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Yersinia type III machines secrete protein substrates across the bacterial envelope and, following assembly
of their secretion needles, transport effector Yops into host cells. According to their destination during type I11
secretion, early, middle, and late secretion substrates can be distinguished; however, the signals and mecha-
nisms whereby these proteins are recognized and transported by the secretion machine are not understood.
Here, we examine several hybrids between secretion substrates and the impassable reporter protein glutathi-
one S-transferase (GST). YscP-GST and YopR-GST blocked type III secretion; however, YscF-, YopD-, YopN-,
and LcrV-GST did not. Unlike YopR-GST, which can block type III machines only during their assembly,
expression of YscP-GST led to an immediate and complete block of all secretion. The secretion signal of YscP
was mapped to its first 10 codons or amino acids; however, YscP,, ,s-GST, lacking this secretion signal,
imposed a partial blockade. YscP-GST copurified with the type III ATPase complex (YscN, YscL, and YscQ)
and with YscO, suggesting that the association of specific machine components with the impassable substrate

may cause the block in type III secretion.

Pathogenic yersiniae, including Yersinia enterocolitica, use
the type III secretion system (T3SS) to combat host immune
defenses (50, 71). Yersinia type III secretion machines are
constructed from more than 25 proteins, resulting in the pro-
duction of a needlelike structure on the bacterial cell surface
known as the type III secretion apparatus (3, 7, 21, 30, 36). The
needle is inserted into host cell membranes and creates a
conduit through which effector Yop proteins are injected, hin-
dering phagocytosis through the inhibition of actin polymer-
ization and causing cell death (23, 36, 49, 70, 83). In yersiniae,
the genes for the type III secretion machine (Yersinia secretion
genes; ysc) and its substrates (Yersinia outer proteins; yop) are
found on a 70-kb virulence plasmid clustered into several oper-
ons (3, 21, 53). Spanning the bacterial membrane, the proximal
part of the type III secretion apparatus assumes rotational
symmetry and shares significant structural homology with the
basal body of flagella (10, 30, 41, 51). Assembly of the needle
portion of the apparatus requires the secretion of an early
substrate, namely, YscF, which polymerizes into a hollow tube
on the bacterial surface (36, 49, 59). YopR and YscP are
additional early secretion substrates (3, 45, 63). YscP is known
to regulate the length of the needle, whereas YopR has no
known function (2, 40, 76). Once needle construction is com-
plete, middle substrates, known as translocators (LcrV, YopB,
and YopD), are secreted (33, 47). LerV is deposited at the tips
of needles, and YopB and YopD are thought to be inserted
into host cell membranes, forming a translocation pore (13, 60,
61, 73). Upon insertion into the cytosol of host cells, needles
are thought to encounter a drop in perceived calcium levels,
thereby triggering type III machines to transport late sub-
strates, Yop effectors (YopE, YopH, YopM, YopN, YopO,
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YopP, YopQ, and YopT), into host cells (6, 11, 18, 26, 31, 34,
37, 44, 54, 70).

Each T3SS apparatus is thought to undergo a defined set of
developmental steps as it matures into a functional needle
complex (19, 24, 75). How bacteria coordinate the assembly of
this apparatus with the ordered secretion of different classes of
substrates remains a mystery. Do the secretion signals of indi-
vidual substrates define the developmental stage at which they
are recognized and secreted by the machine? In order to study
the secretion signals of proteins that travel the type III path-
way, translational fusions of secreted substrates to impassable
reporter proteins were constructed (77). These impassable re-
porters include glutathione S-transferase (GST) and dihydro-
folate reductase (DHFR), as well as ubiquitin (Ub) (46, 76).
The best-characterized impassable substrates of the Yersinia
T3SS are YopE and YopR. YopE, a late effector protein,
travels the pathway at its final stage and is destined for injec-
tion into host cells (20, 70, 80). Injection requires SycE, a
specific chaperone that binds to residues 15 to 100 of YopE
and dissociates from the substrate before it leaves the bacterial
cell (17, 20, 43, 79, 84, 87). YopE-DHFR, when expressed in
wild-type yersiniae, does not block the machine and is also
rejected from the type III secretion (TTS) pathway (77, 78).
YopE-DHFR also represses the synthesis of other secretion
substrates (77). The type III rejection phenotype of YopE-
DHEFR holds true for hybrids with other effectors, including
YopQ and YopH (77, 78). YopR, an early substrate, is se-
creted into extracellular media prior to completion of the type
IIT conduit and presumably does not require a chaperone for
its secretion (3, 45). In contrast to YopE, YopR hybrids with
impassable substrates block type III machines; however, this
occurs only during early stages of development, when the T3SS
conduit has not yet been completed (76). From this and other
information on the positions of secreted products along the
T3SS, one can infer that the selection of substrates by the type
III machine must be ordered.
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Here, we sought to use translational fusions of substrates
with both passable and impassable reporter proteins to inves-
tigate the mechanisms whereby type III machines select their
substrates. A unique curiosity of type III secretion is that
hybrids formed between middle or late substrates and an im-
passable hybrid are rejected and cannot block the secretion
machine. Nevertheless, fusions with two early substrates,
YopR and YscP, cause a block of T3SS. Understanding the
molecular attributes of these events may provide insight into
the mechanisms of substrate recognition.

MATERIALS AND METHODS

Bacterial strains and media. Y. enterocolitica strains W22703 (wild type) (22)
and EC2 A(yscM1 yscM2) (16) were propagated in tryptic soy broth (TSB) or
agar, brain heart infusion (BHI) broth, or M9-Casamino Acids minimal medium
as indicated. Escherichia coli was grown in Luria broth or agar at 37°C. Antibi-
otics were added to a final concentration of 35 wg/ml of chloramphenicol or 50
pg/ml of kanamycin where appropriate for plasmid retention. Yersinia pestis KIM
D27 (14), a KIMS5 (nonpigmented) variant of Y. pestis biovar medievalis KIM
lacking the 102-kb pgm locus (29), was grown in heart infusion broth or agar
(HIA) at 26°C. The media were supplemented with 20 mM MgCl, and 20 mM
oxalic acid (HIA/MgOx) for low-calcium conditions and 35 pg/ml chloramphen-
icol for plasmid maintenance. Standard methods for transformation of plasmids
into E. coli, Y. pestis, and Y. enterocolitica were employed.

Plasmid construction. Construction of yopR-gst (pJS116) and pgst have been
previously reported (69, 76). To construct the remaining glutathione-S trans-
ferase fusion proteins, we followed a common strategy. yscF and yscP were
amplified from the Y. enterocolitica pYVe227 virulence plasmid via PCR using
Go-Tag DNA polymerase. The following primers were used: 5'YscF-Ndel (5'-A
ACATATGATGAGTAATTTCTCTGGGTTTACAAAAGG-3') and 3'YscF-Bg-
I (5'-AAAGATCTTGGGAACTTCTGTAGGATGCCTTGC-3"), and 5"YscP-
Ndel (5'-AACATATGAATAAAATCACCACTCGTTCCCCATTAG-3") and
3"YscP-Bglll (5'-AAAGATCTTTCTTCAGCCTCCCACTCCTCATAG-3'). The
PCR products were cloned into pCR2.1 (Invitrogen), digested with NdeI and BglII,
and ligated into pJS116 (a moderate-copy-number pBBR1MCS-2 plasmid derivative
containing a C-terminal GST fusion protein) (76) cut with Ndel and BglII to yield
pJS169 and pJS170, respectively.

