
performed according to standard methods (38). Certain DNA fragments were
purified from agarose gels by using GeneClean Kit (Bio 101) or GeneElute
Minus EtBr Spin Columns (Sigma). DNA sequencing reactions were performed
by using the ThermoSequenase dye terminator cycle sequencing kit and analyzed
with a SEQ4X4 sequencer (Amersham Pharmacia Biotech).

Sequence analysis. A similarity search of protein sequence databases was
conducted by using the basic local alignment search tool (BLAST) server pro-
gram with default parameters (4). The MegAlign program from DNASTAR with
default parameters was used to perform protein alignments.

Construction of the yscU in-frame deletion strain. The yscU in-frame deletion
strain, YPIII(pIB75) was constructed as follows. A double PCR was performed
with the primer pairs YscU3/YscU4 and YscU5/YscU6 (Table 2), respectively,
by using the virulence plasmid pIB102 as a template, rendering one fragment
from the upstream and one from the downstream region of yscU. These frag-
ments were ligated by PCR with the primer pair YscU3/YscU6. The resulting
PCR product was digested with Xbal and SacI and cloned into the same restric-
tion sites of pDM4, yielding plasmid pLS13. This plasmid was transformed into
E. coli S17-1\pir, from which it was introduced by conjugation into the recipient
Yersinia strain YPIII(pIB102). Clones with pLS13 integrated into pIB102 by a
single recombinant event were selected on YSAB plates containing kanamycin
and chloramphenicol. To select for bacteria having lost the suicide vector sacB-
dependent sucrose sensitivity (27) was employed. Sucrose-resistant colonies were
PCR amplified to confirm the presence of the deletion. The resulting strain,
YPIII(pIB75), carries a yscU in-frame deletion of amino acids 25 to 329.

Construction of yscU derivatives. Derivatives of the yscU gene were cloned
under the tac promoter of pMMBG66EH, generating plasmids as follows: pLS21
(yscU; amino acids 1 to 354), pMLI13 (yscUpy,,; amino acids 1 to 354 plus a
C-terminal Flag epitope; DYKDDDDXK [19]), pMLI11 (yscUs,;,.354; amino acids
211 to 354), pMLI2 (yscU,11.354-F1ag; @mino acids 211 to 354 plus a C-terminal
Flag epitope), and pML14 (yscUs44.354; amino acids 264 to 354) were engineered
by using the primer pairs YscU7/YscUS8, YscU19/YscU23, YscU21/YscUS,
YscU21/YscU23, and YscU37/YscU8 (Table 2), respectively, in a PCR with
YPIII(pIB102) as a template.

Amplified DNA fragments were ligated with the linearized pCR2.1-TOPO
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TABLE 1. Bacterial strains and plasmids used in this study

Bacterial strain or plasmid Description® Source or reference
Strains
Y. pseudotuberculosis
YPII(pIB102) Wild-type, parental strain; Km" 8
YPIII(pIB75) pIB102 yscU in-frame deletion; Km"® This study
YPIII Virulence plasmid-cured strain 7
E. coli
S17-1\pir RP4-2 Te::Mu-Km::Tn7 (\pir) 14
TOP10 Commercial One Shot competent cells Invitrogen
BL21(DE3) IPTG-inducible T7 RNA polymerase 41
Plasmids
pCR2.1 Commercial cloning vector; Amp" Invitrogen
pMMBG66EH P,.. expression vector; Amp* 16
pET-22b T7 overexpression vector; Amp" Novagen
pKK223-3 P,.. expression vector; Amp* Amersham Pharmacia
Biotech
pDM4 Suicide vector carrying sacB; Cm" 27
pLS13 669-bp PCR fragment of AyscU,s 5, on pDM4 This study
pLS21 yscU cloned under tac promoter of pMMB66EH This study
pPE33 yscU cloned under tac promoter of pKK223-3 Edqvist et al., unpublished
pPE40 yscU(A263-266) cloned under tac promoter of pKK223-3 This study
pPE41 yscU(N263A) cloned under tac promoter of pKK223-3 This study
pPE42 yscU(P254A) cloned under fac promoter of pKK223-3 This study
pPEA43 yscU(T265A) cloned under tac promoter of pKK223-3 This study
pPES His,, yscU(202-354) under T7 promoter of pET-22b This study
pML11 yscU(211-354) cloned under tac promoter of pMMB66EH This study
pML12 yscU(211-354)-Flag cloned under fac promoter of pMMB66EH This study
pML13 yscU-Flag fusion cloned under fac promoter of pMMB66EH This study
pML14 yscU(264-354) cloned under tac promoter of pMMB66EH This study
pML16 yscU(A263-266) Flag cloned under tac promoter of pMMB66EH This study
pML17 yscU(N263A) Flag cloned under fac promoter of pMMB66EH This study
pMLI18 yscU(P254A) Flag cloned under tac promoter of pMMB66EH This study
pML19 yscU(T265A) Flag cloned under fac promoter of pMMB66EH This study

¢ Km", Kanamycin resistance; Amp", ampicillin resistance; Cm?, chloramphenicol resistance.

cloning vector and transformed into E. coli TOP10 One Shot chemically com-
petent cells, all according to the manufacturer’s instructions (Invitrogen). Plas-
mids were purified from TOP10 cells and restricted with EcoRI and Pstl. The
excised fragments were purified from a 1% SeaKem GTG agarose gel by using

GeneClean Kit (Bio 101). Ligation with pMMBG66EH, restricted with EcoRI and
PstI, was followed by electroporation into E. coli S17-1\pir. A positive clone was
used for introduction of the constructs into the recipient Yersinia strains by
conjugation. Transformants were plated onto YSAB plates selecting for both the

TABLE 2. Primer sequences”

Primer Sequence
YscU3.iiiiins 5'-GCT GAT CTA GAT TAA TCG CCG CTG TAT TGG C-3'
YscU4..oooiiee 5'-CTC TAT TTG TTT CGC TAC CTG TCC CTT TTT-3'

YscUS. ..5'-GTA GCG AAA CAA ATA GAG GCC ACA GCT GAA-3'
YscU6. ..5"-GCT CAC GAG CTC GCA CAG GAG AAA TAC AAT TAC C-3'
YscUT s 5'-GCT CAG AAT TCT GAT CCC TGT TTT GGA GAA GT-3'
YscUS...oooiiinee 5'-GC TCA CTG CAG ACC ATA TTC CTA GTT ACA TTG C-3’
YscU19 ..5'-GCT CAC GAA TTC ATG AGC GGA GAA AAG ACA GA-3'
YscU21.... ..5"-GCT CAC GAA TTC ATT AAG GAA CTT AAA ATG AGC A-3’
YscU23..ins 5'-CGA CAG CTG CAG TTA TTT ATC GTC ATC ATC TTT ATA ATC TAA CAT TTC GGA ATG TTG TTT CT-3’
YscU37 . 5'-CGC TCA TCA GTG GTG GAA TTC ATG CCG ACC-3'
PE9....... ..5'-GCC GCC CAT ATG AGC AAG GAT GAG ATC AAA-3’

PE10. ..5"-GGC CTC GAG TAA CAT TTC GGA ATG TTG TTT-3’

PE34 ... 5'-CCA ATA GCA ATA GCT ACC ACC AC-3'

SLO99.iiiiiae 5'-GTG GTG GTA GCT ATT GCT ATT GG-3'

PE73..... .5'-GTG GTG GTA GCT GCT CCG ACC CAT ATT GC-3'

:..5’—GTG GTA GCT AAT GCG ACC CAT ATT GC-3’

PE74 .....

PET75 i 5'-GTA GCT AAT CCG GCC CAT ATT GCT ATT G-3'
PE102 ......covvviinnne 5'-GCA ATA TGG GTC GGA GCA GCT ACC ACC AC-3'
PE103... ..5'-GCA ATA TGG GTC GCA TTA GCT ACC AC-3’
PE104 ......cccvvinnne. 5'-CAA TAG CAA TAT GGG CCG GAT TAG CTA-3’

“The primer sequences are based on Y. pseudotuberculosis yscU GenBank accession no. L25667, nucleotide positions 4452 to 5516.
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virulence plasmid and pMMB66EH. Positive clones were identified by PCR,
plasmid preparation, and restriction of these plasmids with PstI and EcoRI.

Construction of mutations in the cytoplasmic domain of YscU. The template
used for deletion of the four amino acid conserved site, NPTH (amino acids 263
to 266), was pLS21 (Table 1). To introduce substitutions at residues N263, P264,
and T265 the previously described plasmid pPE33 (Table 1; Edqvist et al.) was
used as a template. The site-directed mutagenesis was carried out according to
the procedures in the QuickChange Mutagenesis Kit (Stratagene). The muta-
genic oligonucleotides used (Table 2) were as follows: NPTH deletion PE34/
SL99, N263A mutation PE73/PE102, P264A mutation PE74/PE103, and T265A
mutation PE75/PE104, resulting in the construction of plasmids pPE40, pPE41,
pPE42, and pPE43, respectively. The mutant versions of yscU were Flag tagged
and introduced into pMMBG66EH by using the pPE40-43 plasmids as templates
in PCR with primers YscU19 and YscU23, essentially as described above when
Flag tagging the wild-type yscU. The resulting plasmids were denoted pML16,
pML17, pML18, and pML19, respectively (Table 1).

Analysis of LCR phenotypes: MOX test. The strains tested were grown over
night and then diluted in 0.9% NaCl. The serial dilutions were spread on Ca**
containing or MOX plates. The plates were incubated at 26 or 37°C overnight.
The number of colonies was counted for determination of growth phenotypes.

Definition of growth phenotypes. Strains unable to grow at 37°C without the
addition of Ca?* are defined as calcium dependent, which is the wild-type growth
phenotype for Y. pseudotuberculosis. Calcium-independent mutants grow at 37°C
irrespective of the Ca®" concentration, a phenotype usually coupled to impaired
secretion. A strain unable to grow at 37°C is defined as temperature sensitive and
usually secretes Yops irrespective of calcium.

Viable count. Strains expressing YscU variants that were not proteolytically
cleaved, i.e., N263A, P264A, or T265A, showed a decreased growth rate in liquid
culture. To further investigate the growth deficiency viable count in the absence
and presence of IPTG (isopropyl-B-p-thiogalactopyranoside) was performed.
The strains containing the different YscU variants were cultured overnight and
then diluted in 0.9% NaCl. The serial dilutions were spread on BAB plates with
added antibiotics, as well as plates with both antibiotics and 0.4 mM IPTG.
Colony formation was monitored for 3 days, and the colonies were counted for
calculation of the viability after 3 days of incubation.