The GST gene (gst) was amplified from pGEX-2TK with Go-Tag DNA poly-
merase using primers Kpnl GST F (5'-AAGGTACCTCCCCTATACTAGGTT
ATTGGAA-3") and BglII GST R (5'-AAAGATCTTCAGTCACGATGAATT
CCCG-3"). gst was cloned into pCR2.1 and digested with Kpnl and BglIl. pDA41
(a low-copy-number pHSG576/pSC101 derivative modified to contain the P,,.
promoter driving expression of yopE-npt) was digested with KpnI and BamHI (4,
81). gst was ligated into digested pDA41 to yield pKER127 (yopE-gst). yopD, lcrV/,
and yopN were PCR amplified from the Y. enterocolitica pYV227 virulence
plasmid using Go-Tag DNA polymerase. The following primers were used: Ndel-
YopD F (5'-AACATATGACAATAAATATCAAGACAGACAGC-3'), Kpnl
YopD R (5'-AAGGTACCGACAACACCAAAAGCGGCTTTCAT-3'), Ndel-
LerV F (5'-AACATATGATTAGAGCCTACGAACAAAACCCA-3'), Kpnl LerV
R (5'-AAGGTACCCCTCGTGTCATCTAGCAGACGTTGCAT-3"), NdeIl-YopN
F (5’ AAAACATATGACGACGCTTCATAACCTATC-3'), and Kpnl YopN FL R
(5'-AAGGTACCGAAAGGTCGTAAGCCATTAGTTAT-3"). The PCR products
were cloned into pCR2.1 (Invitrogen), digested with Ndel and Kpnl, and ligated into
pKER127 previously digested with Ndel and Kpnl to yield pKER131 (yopD-gst),
pKERI132 (yopN-gst), and pKER133 (lcrV-gst), respectively.

For the construction of pyscP, YscP was amplified from the Y. enterocolitica
pYVe227 virulence plasmid via PCR using Go-Tag DNA polymerase. The fol-
lowing primers were used: 5" YscPext-Ndel (5'-AACATATGTTTCTACAGCA
TCACAGGAACG-3") and 3'YscPext-BamHI (5'-AAGGATCCGTTCCAACA
GCGCAAGTTGCA-3"). The PCR products were cloned into pCR2.1
(Invitrogen), digested with Ndel and BamH]I, and ligated into pDA37 previously
digested with Ndel and BamHI to yield pKERT76 (pyscP).

For the construction of Ub fusion proteins, the Ub gene and its variant Ubs ;5
gene (carrying two mutations that replace Ub isoleucine codons 3 and 13 with
glycine) were amplified using the following primers: 5'Ub-BglII (5'-GGAAGA
TCTATGCAGATTTTCGTCAAGACTTTG-3'), 3'Ub-Xbal (5'-CTAGTCTA
GATTAACCACCTCTTAGCCTTAGCACAAG-3'), and 5'Ub3,13-BglII (5'-G
GAAGATCTATGCAGGGTTTCGTCAAGACTTTGACCGGTAAAACCGG
AACATTG-3"). The PCR products were cloned into pCR2.1, digested with
BglII and Xbal, and ligated into pJS170 previously digested with BglIT and Xbal

IMPASSABLE YscP SUBSTRATES IN Y. ENTEROCOLITICA 6205

to generate pJS200 and pJS201 expressing yscP-Ub gene and yscP-Ubs 5 gene,
respectively.

For construction of the C-terminal yscP truncations (1-300, 1-200, 1-100, and
1-25) fused to gst, yscP fragments were PCR amplified with Pfu polymerase and
cloned into pCR2.1. The recombinant plasmid was digested with Ndel and BglIT
and ligated into pJS116 digested with the same enzymes to yield pJS182 (yscP;_sp0-
gst), pIS183 (yscP_500gst), pIS184 (yscPy_ipy-gst), and pIS186 (yscP,.,s-gst). The
low-copy-number plasmid pDA44 (81) was digested with Ndel and Kpnl. The
minimal secretion signals of yscP and its variants were generated by annealed oli-
gonucleotide cloning and ligated into the Ndel/Kpnl site to generate neomycin
phosphotransferase (npr) fusions.

For construction of the N-terminal yscP truncations (A2-15, A2-50, A2-100, and
A2-150), yscP fragments were PCR amplified with Pfu polymerase and cloned into
pCR2.1. The recombinant plasmid was digested with Ndel and Kpnl and ligated into
pKER127 digested with the same enzymes to yield pKER147 (yscP,,.15-8t),
PKER148 (yscP s 50-85t), pPKER152 (yscP . 10085t), and pKER151 (yscP5.15085¢)-

For the construction of 3’ npt fusions, full-length, 1-300, 1-200, 1-100, and
A2-15 yscP fragments were PCR amplified with Pfu polymerase and cloned into
pCR2.1. The recombinant plasmids were digested with Ndel and Kpnl and
ligated into pDA41 previously digested with the same enzymes to yield plasmids
pKER156 (yscP-npt), pKER161 (yscP,sp0-npt), pKER162 (yscP oy-npt),
pKER163 (yscPy_jgo-npt), and pKER155 (yscP 5. 5-npt). All sequences were ver-
ified by the University of Chicago Cancer Research Center DNA-sequencing
facility. Table 1 lists additional primers used in this study.

TTS needle purification and electron microscopy. Needles were purified as
described previously (59). Bacteria were grown overnight in 300 ml BHI supple-
mented with 20 mM MgCl, and 20 mM sodium oxalate. The bacteria were
sedimented by centrifugation for 15 min at 2,700 X g and suspended with 10 ml
1 M Tris-HCI, pH 7.5. The bacteria were again sedimented at 8,000 X g, and the
supernatant was passed through a 0.45-pm cellulose acetate membrane filter
(Whatman) and centrifuged for 30 min at 40,000 X g. The resulting pellet was
suspended in 100 wl 1 M Tris-HCI, separated by 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and immunoblotted with an-
tisera specific for YscF and LerV. Samples were placed on a carbon-coated
copper grid, rinsed with H,O, and stained with 2% uranyl acetate. Samples were
viewed on a Tecnai F30 electron microscope.