Yop secretion assay. Overnight cultures of Yersinia strains grown at 26°C were
diluted (1:10) in fresh media (BHI plus Ca>*or BHI minus Ca>") and grown for
1 h at 26°C prior to a temperature shift to 37°C and growth for an additional 3 h.
For induction of the tac promoter, IPTG was added to a final concentration of
0.4 mM. After measuring the optical density at 600 nm (ODy), the bacteria
were harvested by centrifugation and dissolved in 400 wl of 2X sodium dodecyl
sulfate (SDS) sample buffer. The culture supernatants were filtrated through a
0.45-pm (pore-size) filter to rid them of any remaining bacteria. Then, 400 .l of
the supernatants was removed and diluted in 400 wl of 2X SDS sample buffer, to
be separated by SDS-polyacrylamide gel electrophoresis (PAGE) and analyzed
by enhanced chemiluminescence (ECL) Western blot as described below. The
rest of the supernatant proteins were precipitated with 10% trichloroacetic acid
and collected by centrifugation. The proteins were dissolved in 500 wl of 2% SDS
at 37°C, precipitated with acetone, and pelleted again by centrifugation. The
secreted proteins were finally dissolved in 400 pl of 2X SDS sample buffer to be
separated by SDS-PAGE and visualized by Coomassie brilliant blue staining.

Immunoblotting. Samples were routinely boiled for 5 min prior to separation
by denaturating SDS-PAGE (12 to 15% [wt/vol] acrylamide). Electroblotting of
proteins to Immobilon-P Transfer Membranes (Millipore) was performed by
using Trans-Blot Semi-Dry transfer cell (Bio-Rad) and buffers as described by
Laemmli (24). Membranes were blocked overnight in Tris-buffered saline (TBS)
with 5% nonfat dry milk.

Yop proteins were detected with a polyclonal rabbit antiserum raised against
the secreted Yops. The Flag-tagged derivatives of YscU were detected with
anti-Flag M2 monoclonal mouse antibodies (Sigma).

After three 10-min washes in TBS with 0.1% Tween (TBS-T), the membranes
were probed with a secondary antibody conjugated to horseradish peroxidase
and directed against mouse or rabbit (Amersham Pharmacia Biotech). Visual-
ization of the proteins was performed with ECL detection (Amersham Pharma-
cia Biotech).

Purification of Flag-tagged constructs for N-terminal sequencing. To establish
the locus for cleavage of YscU, Flag-tagged constructs were used. Overnight
cultures of the Y. pseudotuberculosis strains YPIII(pIB75+pML13) and
YPIII(pIB102+pML12) were diluted 1:20 in 50 ml of fresh medium and cultured
at 26°C to an ODg, of 0.5. Expression of the YscU derivatives was induced by
addition of 0.4 mM IPTG, and the bacteria were grown for an additional 3 h at
37°C. Cells were harvested by centrifugation, and the pellet was dissolved in 5 ml
of TBS (pH 7.4) with 0.1 mM phenylmethylsulfonyl fluoride. Bacteria were lysed
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by sonication and, after pelleting the debris by centrifugation, the supernatant
was incubated overnight with anti-Flag M2 affinity gel beads (Sigma) at 4°C.
Upon removal of the supernatant, the gel beads were washed repeatedly with
TBS (pH 7.4). The Flag fusion proteins were eluted by competitive elution with
150-pl volume aliquots of a solution containing 100 p.g of Flag peptide/ml in TBS
(pH 7.4). The proteins in the resulting eluates were separated by SDS-PAGE and
blotted to polyvinylidene difluoride Immobilon-P transfer membranes (Milli-
pore). Upon Coomassie brilliant blue staining, the YscU fragments were excised
and N-terminally sequenced by Per-Ingvar Ohlsson of the Department of Med-
ical Biochemistry and Biophysics, Umea University, Umed, Sweden.

Preparation of YscU antiserum. YPIII(pIB102) genomic DNA was PCR am-
plified with the primer pair PE9/PE10. The resulting PCR product, which con-
sists of codons 202 to 354 (encoding the cytoplasmic domain of YscU), was
digested with Ndel and Xhol and cloned into the same sites of the pET-22B
vector. This places a six-histidine tag on the C terminus of YscU. This construct,
pPES5, was transformed into E. coli BL21(DE3). Cells were grown overnight at
37°C in LB containing 100 pg of carbenicillin ml~'. The cultures were diluted
100-fold into 500 ml of fresh medium and were grown to an ODgq, of 0.5.
Expression of the YscU cytoplasmic domain was induced by the addition of 0.4
mM IPTG, and the cells were grown for an additional 3 h at 37°C. Cells were
then centrifuged and resuspended in 10 ml of lysis buffer (50 mM Tris, pH 8.0;
25 mM NaCl; 0.1 mM EDTA). Lysozyme was added to a final concentration of
0.1 mg ml~!, and the cells were left on ice for 30 min. Cells were then lysed by
sonication and were centrifuged for 20 min at 20,800 X g to pellet unlysed cells
and insoluble material. The insoluble pellet, containing the cytoplasmic domain
of YscU, was washed with 1% Triton X-100-1 mM EDTA and then resuspended
in lysis buffer containing 8 M urea. The resuspension was centrifuged as de-
scribed above to remove insoluble material, and the soluble supernatant was
passed over a nickel-nitrilotriacetic acid column (Qiagen). The column was
washed with 10 volumes of lysis buffer containing 8 M urea, and the cytoplasmic
domain of YscU was eluted stepwise with lysis buffer-urea containing increasing
concentrations of imidazole. Purified YscU was diluted to 4 M urea and anti-
bodies against purified YscU were generated in rabbits by AgriSera AB, Vinnas,
Sweden.

RESULTS

YscU is essential for Yop secretion. In order to facilitate
studies of the role of YscU in Yop secretion, a yscU mutant
strain, denoted YPIII(pIB75), was constructed in Y. pseudotu-
berculosis. The yscU mutant did not secrete any Yops during
inducing conditions in vitro, i.e., growth in Ca**-depleted me-
dium at 37°C (Fig. 2B). Like other previously described type
III secretion mutants, the yscU mutant strain also showed de-
creased Yop expression compared to the wild-type strain
YPIII(pIB102) (Fig. 2A). In agreement with the secretion-
negative phenotype, the yscU strain showed a calcium-indepen-
dent growth phenotype (data not shown); i.e., in contrast to the
wild-type strain, the yscU mutant did not require calcium for
growth at 37°C. The phenotype of the yscU strain of Y. pseudo-
tuberculosis was essentially as previously described for a yscU
mutant of Y. enterocolitica by Allaoui et al. (3).

High levels of YscU downregulate Yop expression and se-
cretion. To verify that the defect in secretion in the yscU
mutant strain YPIII(pIB75) was due to lack of a functional
YscU protein, the yscU mutant was complemented with a plas-
mid, pLS21, expressing a wild-type copy of yscU under the
control of the tac promoter. Secretion, as well as expression,
levels of Yops were restored by the low levels of YscU ex-
pressed from the leaky tac promoter in the absence of the
inducer IPTG (Fig. 3). Induction of YscU expression by the
addition of IPTG resulted in lowered Yop secretion and Yop
expression (Fig. 3). YscU is a membrane protein (3) and there-
fore it was possible that overexpression of YscU affected the
growth rate and thereby indirectly affected Yop expression and
secretion. However, no significant effect of different YscU ex-



4504 LAVANDER ET AL.

FIG. 2. Yop secretion is blocked and Yop expression diminished in
the yscU-null mutant. Yop expression and secretion was analyzed
in the yscU-null mutant YPIII(pIB75) and the wild-type strain
YPIII(pIB102) by ECL Western blot, with polyclonal antiserum raised
against the secreted Yops whole-cell fractions (A) and supernatant
fractions (B), respectively. The bacteria were cultured in BHI medium
depleted for calcium at 37°C. For details, see Materials and Methods.
Molecular mass markers are shown to the left in kilodaltons.

pression levels on growth rate could be observed (data not
shown). Thus, only low levels of YscU are required for functional
type III secretion, whereas higher levels of YscU have a negative
effect on the expression and secretion of Yop proteins.

IPTG + + +

FIG. 3. Transcomplementation of the yscU null mutant strain. ECL
Western blot, with polyclonal antiserum raised against the secreted Yops
was used to study complementation of the yscU-null mutant YPIII(pIB75)
with pLS21 or pML13 in trans expressing wild-type or a Flag-tagged
variant of YscU, respectively, whole-cell fractions (A) and supernatant
fractions (B), respectively. The bacteria were cultured in BHI lacking
calcium at 37°C, with or without 0.4 mM IPTG, as implied in the figure.
Molecular mass markers are shown to the left in kilodaltons.
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FIG. 4. The cytoplasmic domain of YscU stimulates Yop secretion.
Secretion of Yops by strain YPIII(pIB102) with pML14 or pMLI11
expressing the C-terminal cytoplasmic domain of YscU, amino acids
264 to 354 or amino acids 211 to 354, respectively. Separation of
proteins in the supernatant fractions was performed by SDS-PAGE,
followed by Coomassie brilliant blue staining. The bacteria were cul-
tured in BHI lacking calcium at 37°C, with or without 0.4 mM IPTG,
as indicated in the figure. Molecular mass markers are shown to the
left in kilodaltons.

The C-terminal cytoplasmic domain of YscU promotes ele-
vated secretion. A study by Allaoui et al. (3) showed that the
N-terminal part of YscU contains four membrane-spanning
domains, whereas the C-terminal part of the protein resides in
the cytoplasm. We reasoned that the mechanism by which
YscU downregulated Yop expression and secretion could be
via the C-terminal cytoplasmic domain. Therefore, the C-ter-
minal cytoplasmic part of YscU (amino acids 211 to 354) was
cloned under control of the fac promoter of p MMB66EH. The
resulting plasmid, denoted pML11, was introduced into the
wild-type strain YPIII(pIB102). Interestingly, overexpression
of the cytoplasmic part of YscU resulted in increased secretion
of Yops under inducing conditions, i.e., growth in calcium-
depleted media at 37°C (Fig. 4). However, the level of Yop
expression did not differ from the wild-type level (data not
shown). Overexpression of the cytoplasmic domain in the wild-
type strain, YPIII(pIB102), under conditions that do not pro-
mote Yop secretion, i.e., room temperature or growth at 37°C
in the presence of calcium, had no effect on secretion (data not
shown). Therefore, our results indicated that YscU expression
levels somehow influence Yop secretion and/or expression.
The C-terminal domain, YscU (amino acids 211 to 354), has a
positive effect on Yop secretion, whereas high levels of full-
length YscU result in lowered secretion and expression of
Yops.