Hydroxylamine mutagenesis of yscP-gst and LCR phenotypes. Plasmid pJS170
containing the yscP gene under the control of the isopropyl-B-p-thiogalactopyr-
anoside (IPTG)-inducible P,,. promoter was subjected to hydroxylamine mu-
tagenesis. A fresh 1 M NH,OH solution of hydroxylamine at pH 6.0 was mixed
in a 1:1 (vol/vol) ratio with newly isolated pJS170. The solution was incubated at
68°C for 2 h, after which DNA was isolated using QIAquick PCR purification
(Qiagen). Ten microliters of hydroxylamine-treated pJS170 was electroporated
into Y. pestis KIM D27 that had been diluted 1:20 into 20 ml of heart infusion
broth and grown for 3 h at 26°C. Transformants were recovered at 26°C for 2 h
and plated on HIA containing 35 pg/ml kanamycin for plasmid selection. Colony
material was patched on HIA/MgOx plates containing 35 pg/ml of kanamycin
and 1 mM IPTG and grown at 26°C and 37°C. Colonies that no longer grew at
37°C (phenotype, low calcium response positive [LCR*]) were selected. The yscP
gene was amplified using primers 5 YscP F Ndel (5'-AAACATATGAATAAA
ATCACCACTCGTTCCCCA-3") and 3’ YscP fl R KpnlI (5'-AAAGGTACCTT
CTTCAGCCTCCCACTCCTCATAGAC-3") and sequenced with the above-
mentioned primers and internal primers YscP screen 1 (5'-TTTGTACGGAAA
ACGAGCAGATTTTTCTGCTAC-3’) and YscP screen 2 (5'-GCTCTTCATC
AAAAAGCATTGCCAGAGATATGT-3"). The PCR products were sequenced
at the University of Chicago Cancer Research Center DNA-sequencing facility,
and mutations were confirmed by comparison with the native yscP sequence.

Type III secretion. Yersinia strains were grown overnight in TSB containing 35
pg/ml of either kanamycin or chloramphenicol. The cultures were diluted 50-fold
into fresh BHI supplemented with antibiotic, 20 mM oxalic acid, and 20 mM
MgCl, or M9 minimal medium and grown for 2 h at 26°C. The cultures were
shifted to 37°C for 3 h to induce type III secretion. Where indicated, IPTG was
added to induce the expression of hybrid fusion proteins. Samples were fraction-
ated and analyzed for type III secretion.

Digitonin fractionation of Yersinia-infected HeLa cells. HeLa cells were grown
in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum and 2 mM glutamine at 37°C in 5% CO,. Two hours prior to infection,
overnight Yersinia cultures were diluted 1:50 into fresh TSB containing 35 p.g/ml
kanamycin. Ten minutes prior to infection, 1 mM IPTG was added to induce
expression of the indicated genes. One hour prior to infection, 90% confluent
HeLa cells were washed two times with phosphate-buffered saline (PBS), and 10
ml of Optimem medium and 1 mM IPTG were added. HeLa cells were infected
with the indicated Yersinia strains at a multiplicity of infection (MOI) of 10.
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TABLE 1. Primers used in this study

No. Name Sequence”

1 YscP1-15 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCATTAGAACCTGAGTATCAAGGTAC
2 YscP1-15 Nde-Kpn 2 CTTGATACTCAGGTTCTAATGGGGAACGAGTGGTGATTTTATTCA

3 YscP1-14 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCATTAGAACCTGAGTATGGTAC
4 YscP1-14 Nde-Kpn 2 CATACTCAGGTTCTAATGGGGAACGAGTGGTGATTTTATTCA

5 YscP1-13 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCATTAGAACCTGAGGGTAC

6 YscP1-13 Nde-Kpn 2 CCTCAGGTTCTAATGGGGAACGAGTGGTGATTTTATTCA

7 YscP1-12 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCATTAGAACCTGGTAC

8 YscP1-12 Nde-Kpn 2 CAGGTTCTAATGGGGAACGAGTGGTGATTTTATTCA

9 YscP1-11 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCATTAGAAGGTAC

10 YscP1-11 Nde-Kpn 2 CTTCTAATGGGGAACGAGTGGTGATTTTATTCA

11 YscP1-10 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCATTAGGTAC

12 YscP1-10 Nde-Kpn 2 CTAATGGGGAACGAGTGGTGATTTTATTCA

13 YscP1-9 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCCCAGGTAC

14 YscP1-9 Nde-Kpn 2 CTGGGGAACGAGTGGTGATTTTATTCA

15 YscP1-8 Nde-Kpn 1 TATGAATAAAATCACCACTCGTTCCGGTAC

16 YscP1-8 Nde-Kpn 2 CGGAACGAGTGGTGATTTTATTCA

17 YscP1-7 Nde-Kpn 1 TATGAATAAAATCACCACTCGTGGTAC

18 YscP1-7 Nde-Kpn 2 CACGAGTGGTGATTTTATTCA

19 YscP1-6 Nde-Kpn 1 TATGAATAAAATCACCACTGGTAC

20 YscP1-6 Nde-Kpn 2 CAGTGGTGATTTTATTCA

21 YscP15 mut Ndel-Kpnl F TATGAACAAGATAACAACGCGGAGCCCCCTGGAGCCGGAATACCAGGGTAC
22 YscP15 mut Ndel-Kpnl R CCTGGTATTCCGGCTCCAGGGGGCTCCGCGTTGTTATCTTGTTCA

23 YscP 15 + 1 Ndel-Kpnl F TATGAAATATAATCACCACTCGTTCCCCATTAGAACCTGTGTATCAGGTAC
24 YscP 15 + 1 Ndel-Kpnl R CTGATACACAGGTTCTAATGGGGAACGAGTGGTGATTATATTTCA

25 3"YscP300 BglII AAAGATCTGGTATCTTTGCTGCTATCAACGCCAT

26 3"YscP200 BglII AAAGATCTGACAGACCACACAATAACCTCTGCG

27 3"YscP100 BglII AAAGATCTGTTTAAATCATGATTATTCTGATGGT

28 3"YscP25 Bglll AAAGATCTTTGCAAATCATGATGCAGCTTCCCC

29 5"YscP-Ndel AACAACAACATATGAATAAAATCACCACTCGTTCCCCATTAG

30 Ndel YscP A2-15 F GGGAATTCCATATGCCTCTGGGGAAGCTGCATCATGATTTGCAA

31 Ndel YscP A2-50 F GGGAATTCCATATGAGACCTGTACGTCCGCATGACCTTGGC

32 Ndel YscP A2-100 F GGGAATTCCATATGAACTTATCTCCGCTTGCCGAAGGTGTTACC

33 Ndel YscP A2-150 F GGGAATTCCATATGAGTGAATCCCCCTGCGAGCCGTCTGGACAT

34 Kpnl YscP R (no stop) CGGGGTACCTTCTTCAGCCTCCCACTCCTCATAGACGTGGCG

“ Boldface indicates restriction sites.

Three hours after infection, the tissue culture medium was decanted and cen-
trifuged at 15,000 rpm for 15 min. Proteins in 7 ml of supernatant were precip-
itated with methanol/chloroform, and the rest of the supernatant was discarded.
The pellets were suspended in 10 ml of 1% SDS in PBS, and 7 ml of the pellet
fraction was precipitated with methanol/chloroform. Digitonin (1%) in PBS was
added to the tissue cultures cells and their attached bacteria for 20 min at room
temperature to disrupt HeLa cell plasma membranes. Following HeLa cell dis-
ruption, the cell remnants were detached from the flasks using a cell scraper, the
digitonin lysates were centrifuged, and proteins in the supernatant and pellet
were processed as described above. Samples were separated on 15% SDS-PAGE
gels, transferred to polyvinylidene difluoride (PVDF) membranes, and immuno-
blotted using specific polyclonal antisera to YopR, YopE, YopH, YopN, YopB,
YopD, LerV, 1IkB, and RpoA.

Cytotoxicity assay. HeLa cell tissue cultures (3 X 10° cells) were grown in
12-well tissue culture plates and infected as described above. After 3 hours of
infection, the medium was removed and the cells were fixed for 20 min in a
solution of 3.7% formaldehyde in PBS. Fixation was quenched with 0.1 M glycine
in PBS. The cells were permeabilized with 0.1% Triton X-100 in PBS for 30 min
at 4°C. The cells were washed and blocked for 15 min with PBS containing 0.05%
Tween 20 and 5% skim milk. Actin filaments were labeled with 99 nM (3 U) of
rhodamine-phalloidin (Flexa) for 20 min at room temperature. The labeling
solution was removed, and each well was washed with PBS. The cells were
visualized with a Nikon TE2000-U inverted microscope. Rhodamine visualiza-
tion was achieved through excitation at 591 nm and emission at 608 nm. Images
were captured with a Cascade 1K charge-coupled device camera.

Protein electrophoresis and immunodetection. Proteins were separated by
electrophoresis on 15% SDS-PAGE where indicated. For immunoblots, proteins
were transferred to PVDF membranes (Millipore) and probed with antisera as
described previously (17).

Protein purification. For purification of YscP-GST, YscP,, ;5-GST, and
YscP,_100-GST, Y. enterocolitica W22703 containing pJS170, pKER147, and

pJS184 were grown overnight in TSB medium containing 35 pg/ml kanamycin
and 35 pg/ml chloramphenicol. The overnight cultures were diluted 20-fold into
1 liter of M9 minimal medium containing 35 wg/ml kanamycin/chloramphenicol
and grown at 26°C for 3 h (optical density at 600 nm, 0.6). Upon shift to 37°C for
3 h, 1 mM IPTG was added to induce the expression of hybrid proteins. The
cultures were harvested by centrifugation at 7,000 X g for 10 min, and the
bacterial pellet was suspended in 20 ml of PBS. Samples were passed through a
French pressure cell at 16,000 Ib/in® twice, and the lysate was clarified by ultra-
centrifugation at 100,000 X g for 30 min. The clarified lysate was loaded onto a
1-ml glutathione-Sepharose column (GE Healthcare) preequilibrated with PBS.
The column was then washed with 10 column volumes of PBS, and the bound
proteins were eluted with 20 mM glutathione, pH 8.0, in PBS.

RESULTS

Substrate fusions that block the Yersinia type III secretion
pathway. We constructed plasmid-encoded translational hy-
brids between the Yersinia type III substrate genes yscF, yscP,
yopD, lcrV, and yopN and GST under the control of the IPTG-
inducible P, promoter. Y. enterocolitica W22703 harboring
various plasmids was induced for type III secretion by shifting
broth cultures to 37°C and chelating calcium ions. The expres-
sion of translational hybrids was either induced with IPTG or
left uninduced during bacterial growth over 3 hours. The cul-
tures were then centrifuged, and the proteins secreted into the
supernatant were separated on SDS-PAGE and stained with
Coomassie brilliant blue (Fig. 1A). IPTG-induced expression
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FIG. 1. YscP-GST and YopR-GST block the Yersinia T3SS.
(A) Wild-type Y. enterocolitica W22703 expressing yscF-gst, yscP-gst,
yopR-gst, yopD-gst, lcrV-gst, yopN-gst, and yopE-gst was induced for type
III secretion by the chelation of calcium. The cultures were grown in
the absence (—) and presence (+) of the inducer IPTG, and following
centrifugation of culture aliquots, Yop proteins in the supernatant
were separated by 12% SDS-PAGE and visualized by Coomassie blue
staining. (Bottom) Proteins in the bacterial sediment (plus IPTG) were
electrotransferred to PVDF membranes and immunoblotted with an-
tisera to GST. (B) Y. enterocolitica strain EC2 [A(yscM1 yscM?2)] ex-
pressing yscP-gst, yopR-gst, yopD-gst, yopN-gst, and yopE-gst was in-
duced for type III secretion, and Yop proteins in the culture
supernatant were detected by SDS-PAGE and Coomassie blue stain-
ing. Molecular mass markers (kilodaltons) are indicated to the left of
the gel, while secreted Yop effectors are indicated to the right. (C) Il-
lustration of a model in which YscP-GST and YopR-GST, but not
YscF-, YopD-, LerV-, YopN-, and YopE-GST, block the type III
secretion machine.

of YscP-GST, YopD-GST, or YopN-GST blocked the secre-
tion of YopB, YopD, YopE, YopH, YopN, YopR, and LcrV,
whereas YscF-GST and LcrV-GST had no effect on Yersinia
type III secretion (Fig. 1A). YopR-GST blocked the secretion
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of all substrates, whereas YopE-GST caused a reduction in the
secretion of type III substrates (Fig. 1A) (76). The abilities of
GST hybrids to block type III secretion were not correlated
with the expression levels of fusion proteins, as the abundances
of blocking substrates, e.g., YscP-GST, appeared to be reduced
compared to those of nonblocking substrates (LcrV-GST)
(Fig. 1A). The suppression of type III secretion implemented
by YopE-GST is at least in part overcome by class II regulatory
mutations, for example, A(yscM1 yscM2) in Y. enterocolitica
strain EC2 (15, 77). IPTG-induced expression of substrate
gene fusions with gst revealed that yscP-gst and yopR-gst, but
not yopD-gst, yopN-gst, or yopE-gst, caused a blockade in type
III secretion (Fig. 1B). Thus, GST hybrids with the needle
shaft protein, YscF; the needle tip protein, LerV; or the trans-
locator, YopD, or with substrates that travel into the cytosol of
host cells, YopE and YopN, can be rejected by the secretion
machine. As a result, these polypeptides fail to jam the type III
pathway (Fig. 1C). In contrast, YscP-GST, similarly to YopR-
GST, causes a complete blockade that cannot be relieved even
by class II mutations, preventing feedback inhibition of gene
expression in the type III pathway (Fig. 1C).