YscU is cleaved at position proline-264 in the C-terminal
domain. A recent study of FIhB, the YscU homologue of the
flagellar assembly-secretion system, has revealed that FIhB ex-
pressed in E. coli is proteolytically cleaved in the C-terminal
cytoplasmic part at proline-270 (31). Since the sequence
around the cleavage site, NPTH (Fig. 1), is conserved in all of
the FIhB homologues of TTSSs, we sought to determine
whether YscU, like FIhB, is also cleaved in its C terminus. The
antiserum raised against the cytoplasmic domain of YscU rec-
ognized protein bands of three different sizes (40, 30, and 10
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FIG. 5. The cytoplasmic domain of YscU is proteolytically cleaved at proline-264. The cleavage pattern of full-length YscU was analyzed in the
yscU-null mutant strain YPIII(pIB75) with pLS21 or pML13 expressing a wild-type or a Flag-tagged form of YscU, respectively. For analysis of
the cleavage of the cytoplasmic domain (amino acids 211 to 354) of the protein, the wild-type strain YPIII(pIB102) with pML11 or pML12 was
utilized, expressing a nontagged and a Flag-tagged variant of this domain of YscU, respectively. Proteins were visualized by using ECL Western
blot to whole-cell fractions with antiserum raised against the cytoplasmic domain of YscU (amino acids 202 to 354) (A) or monoclonal antibodies
directed against the Flag epitope (B). The different forms of YscU indicated in the figure are as follows: the full-length protein (amino acids 1 to
354), the N-terminal cleavage product (amino acids 1 to 263), and the C-terminal cleavage product (amino acids 264 to 354). The bacteria were
cultured in BHI depleted for calcium at 37°C, with or without 0.4 mM IPTG, as indicated in the figure. The thinner arrow points to a nonspecific
protein band recognized by the anti Flag-antibodies, which also appears in negative controls, i.e., in Yersinia strains that do not carry Flag-tagged
YscU constructs. Molecular mass markers are shown to the left in kilodaltons.

kDa) in strains where YscU expression was induced by IPTG
(Fig. 5A). This indicated that also YscU, similar to FIhB, was
proteolytically cleaved. Unfortunately, the quality of the anti-
serum was too poor to detect YscU or any variants of the
protein when expressed at low levels (Fig. SA). To facilitate the
monitoring of C-terminal fragments of YscU, we tailed the
full-length YscU protein with a C-terminal Flag epitope (19).
The Flag-tagged derivative was cloned into pMMBG66EH. The
resulting plasmid was denoted pMLI13 and was verified to
complement the yscU mutant; i.e., full complementation was
achieved without IPTG induction, whereas overexpression af-
ter addition of IPTG resulted in the downregulation of Yop
expression and secretion (Fig. 3). Strains expressing the Flag-
tagged YscU were then analyzed by Western blot with the
anti-Flag monoclonal antibody. In the absence of IPTG, a
10-kDa fragment was the only protein recognized by the mono-
clonal antibodies. When IPTG was added, a 40-kDa protein
corresponding to full-length YscU also reacted with the anti-
bodies (Fig. 5B). This demonstrated that YscU is cleaved
within the cytoplasmic domain to yield a 10-kDa C-terminal
fragment and a 30-kDa N-terminal fragment. To identify the
site for proteolytic cleavage, the C-terminal part of the Flag-
tagged YscU was purified with anti-Flag antibodies coupled to
agarose beads. Amino acid sequencing of the purified protein
revealed that cleavage occurred at proline-264. Alignment of
YscU and FIhB showed that this position corresponds to po-
sition Pro-270 of F1hB (31) (Fig. 1). This indicates that the two
proteins are cleaved at identical sites. The cleavage of YscU
appeared to be essentially complete at low YscU expression
levels, which also appear to be optimal for efficient Yop secre-
tion. However, when YscU was overexpressed, proteolytic
cleavage was incomplete (Fig. 5). Interestingly, in this case
Yop expression and secretion are lowered. This indicates that
the full-length form of YscU negatively affects expression,

whereas the small 10-kDa C-terminal fragment of YscU up-
regulates secretion. To test this hypothesis, we utilized plasmid
pML12, where the cytoplasmic domain of YscU (amino acids
211 to 354) was Flag-tagged at its C terminus. Similar to the
nontagged construct, expression of the flag-tagged cytoplasmic
domain of YscU in the wild-type strain YPIII(pIB102) resulted
in elevated secretion of Yops (data not shown). This part of
YscU was found to be cleaved at the same position as full-
length YscU, i.e., at Pro-264 (verified by N-terminal sequenc-
ing; Fig. 5), indicating that the 10-kDa cytoplasmic cleavage
product of YscU was responsible for the increased Yop secre-
tion. When the cytoplasmic domain of YscU, corresponding to
the fragment generated by cleavage (amino acids 264 to 354),
was expressed from plasmid pML14, in strain YPIII(pIB102)
(Fig. 4), this also turned out to be the case, i.e., elevated
secretion was seen under conditions known to induce Yop
secretion in vitro. This suggested that cleavage of YscU at
position proline-264 is important for function and possibly also
influences Yop secretion levels.