YscP-GST blocks the formation of type III secretion needles.
Y. enterocolitica W22703 harboring gst, yscP-gst, and yopR-gst
was grown overnight at 26°C in BHI containing 20 mM MgCl,
and 20 mM sodium oxalate in the absence or presence of the
inducer, IPTG. Culture aliquots were centrifuged, and proteins
in the supernatant and pellet were separated on SDS-PAGE
and probed with antibodies directed against YscF, LcrV,
YopE, and Cat or Npt (Fig. 2A). IPTG-induced expression of
YscP-GST and YopR-GST, but not GST, blocked secretion of
YscF, the needle shaft protein, and LerV, the needle tip pro-
tein. Type III secretion needles were harvested from the same
cultures, and purified needle preparations were separated by
SDS-PAGE, probed with antisera to YscF and LerV, and
viewed by transmission electron microscopy (Fig. 2B and C).
Even in the absence of IPTG, purified needles were not ob-
tainable from Y. enterocolitica harboring yscP-gst, suggesting
that only minor amounts of YscP-GST were required to pre-
vent the production of polymerized TTS needles. YopR-GST
prevented needle production only upon induction with IPTG,
whereas expression of GST had no effect on needle production
(Fig. 2B and C).

The type III blockade of translational yscP hybrids is due to
protein folding of the reporter protein. To test whether the
tight folding of an impassable YscP hybrid is responsible for
the type III secretion blockade, yscP was fused to the Ub gene.
Ub is a highly conserved 76-residue polypeptide present in
eukaryotic cells that folds rapidly into a tight structure and
cannot pass through the type III secretion pathway (39, 64, 76).
IPTG-inducible expression of yscP-Ub gene generated a pro-
tein product that not only failed to travel into the extracellular
medium, but also blocked the Yersinia type III pathway, as
immunoblotting experiments revealed the absence of YopD
and YopE secretion (Fig. 3A). The Ub; ;5 gene carries two
mutations that replace Ub isoleucine codons 3 and 13 with
glycine, thereby destabilizing the Ubs ;; mutant product and
permitting its travel through the type III pathway (39). The
product of a translational yscP-Ub; ;5 gene hybrid was secreted
by yersiniae (Fig. 3A). YscP-Ub; ;5 did not block the secretion
of YopD and YopE, suggesting that tight folding of the Ub
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FIG. 2. Expression of yscP-gst blocks needle formation in wild-type
Y. enterocolitica. (A) Wild-type (WT) Y. enterocolitica expressing gst,
yscP-gst, and yopR-gst was grown in the absence (—) and presence (+)
of the inducer IPTG, and following centrifugation of culture aliquots,
proteins in the supernatant (S) and pellet (P) were separated by SDS-
PAGE, transferred to PVDF membranes, and probed with antisera to
YscF, LerV, YopE, and chloramphenicol acetyltransferase (CAT) or
NPT. (B) Needles were purified from the cultures in panel A, and the
purified needle preparations were separated by SDS-PAGE, trans-
ferred to PVDF membranes, and probed with antisera to YscF and
LerV. (C) Purified needle preparations from the strains in panel A
were immobilized on carbon-coated copper grids. Samples were neg-
atively stained with 2% uranyl acetate and viewed by transmission
electron microscopy. The bars indicate a distance of 10 nm.

domain prevented YscP-Ub from jamming the Yersinia type 111
pathway, consequently imposing a blockade (76).

YscP-Ub blocks Yersinia injection of effector Yops. Arguably,
in vitro secretion assays cannot measure the physiological role
of Yersinia type III machines in transporting Yop effector pro-
teins into host cells. To test whether the YscP-Ub in vitro
blockade also occurs under physiological conditions, HeLa tis-
sue culture cells were infected with Yersinia, and type III trans-
port of Yop proteins was analyzed by digitonin fractionation
(43) (Fig. 3B). The tissue culture medium was decanted and
then centrifuged to separate extracellar medium from nonad-
herent bacteria in the sediment. Tissue culture cells were ex-
tracted with digitonin, a detergent that specifically disrupts
cholesterol-containing plasma membranes of eukaryotic cells
but not bacterial membranes, and centrifuged to separate pro-
teins in the cytosol of HeLa cells from the sediment, containing
bacteria and cellular organelles that are not disrupted by dig-
itonin. Proteins in all fractions were precipitated with metha-
nol/chloroform, separated by SDS-PAGE, and analyzed by
immunoblotting (Fig. 3B). Y. enterocolitica W22703 express-
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ing YscP-UD failed to inject YopE, YopH, or YopN into the
HeLa cell cytoplasm, whereas yersiniae expressing YscP-
Ubs, 5 transported effector Yops into host cells (Fig. 3B). As
a second measure for Yersinia type I1I injection of host cells,
actin filaments of infected tissue cultures were stained with
rhodamine-phalloidin, and microscopy images were cap-
tured using phase-contrast and fluorescence technology
(Fig. 3C). Y. enterocolitica W22703 expressing YscP-Ub; ;5
induced HeLa cell rounding and actin cable rearrange-
ments; however, yersiniae expressing YscP-Ub did not (Fig.
3C). Therefore, expression of YscP-Ub effectively blocks
Yersinia type III injection of effector Yops into tissue culture
cells. As controls, microscopy images of tissue cultures that
were left uninfected or infected with wild-type, as well as
yscU mutant (type III-defective), yersiniae revealed that cell
rounding requires bacteria with functional type III machines
(Fig. 3C).

yscP sequences required for a type I1I secretion blockade. To
characterize the yscP sequences required for the YscP-GST block-
ade, Y. enterocolitica expressing stepwise 3’ truncations of yscP fused
to gst (VSCPy_s15-85t, YSCP _300-8St, YSCP, 50085t YSCPy_100-85t, and
yscP; »s-gst) (Fig. 4A) were induced with IPTG, and type III
secretion was measured by immunoblotting. Strains expressing
yscP,_s,s5-gst (full-length yscP), yscPi s-8St, Or YSCP_500-gst
blocked all type III secretion; however, 3’ yscP truncations
beyond the first 200 codons (yscP,_;o, and yscP, ,s) did not
(Fig. 4B). The products of yscP; oo-gst and yscP;_,4,-gst accu-
mulated with similar abundances, suggesting that the defect in
the type III blockade is not caused by differences in gene
expression (Fig. 4B). The type III secretion blockade imposed
by expression of yscP, s15-gst, yscP, s00gst, and yscP, -gst
also included YscP, whereas yscP,_,yy-gst and yscP, ,s-gst did
not block YscP secretion (Fig. 4B). As a control, overexpres-
sion of yscP alone did not block type III secretion (Fig. 4B).
Thus, 3" yscP sequences must harbor information that is nec-
essary for the implementation of the YscP-GST-mediated type
III blockade (Fig. 4B).

YscP secretion signal. The secretion signals for several Yer-
sinia type 111 substrates have been mapped by generating trans-
lational hybrids between Yops and proteins that can be trans-
ported by the secretion machine, for example, neomycin
phosphotransferase (Npt) (4, 17, 52, 74, 77-79). In all cases
examined, the Yop secretion signal was encoded by sequences
immediately adjacent to the 5’ end of the open reading frame,
for example, the first 10 codons of yopR (76). Translational
hybrids between the first 15 codons of yscP and the 5’ open
reading frame of npt generated a hybrid product, YscP,_,s-Npt,
that was secreted by yersiniae (Fig. SA). Stepwise 3’ trunca-
tions of yscP sequences in these hybrids revealed that the
minimal secretion signal of yscP is positioned in its first 10
codons, as truncation to 9 codons or any further truncation
abolished secretion of YscP-Npt hybrids (Fig. SA). Secretion
of YscP-Npt proteins was monitored by immunoblotting for
the npt fusion partner and did not affect the secretion of an-
other substrate, YopE (Fig. 5A). Previous work on the minimal
secretion signal of Yop effectors, including yopE, yopQ, and
yopN, suggested that features of the mRNA sequence may, at
least in part, contribute to substrate recognition and/or trans-
port (5, 32, 67, 68). For example, frameshift mutations, which
disrupt the reading frame and are accompanied by suppressor
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and YscP-Ub; ;5 was induced with 1 mM IPTG, and type III secretion was activated with sodium oxalate. Following centrifugation of culture
aliquots, proteins in the supernatant (S) and pellet (P) were separated by SDS-PAGE, transferred to PVDF membranes, and probed with antisera
to Ub, YopD, YopE, and Npt. WT, wild type. (B) Y. enterocolitica W22703 containing pJS200 or pJS201 was used to infect HeLa tissue culture
cells at an MOI of 10. IPTG was added to the medium to induce expression of yscP-Ub gene and yscP-Ub; ;5 gene. The infection medium (M) was
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enterocolitica-infected HeLa cells was visualized by staining F-actin with rhodamine-conjugated phalloidin. Wild-type-infected, AyscU mutant-

infected (TTS™), and uninfected HeLa cells are shown as controls.

mutations at the fusion site with the 3’ reporter gene, generate
hybrids that continue to travel the type III pathway (4). We
generated similar +1 frameshift and suppressor mutations in
yscP,_;s and found that the YscP_,-Npt hybrid was secreted,
albeit at a lower level than its wild-type parent. A second
feature of substrate genes that led to the consideration of
mRNA-encoded secretion signals is the identification of syn-
onymous mutations that do not affect the protein sequence but
alter the nucleic acid sequence (65, 66). Several of these syn-
onymous mutations have been isolated and were shown to
affect the secretion of translational hybrids (32, 78). We con-
structed yscP, ;s . 71pt With 16 synonymous mutations that
changed the RNA sequence but not the encoded polypeptide;
its protein product was also secreted by the Yersinia type 111
pathway (Fig. 5B and C). Thus, similar to the secretion signal
of invJ, the Salmonella yscP homolog, the Yersinia yscP signal
can tolerate drastic alterations of both its mRNA and protein
sequences (12, 72, 76).

The YscP secretion signal is required for the type III block-
ade. We wondered whether the secretion signal of yscP is
required for the type III blockade imposed by translational

hybrids with gst and constructed sequential 5’ deletions in
yscP-gst (Fig. 6A). Surprisingly, Y. enterocolitica expressing
yscP ,,_,5-gst caused a nearly complete block in type III secre-
tion when analyzed with Coomassie brilliant blue (Fig. 6A and
B). Immunoblotting revealed that the type III block of YscP 5 ;5
GST was, however, incomplete, as YopR, YopD, LerV, and
YopE continued to be secreted. Further 5’ truncations, tested
With yScP y5 558t YSCP A5_100-€5t, and yscP »»_,5,-gst, were unable to
block type III secretion of yersiniae for early (YscP and YopR),
middle (YopD and LcrV), and late (YopE) substrates (Fig. 6B
and C). From these observations, we surmise that initiation of
YscP-GST into the type III secretion pathway is a prerequisite for
the establishment of a complete secretion blockade. However, the
data cannot exclude the possibility that YscP,, ;5s-GST retains
another secretion signal element that imposes at least a partial
engagement with the secretion machine, consistent with the re-
port of Agrain and coworkers that YscP may harbor two secretion
signals, one at its N terminus (5’ end) and one positioned at
residues 97 to 137 (2).

Screening for mutations that abrogate the yscP-gst-imposed
blockade. We wondered whether yscP harbored discrete sig-
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FIG. 4. YscP sequences required for the type III secretion blockade. (A) Schematic diagram of the C-terminal truncations of YscP and
subsequent fusion protein construction. (B) Wild-type Y. enterocolitica without plasmid (—) or expressing YscP, 5;s-GST, YscP, 30o-GST, YscP, ,,-GST,
YscP,_199-GST, YscP, ,s-GST, or YscP alone was induced for type III secretion. Following centrifugation of culture aliquots, proteins in the
supernatant (S) and bacterial pellet (P) were separated by SDS-PAGE, transferred to a PVDF membrane, and immunoblotted with polyclonal
antisera specific for YscP, YopR, YopD, LerV, YopE, and Npt. YscP-GST fusions are denoted with black arrows, and native YscP is denoted by

a white arrow.

nals for initiation of YscP-GST into the type III pathway and
the inability of the secretion machine to reject the impassable
substrate. Assuming that single amino acid or nucleotide
changes abolished the type III blockade, we should be able to
isolate such mutations following hydroxylamine mutagenesis of
pJS170 (yscP-gst) and by screening Y. pestis transformants for
variants that failed to abolish the LCR, which prevents bacte-
rial growth at 37°C on agar medium without calcium (8). Y.
pestis biovar medievalis KIM D27 (pCD1" pMT1" pgm) was
unable to grow at 37°C in the absence of calcium unless the
plague bacteria had been transformed with pJS170. Following
hydroxylamine mutagenesis and the isolation of mutants, the
plasmids were purified and subjected to DNA sequencing (Fig.
7A). Approximately 1,200 colonies were screened for the LCR
phenotype, and 20 mutants were isolated. Of the 20 potential
mutants, only 14 yielded changes in the sequence of yscP, nine
of which were unique. All of the isolated mutants harbored
nonsense mutations that replaced glutamine (Q) or tryptophan
(W) with stop codons (Q63 [two], Q93 [four], Q117, Q173,
W198, Q277, Q411, Q413 [two], and Q472), causing premature
termination of the impassable polypeptide chain. Surprisingly,
missense mutations in yscP-gst were not isolated, suggesting
that functional redundancy of multiple signals or the molecular

complexity of these secretion signals prevented the isolation of
simple substitutions (Fig. 7B).