The proteolytic cleavage of YscU is not required for func-
tion. We then investigated the kinetics of YscU cleavage in
different genetic backgrounds and growth conditions. The dif-
ferent strains with Flag-tagged yscU in trans under the control
of the tac promoter were grown at room temperature or at
37°C in media containing or depleted of calcium. YscU cleav-
age occurred irrespective of growth conditions, indicating that
the cleavage itself is not a signal for TTSS assembly and se-
cretion. Furthermore, YscU was also proteolytically cleaved in
various bacterial backgrounds. The fact that YscU was cleaved
also in the virulence plasmid-cured Y. pseudotuberculosis strain
YPIII (TTSS-negative), as well as in E. coli K-12, indicates that
the protease responsible for cleavage is not specific for the
TTSS (Fig. 6).

To determine whether proteolytic cleavage of YscU is crit-
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FIG. 6. The proteolytic cleavage of YscU is independent of a func-
tional TTSS. ECL Western blot with monoclonal antibodies directed
against the Flag epitope was employed to visualize the cleavage of
YscU in whole-cell fractions in different bacteria: E. coli K-12 strain
S17-1\pir, the plasmid-cured strain YPIII, and the yscU-null mutant
YPIII(pIB75), all containing pML13 expressing full-length YscU tailed
with a Flag tag. The different forms of YscU indicated in the figure are
the full-length protein YscU (amino acids 1 to 354) and the C-terminal
cleavage product YscU (amino acids 264 to 354). The thinner arrow
points to a protein band recognized by the Flag antibodies that appears
also in negative controls, i.e., Yersinia strains where no Flag-tagged
construct is present. The Yersinia strains were cultured at 37°C in
calcium-depleted medium, and the E. coli strain was grown in LB at
37°C; all cultures were supplemented with 0.4 mM IPTG. Molecular
mass markers are shown to the left in kilodaltons.

ical for function, we utilized plasmid pML16 expressing a mu-
tated form of YscU with an in-frame deletion of the conserved
sequence NPTH (amino acids 263 to 266). These residues are
highly conserved in all YscU and FIhB homologues and over-
lap the proteolytic cleavage site. Flag-tagged YscU with the
ANPTH deletion and wild-type YscU were expressed in trans
in the yscU mutant strain. Bacteria were grown at 37°C in
medium lacking calcium, which normally induces Yop secre-
tion. Western blots of cell pellet fractions revealed that the
ANPTH mutant protein was also cleaved, but in this case the
C-terminal fragment was larger than that observed for wild-
type YscU (Fig. 7). This suggests that the cytoplasmic domains
of the ANPTH mutant have an altered conformation. Signifi-
cantly, no Yop secretion was seen in the ANPTH mutant (Fig.
8C), indicating that the conformation and correct cleavage of
the cytoplasmic domains are critical for the function of YscU
in type III secretion by Yersinia.

We also constructed three YscU variants with point muta-
tions in the conserved amino acids overlapping the cleavage
site of YscU, N263A, P264A, and T265A. All of these mutant
forms of YscU were tailed with C-terminal Flag epitopes to
monitor cleavage. The mutated versions of YscU comple-
mented the yscU-null mutant with respect to Yop expression
and secretion (Fig. 8B and C). The T265A mutant comple-
mented Yop secretion essentially to wild-type levels. Induction
of higher expression levels of the three point mutant variants of
YscU resulted in a block in Yop expression and secretion (Fig.
8B and C). Surprisingly, none of these forms of YscU were
proteolytically cleaved (Fig. 8A), indicating that these three
residues are critical for cleavage to occur. Importantly, from
this we can conclude that cleavage per se is not essential for the
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FIG. 7. The YscU ANPTH mutant shows a different cleavage pattern
compared to the wild-type protein. The C-terminally Flag-tagged proteins
YscU or YscU ANPTH were expressed in the yscU-null mutant strain
YPIII(pIB75) from plasmids pML13 and pMLI16, respectively. The
cleaved forms of YscU were visualized by ECL Western blot with mono-
clonal antibodies directed against the Flag epitope. The different forms of
YscU indicated in the figure are as follows: the full-length protein YscU
(amino acids 1 to 354) the C-terminal cleavage product, YscU (amino
acids 264 to 354), and the ca 15-kDa C-terminal fragment of the ANPTH
mutant protein which is indicated with an asterisk. The thinner arrows
point to two nonspecific bands that also appear in negative controls with
Yersinia strains that do not carry any Flag-tagged YscU constructs. The
bacteria were cultured in BHI depleted of calcium at 37°C, with or with-
out 0.4 mM IPTG, as indicated in the figure. Molecular mass markers are
shown to the left in kilodaltons.

<« YscU (264-354)

function of YscU in Yop secretion. However, the single site
mutations of YscU had severe effects on the growth of Y.
pseudotuberculosis especially after expression was induced by
IPTG. Monitoring growth in liquid culture revealed that
growth ceased within two divisions after addition of IPTG and
after prolonged incubation the OD of these cultures de-
creased. The effect on growth occurred irrespective of the
growth temperature and in both Y. pseudotuberculosis strains
and E. coli K-12 (data not shown). Plating overnight cultures
containing clones with the YscU single-site mutations yielded
a >1,000-fold reduction in colony formation on plates contain-
ing IPTG compared to plates lacking IPTG. No significant
effect on growth was seen for strain YPIII(pIB75) expressing
wild-type YscU or the ANPTH mutant protein in trans,
whereas already low expression levels of the point mutated
YscU variants affected growth rate. Colonies of strain
YPIII(pIB75) expressing the single-site-mutated proteins were
not visible until after 2 days of growth compared to 1 day for
the strain expressing wild-type YscU. This shows that the ex-
pression of these variants of YscU, which retained function in
Yop secretion but could not be cleaved, was highly toxic.
Therefore, one important role of cleavage of YscU is to pre-
vent the toxic affect of the full-length YscU protein on the
bacterial cell.