Impassable YscP hybrids block type III machines at any
developmental stage. When cultured in vitro, temperature shift
to 37°C and calcium chelation triggers yersiniae to synthesize
and assemble their type III secretion machines (Fig. 8A). Be-
cause their synthesis is activated by laboratory-controlled en-
vironmental signals, type III machines of all yersiniae in a
culture are assembled synchronously. As yersiniae grow and
generate new needle complexes, synchrony is lost, and bacte-
rial cultures that were induced (37°C without calcium) for 2
hours are expected to harbor fully assembled secretion systems
engaged in secretion of middle and late substrates (YopD and
YopE), as well as machines undergoing assembly and secretion
of early substrates (YscP) (Fig. 8B). What happens when
blocking substrates are expressed in bacterial cells harboring
type III machines at all stages of assembly and function? In
previous work, our laboratory showed that YopR-DHFR could
block the assembly of newly formed type III machines but did
not inhibit secretion by machines that were already engaged in
the secretion of effector Yops (76). To address this for YscP,
we compared the effects of YscP-GST expression in cultures
with synchronized type III assembly (simultaneous induction
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FIG. 5. Mapping the minimal secretion signal of YscP. (A) Wild-type Y. enterocolitica expressing YscP,_-Npt fusion proteins, where x
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via IPTG and 37°C without calcium) and nonsynchronized
secretion (2-h-delayed induction) (Fig. 8B). As expected, si-
multaneous induction of type III assembly and YscP-GST
blocked the secretion of early (YopR), middle (YopD), and
late (YopE) substrates (Fig. 7B and C). Upon delayed induc-
tion, YscP-GST also blocked the secretion of all substrates
(Fig. 7B and C). Thus, unlike YopR-DHFR, the impassable
hybrid YscP-GST jams type III machines without consider-
ation for their developmental stage.

YscP-GST copurifies with YscN, YscL, YscQ, and YscO. To
explore whether the type III secretion blockade imposed by
YscP-GST is caused by sequestering specific machine compo-
nents, Y. enterocolitica expressing YscP-GST (pJS170), YscP,,_;s-
GST (pKER147), or YscP,_,4o-GST (pJS184) was grown at 26°C
to an optical density at 600 nm of 0.8. The cultures were induced
with IPTG for 4 h at 37°C. Fusion proteins were purified
using affinity chromatography over glutathione-Sepharose.
Eluate fractions were analyzed by Coomassie blue staining
and immunoblotting for the presence of the fusion protein
(Fig. 9A, B, and C). In all cases, the fusion protein was
enriched in the elution fraction. In addition to YscP-GST,
YscN, the ATPase of type III machines (9, 86); YscL, its
negative regulator (9); YscQ, the C-ring protein (38, 82);

and YscO, another mobile machine component (62), were
also enriched during affinity chromatography. The associa-
tion of YscN, YscL, YscQ, and YscO with the blocking
substrate appears to be specific, as control purifications with
Yersinia expressing GST alone did not yield type III machine
components (data not shown). YscP,, ,5-GST, which im-
poses a partial blockade, also captured the YscN ATPase
complex, including YscL and YscQ, as well as YscO. In
contrast, YscN did not copurify with YscP,_,,,-GST, a hy-
brid that cannot block the type III pathway, although small
amounts of YscL, YscQ, and YscO did copurify with the
hybrid.

DISCUSSION

Fusion of tightly folded proteins, for example, GST, DHFR,
or Ub, to the C-terminal end of YopR (YscH), another early
substrate, generates impassable substrates that block type III
secretion (76). The attribute of YopR-GST in blocking secre-
tion is associated with its ability to copurify with or bind to the
type III secretion ATPase, YscN, thereby jamming the secre-
tion pathway (76). Remarkably, the YopR-GST blockade oc-
curs only for developing type III machines, but not for fully
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FIG. 6. The N-terminal secretion signal is required for the YscP-
GST-mediated type III secretion blockade. (A) Schematic diagram of
the N-terminal truncations of YscP and subsequent fusion protein
construction. (B) Wild-type Y. enterocolitica expressing YscP,,15-GST,
YscP oy, 50-GST, YscPas 109-GST, and YscP,, 50-GST were induced
for type III secretion and grown in the absence (—) and presence (+)
of IPTG. Following centrifugation of culture aliquots, proteins in the
supernatant were separated by SDS-PAGE and visualized by Coomas-
sie blue staining. Molecular mass markers (in kilodaltons) are indi-
cated to the left of the gel, while secreted Yop effectors are indicated
to the right. (C) Wild-type Y. enterocolitica expressing the hybrids in
panel B was induced for type III secretion, and the cultures, following
centrifugation, were separated into supernatant (S) and pellet (P) frac-
tions. Proteins were separated on SDS-PAGE, transferred to PVDF
membranes, and immunoblotted with polyclonal antisera specific for
YscP, YopR, YopD, LecrV, YopE, and chloramphenicol acetyltrans-
ferase (CAT). YscP,,.-GST fusion proteins are denoted with black
arrows; the faster-migrating immunoreactive species represents wild-
type YscP.

assembled secretion systems that are already advanced in their
developmental programs toward transport of effector Yops
(76). We wondered whether other type III substrates, when
fused to an impassable reporter protein, display a similar phe-
notype. Thus far, our work has characterized fusions involving
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YopD, YopE, YopH, YopN, YopQ, YopR, YscF, YscP, and
LerV. Only YopR and YscP caused a complete blockade that
could not be relieved via the introduction of class II mutations,
e.g.,yopD, lcrH, or A(yscM1 yscM?2) (16). The residue length of
YscP was found to be essential for the blockade, as truncations
up to the first 200, but not less than 200, residues were toler-
ated (76). In order to block secretion, yopR and yscP clearly
require additional sequence information tethered to the gene
that encodes the impassable reporter than is minimally re-
quired when fusions occur with a reporter gene that specifies a
passable product, such as Npt. From this, we conclude that
substrate initiation into the secretion machine via its 5" nucle-
otide sequence or N-terminal peptide can be revoked for all
substrates examined; however, when additional sequences of
yscP (or yopR) are added in cis, the engagement of impassable
substrates with the type III machine is irrevocable (76). As
in-frame deletions of 5’ sequences, which encompass only the
minimal secretion signal, abrogate the blocking attributes of
yopR-gst and yscP-gst, we infer that substrate initiation into the
T3SS pathway is absolutely required for jamming to occur (76).

Immediate or delayed induction of yscP-gst, i.e., offering the
impassable YscP-GST substrate to machines that develop syn-
chronously or asynchronously, revealed that the nature of the
YscP-GST blockade must differ from that of YopR-GST (76).
YscP-GST appears to block machines at any stage of develop-
ment, even in bacteria in which most type III needles are
already engaged in the transport of late substrates, i.e., ma-
chines that flipped the switch toward secretion of later sub-
strates. This unique phenotype suggests to us that YscP-GST
may jam machine components that are required for the secre-
tion of all substrates and at all developmental stages of the
pathway. Affinity chromatography of YscP-GST hybrids that
blocked machines led to copurification of YscN-YscL-YscO-
YscQ, whereas a nonblocking substrate, YscP,_,,,-GST, cap-
tured only YscL-YscO-YscQ, but not YscN. Although this
remains speculative, the collected data are consistent with a
model in which an irrevocable engagement of impassable sub-
strates with YscN AAA ATPase causes a blockade of the
secretion pathway (9, 76).