DISCUSSION

Structurally, the type III secreton resembles the basal body
of the flagellar type III export apparatus and the two systems
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FIG. 8. YscU cleavage is not required for functional Yop secretion.
Four forms of YscU with different mutations (ANPTH, N263A,
P264A, and T265A) were expressed from plasmids pML16, pML17,
pMLI18, or pML19, respectively, in the yscU-null mutant strain
YPII(pIB75) and compared to the wild-type strain YPIII(pIB102).
(A) ECL Western blot with monoclonal antibodies directed against the
Flag epitope to visualize the Flag epitope containing fragments of
YscU. The different forms of YscU indicated are, the full-length pro-
tein YscU (amino acids 1 to 354) the C-terminal cleavage product,
YscU (amino acids 264 to 354). The thinner arrows point to two
nonspecific bands which also appear in negative controls with Yersinia
strains that do not carry any Flag-tagged constructs. ECL Western blot
with polyclonal antiserum raised against the secreted Yops to analyze
Yop expression and secretion was performed on whole-cell fractions
(B) and supernatant fractions (C), respectively. The bacteria were
cultured in BHI lacking calcium at 37°C, with or without 0.4 mM
IPTG, as indicated in the figure. Molecular mass markers are shown to
the left in kilodaltons.

have also been suggested to share a secretion mechanism in-
volving channeling of virulence effectors and filament proteins,
respectively, through the membrane-spanning structures. The
common secretion system is postulated to consist of nine pro-
teins, which are conserved among all TTSS sequenced so far
including that of the flagella. These proteins are believed to
localize in the cytoplasm or at the inner ring structure of the
secretion organelles and suggested to function as a secretion
pore. The membrane protein FlIhB is one of the key factors

ROLE OF YscU IN YERSINIA TYPE III SECRETION 4507

required for secretion of flagellar components (29). FIhB acts
in concert with the soluble protein FliK to control the substrate
switch from hook to filament proteins (23, 28, 33, 45).

In this work we have studied the role of the FIhB homologue
YscU of Y. pseudotuberculosis in type III secretion of Yop
effector proteins. We confirm that YscU, as previously shown
in Y. enterocolitica (3), is essential for Yop secretion in Y.
pseudotuberculosis. A yscU-null mutant was unable to secrete
Yops during inducing conditions in vitro, and the mutant also
showed decreased Yop expression compared to the wild-type
strain. This is a common phenomenon in type III secretion
mutants and is believed to be the result of a feedback inhibi-
tion mechanism (11).

Only low levels of YscU were required to fully restore Yop
expression and secretion when the yscU mutant was
transcomplemented, whereas higher expression levels of YscU
resulted in lowered Yop expression as well as secretion. This
initial observation suggested that YscU, like FlhB, can influ-
ence protein secretion levels. Previous work by Allaoui et al.
(3) had revealed that a large C-terminal domain of YscU
localizes to the cytoplasm, and hence we hypothesized that it
could be involved in controlling Yop secretion. In line with
this, overexpression of the C-terminal cytoplasmic domain of
YscU (amino acids 211 to 354) in the wild-type strain resulted
in elevated Yop secretion. Importantly, Yop expression levels
were not affected, indicating that the C-terminal cytoplasmic
part of YscU preferentially acts at the level of secretion.

The YscU/FIhB protein family is one of the most highly
conserved of the TTSSs, and the homologies of the cytoplasmic
domains are particularly high. Aligning the proteins of the
YscU/FIhB family reveals the presence of a four-amino-acid
sequence in the middle of the C-terminal cytoplasmic domain,
NPTH, which is conserved among the FIhB/YscU homologues.
Interestingly, it was recently shown that FIhB was unstable
when expressed in E. coli and that proteolytic cleavage oc-
curred at position Pro-270 within the conserved NPTH se-
quence, yielding a 10-kDa C-terminal fragment (31). Using a
C-terminally Flag-tagged variant of YscU, we could establish
that YscU was also cleaved at the corresponding site, Pro-264,
during conditions promoting Yop secretion. Cleavage at the
same position also occurred when the Flag-tagged C-terminal
cytoplasmic domain YscU (amino acids 211 to 354) was ex-
pressed in the wild-type strain. This result, together with our
observation that overexpression of the whole C-terminal cyto-
plasmic portion of YscU leads to increased secretion, sug-
gested that it might be the C-terminal cleavage product YscU
(amino acids 264 to 354) that promotes Yop secretion. By
expressing this variant of YscU (amino acids 264 to 354) in
trans in the wild-type strain we could show that the 10-kDa
C-terminal fragment resulting from the proteolytic cleavage is
biologically active and promotes elevated Yop secretion.

These data strongly argued that the observed cleavage at
Pro-264 was important for YscU function in type III secretion.
However, YscU cleavage is not mediated by other components
directly involved in TTSS, since efficient cleavage also occurred
in a Y. pseudotuberculosis strain lacking the entire TTSS, as
well as in E. coli K-12 lacking a functional TTSS. This indicated
that the cleavage per se is not a key regulatory event in induc-
tion and assembly of TTSS.

To further investigate the significance of YscU proteolysis in
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relation to Yop secretion, we constructed a variant of YscU
where the conserved residues NPTH (amino acids 263 to 266)
were deleted. Deletion of these four amino acids resulted in
the loss of YscU function in Yop secretion, and YscU was now
cleaved at a different position, yielding an approximately 15-
kDa C-terminal fragment. Minamino and Macnab (31) re-
cently showed that the 10-kDa cytoplasmic domain of FlhB
resulting from the proteolytic cleavage at Pro-270 interacted
with the other cytoplasmic domain, corresponding to YscU
amino acids 211 to 263 (Fig. 1). Since proteolysis of the
ANPTH mutant appears to result in disruption of the domain
between amino acids 211 and 263, it would abolish any poten-
tial interaction between the two cytoplasmic domains of YscU.
This could then explain why the ANPTH mutant is nonfunc-
tional in Yop secretion. Furthermore, the different cleavage
pattern observed for the ANPTH mutant indicates that dele-
tion of the conserved four-amino-acid motif affects the confor-
mation of the cytoplasmic domain of YscU, which in turn also
could render the protein nonfunctional.

Interestingly, substitutions of individual amino acids of the
NPTH motif of YscU, i.e., N263A, P264A, and T265A, re-
sulted in YscU derivatives that were not cleaved, demonstrat-
ing that these three residues are critical for cleavage to occur.
However, when expressed at low levels, these YscU variants
complemented the yscU-null mutant strain with respect to type
IIT secretion. Thus, specific cleavage at the conserved amino
acid residue was not, as initially anticipated, required for YscU
function in Yop secretion. Instead, induction of higher levels of
transcription of these uncleaved but functional variants of
YscU was toxic not only to Y. pseudotuberculosis but also to E.
coli K-12. Thus, for functional type III secretion the confor-
mation of the cytoplasmic domain of YscU appears to be
critical, whereas the specific cleavage at the conserved proline-
264 is required for survival of the bacterium since the un-
cleaved functional form of YscU is highly toxic to the bacte-
rium.

Cleavage of YscU and FIhB occurs also in E. coli (31), and
we show here that cleavage occurs in a strain lacking TTSS.
This indicates that the protease promoting cleavage could be
common to most gram-negative bacteria. A conserved pro-
tease might be essential to these bacteria, and the toxic effect
seen during high expression levels of the YscU variants
(N263A, P264A, and T265A) could be the result of out-titra-
tion of the protease; therefore, the toxic effect would be indi-
rect and not directly dependent on the expression of the non-
cleavable variants of YscU. However, cleavage was almost
complete also when the wild-type form of YscU was expressed
at high levels and, in addition, the toxic effect on the bacterial
cell was also seen at low expression levels of the different YscU
variants. Therefore, we favor the idea that the toxic effect is
directly mediated by the YscU variants that were not cleaved
and was the result of a different conformation of these pro-
teins.

During the sequential assembly of the bacterial flagellum a
key event is the switch from export of hook-rod substrates to
filamental substrates. In this event, FIhB and FliK play a cen-
tral role. fliK mutants display a poly-hook phenotype, i.e., they
are disabled in the step where export of hook-rod proteins
normally is exchanged for export of filament protein (17, 34,
43). The poly-hook phenotype of a fliK mutant can be sup-
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pressed by second-site mutations in the cytoplasmic domain of
FIhB (23, 45). This clearly suggests a mechanism where FlhB
and FliK, directly or indirectly, interact to somehow control
secretion of the different substrates.

Recent work (Edqvist et al.) has demonstrated that this role
in the regulation of the type III system is shared by the FIhB
homologue in Y. pseudotuberculosis TTSS, YscU, and the pro-
tein corresponding to FliK, YscP. A yscP mutant exported
higher levels of the needle component YscF to the bacterial
surface and was impaired in Yop secretion, thus indicating that
this mutant is deficient in the switch from assembly of the
substrates that constitute the type III export machinery to
secretion of Yop proteins. In analogy to the flagellar system,
second-site mutations in the C-terminal cytoplasmic domain of
YscU suppress the phenotype of the yscP mutant (Edqvist et
al.).

Interestingly, YscP shows low levels of homology to Inv] of
Salmonella enterica serovar Typhimurium, which has been
found by Galan and coworkers to control the length of the
needle part of the type III secreton in Salmonella (22). This
suggests that different pathogens share a common mechanism
of TTSS whereby a critical step involves a switching mechanism
from secreting needle components to effector proteins. The
cytoplasmic part of FIhB resulting from specific cleavage has
been shown to interact with secretion substrates including rod-
hook, filament proteins, as well as FliK (31, 32). Therefore, it
is conceivable that YscU also interacts with the type III secre-
tion substrates YscF, Yops, and YscP. As suggested for FIhB,
it is likely that initially the affinity of YscU is highest for the
rod-hook analogue YscF but that upon needle completion
conformational changes in YscU are induced by protein-pro-
tein interactions, possibly via YscP, to increase the affinity of
YscU for Yop substrates to allow switching to effector protein
secretion.
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