The secretion signal of YscP has been extensively studied.
Agrain and coworkers reported that, in the context of var-
ious YscP truncations fused to adenylate cyclase (Cya), the
N-terminal 35 amino acids, as well as amino acids 97 to 137,
functioned as two independent secretion signals of YscP (2).
Inv], the Salmonella homolog of YscP, also possesses an
N-terminal secretion signal within the first seven codons
that could tolerate changes in both amino acid and mRNA
sequences (72). The possibility of a second secretion signal
for Inv]J has not yet been investigated. Here, we report that
the first 10 codons of YscP function as a minimal secretion
signal for passable reporter fusions and that the N-terminal
secretion signal, codons 2 to 15, is also required for the type
IIT blockade of YscP-GST. Significant changes in both the
amino acid and mRNA sequences did not abolish the secre-
tion signal function of the first 15 codons of yscP. Thus,
similar to invJ and other type III secretion signals, an un-
equivocal distinction between protein- and mRNA-encoded
signaling functions could not be achieved for the yscP signal
(12, 72). The presence of a second secretion signal in YscP
suggests the interesting possibility that substrates that block
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FIG. 7. Hydroxylamine-generated mutations in yscP-gst that abrogate the type III secretion blockade. (A) Experimental flowchart for the
generation of yscP-gst mutants that no longer block the Yersinia type III pathway. (B) Amino acid and corresponding DNA sequences of Y.
enterocolitica W22703 yscP. All nonsense mutations obtained by hydroxylamine mutagenesis and screening for LCR phenotypes are shaded in red.

Notably, missense mutations were not obtained. YscPy,, full-length YscP.

the pathway when fused to an impassable reporter require a
second independent secretion signal to jam the type III
machine. It is likely that such a signal may be complex
(residues 97 to 137), as random-mutagenesis experiments
failed to identify discrete missense mutations that abrogated
the ability of yscP-gst to block the type III pathway.

YscP fulfills multiple roles during the maturation of the
needle apparatus. Similarly to its flagellar homolog, FliK,
YscP regulates the length of the assembled filament, i.e., a
needle that emerges on the bacterial surface (2, 40, 56, 58,
59). Deletions of yscP result in needles of unregulated
length, whereas deletions or loss-of-function mutations in
fliK produce polyhooks, aberrant structures in which multi-
ple hooks are joined with the flagellar basal body (40, 85).
The residue length of YscP corresponds to the length of the
type III needle, which prompted Journet and coworkers to
propose that YscP functions as a molecular ruler (40).
Length regulation could occur if YscP interacted with the

polymerized needle protein YscF. If so, mechanisms that
would allow YscP to perceive needle assembly progression
could subsequently relay such information to the T3SS ap-
paratus in the cytoplasm. Needle length regulation has been
proposed to conclude with the release of YscP into the
extracellular medium (59, 63). Nevertheless, N-terminally
truncated FliK, which cannot enter the flagellar type III
pathway, continues to regulate hook length from inside bac-
terial cells (35, 56). This finding has been interpreted to
mean that FliK secretion cannot be an absolute requirement
for hook length regulation. Instead of a ruler, FliK has been
suggested to act as a molecular clock that times a switch
within secretion machines to recognize different substrates
during the assembly of hook and filament subunits (58).
Another model envisioned that FliK may function as a mea-
suring cup, collecting quanta of substrate molecules that
subsequently generate the corresponding increments in
structural assembly (35, 48).
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FIG. 8. YscP-GST blocks all stages of the type III pathway. (A) Di-
agram displaying type III secretion machine assembly (green); secre-
tion of the early substrates YscF, YopR, and YscP (blue); and secre-
tion of late Yop effectors (red). (B) Wild-type Y. enterocolitica
expressing YscP-GST was grown in BHI containing 20 mM MgCl, and
20 mM sodium oxalate for 2 h at 26°C and shifted to 37°C for 2 h to
induce type III secretion (T3 Pre-induction). After 2 hours, cultures in
columns 2 and 3 (from left) were aliquoted, centrifuged, and sus-
pended in fresh medium with or without IPTG (Renew Media) and
incubated for an additional 2 h. Following centrifugation, all cultures
were separated into supernatant (S) and pellet (P) fractions and sep-
arated on 15% SDS-PAGE. The proteins were transferred to a PVDF
membrane and immunoblotted with polyclonal antisera to GST,
YopR, YopD, YopE, and Npt. (C) Diagram displaying the effects of
no induction of yscP-gst (no IPTG meant no blockade), delayed induc-
tion (IPTG added after 2 h at 37°C), and simultaneous induction
(IPTG at the time of shift to 37°C). Percents secretion of YopR and
YopE were calculated by the amount of signal in the supernatant (S)
divided by the total signal in the supernatant and the pellet (S/S + P).

Once hook length has been established, FliK, and presum-
ably also YscP, perform a second task, flipping the substrate
specificity switch of the needle apparatus (1, 25, 28, 55, 58).
The C-terminal domain of FliK, designated T3S4, interacts
with the switch protein FIhB, which is positioned in the inner
membrane at the base of the type III machine (28, 55, 85).
Flipping the switch is associated with FIhB autocleavage at its
C-terminal cytoplasmic domain, thenceforth causing the type
III machine to recognize later substrates (27, 57). YscU also
undergoes autocleavage; however, its C-terminal domain does
not seem to interact with YscP (42, 69, 75). Thus, there may be
subtle differences between the flagellar assembly pathway and
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FIG. 9. YscP-GST interacts with the type III machine components
YscN, YscL, YscQ, and YscO. Wild-type Y. enterocolitica expressing
pJS170 (yscP-gst) (A), pKER147 (yscPy, 15gst) (B), and pJS184 (yscP,.
10088t) (C) was grown under conditions that induced the type III secretion
machine and YscP-GST in the absence of extracellular calcium. YscP-
GST, YscP,,5-GST, and YscP, ,,-GST were purified from these
strains, and samples corresponding to the lysate (L) and eluate (E) were
analyzed by Coomassie blue-stained SDS-PAGE (left column) or immu-
noblotting (right column), probing with antisera to machinery compo-
nents (YscP, YscK, YscL, YscN, YscO, YscQ, and YopR/YscH), as well
as the secreted effector YopE. The relative intensities of immunoreactive
signals in the lysate and eluate fractions (E/L) is expressed as a ratio to the
right of each blot. The positions of the molecular mass markers are
indicated to the left of the gels (in kilodaltons). In panel A, the black
arrowhead at 83 kDa points to the full-length fusion protein and the white
arrowheads to the cleaved species YscP (57 kDa) and GST (26 kDa). In
panel B, the black arrowhead at 83 kDa points to the full-length fusion
protein and the white arrowhead to GST (26 kDa). In panel C, the black
arrowhead at 37 kDa points to the full-length fusion protein and the white
arrowhead to GST (26 kDa).
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Yersinia type III secretion in the molecular mechanisms that
couple hook and needle lengths to switch protein cleavage or
FliK/YscP interactions with other machine and substrate com-
ponents.
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