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The trafficking of effectors, termed Yops, from Yersinia spp. into host cells is a multistep process that requires the
type III secretion system (TTSS). The TTSS has three main structural parts: a base, a needle, and a translocon,
which work together to ensure the polarized movement of Yops directly from the bacterial cytosol into the host cell
cytosol. To understand the interactions that take place at the interface between the tip of the TTSS needle and the
translocon, we developed a screen to identify mutations in the needle protein YscF that separated its function in
secretion from its role in translocation. We identified 25 translocation-defective (TD) yscF mutants, which fall into
five phenotypic classes. Some classes exhibit aberrant needle structure and/or reduced levels of Yop secretion,
consistent with known functions for YscF. Strikingly, two yscF TD classes formed needles and secreted Yops
normally but displayed distinct translocation defects. Class I yscF TD mutants showed diminished pore formation,
suggesting incomplete pore insertion and/or assembly. Class II yscF TD mutants formed pores but showed nonpolar
translocation, suggesting unstable needle-translocon interactions. These results indicate that YscF functions in Yop
secretion and translocation can be genetically separated. Furthermore, the identification of YscF residues that are
required for the assembly of the translocon and/or productive interactions with the translocon has allowed us to
initiate the mapping of the needle-translocon interface.

Many gram-negative bacterial pathogens, including Yersinia
spp., Shigella spp., Salmonella spp., enteropathogenic Esch-
erichia coli, Burkholderia spp., and Pseudomonas spp., use a
type III secretion system (TTSS) to inject effectors from bac-
teria into a host cell (19, 22, 46). Once inside the cell, the
effectors, termed Yops in the case of Yersinia, disable the host
immune response, allowing the bacteria to multiply and spread
throughout the host. A functional TTSS is essential for a pro-
ductive infection, as TTSS mutants cause minimal damage to
the host (1a, 43).

Yop delivery from the bacterial cytosol into the host cytosol
by the TTSS can be genetically separated into two distinct
functional processes: (i) secretion of effectors through the bac-
terial membranes into the extracellular environment and (ii)
translocation of effectors across the host cell plasma mem-
brane (61, 66). The secretion of effectors out of the bacteria
requires the function of the structural components of the se-
cretion machinery, termed the needle complex. The needle
complex is composed of ~25 proteins and forms a syringe-like
structure with a base imbedded within the bacterial mem-
branes and a long hollow tube or “needle” protruding from the
outside of the bacterium (3, 34, 63, 70). Effectors appear to be
secreted through the inside of the needle (10, 29) and are
believed to travel in a partially unfolded state. Also required
are chaperones, which maintain effectors in a secretion-com-
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petent state in the bacterial cytosol (for recent reviews, see
references 52 and 53).

The needle structures of Yersinia, Salmonella, Shigella, E.
coli, Burkholderia, and Pseudomonas are each primarily com-
posed of a single protein (YscF, Prgl, MxiH, EscF, Bsal, and
PscF, respectively) that polymerizes to form a tube (23, 35, 63,
70, 74, 76). The needle proteins from different species share
only between 20 and 30% sequence identity but are all small (7
to 10 kDa), are neutral in charge, and are mostly alpha helical
in structure (11, 69, 76). Using a combination of X-ray fiber
diffraction and electron microscopy, the first three-dimensional
structure of a needle filament was solved to ~16 A by using
purified needles from Shigella (9). The filament was composed
of individual subunits, arranged with 5.6 subunits per turn in a
helical fashion to form an extended cylinder with a central
channel of ~20 A (9). Purified needles from Yersinia, Salmo-
nella, Shigella, E. coli, and Pseudomonas show similar helical
structures and dimensions by negative staining and transmis-
sion electron microscopy (23, 34, 54, 63, 70).

When observed by electron microscopy, needles on the out-
side of Yersinia, Salmonella, and Shigella show consistent
lengths (30, 35, 71). In fact, needle length is critical for pro-
ductive translocation of Yops. Elegant experiments have
shown that increasing the distance between the needle tip and
the host cell either by decreasing the length of the needle or by
increasing the length of the bacterial adhesion molecule YadA
results in a reduction in Yop translocation (45). Needle length
is controlled by the YscP protein (30). It is hypothesized that
YscP is a molecular ruler attached to both the TTSS base and
the needle tip that allows needle polymerization until YscP is
stretched out in an extended state (30).

Secretion of Yops in the presence of host cells is tightly
regulated, occurring only upon cell contact. A number of reg-
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TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid Description Source or reference
Strains

E. coli

SM10 \Pir Conjugation-competent strain 44

SY327 \Pir Routine cloning 44

DHS5a Routine cloning 7

BL21-DE Protein expression in E. coli 68
Yersinia pseudotuberculosis

1P2666 pYV (pIBI) Wild-type Y. pseudotuberculosis 27

AyopB Deletion of yopB (codons 19-346) in IP2666 M. Fisher, unpublished

AyscF Deletion of yscF (codons 2-86) in IP2666 This study

AyopN Deletion of yopN (codons 2-287) in IP2666 This study

AlerV Deletion of lcrV (codons 19-346) in YPIII J. M. Balada, unpublished

Plasmids

pGEM-T easy Cloning of PCR products, Ap* Promega
pCR2.1 Cloning of PCR products, Ap*, Km" Invitrogen
pCVD442 Suicide vector, Ap* 14
pTRC99A IPTG-inducible expression vector, Ap" 1
pGEX-5X-1 GST fusion expression vector, Ap" Amersham
pGEM-yscF Template for error-prone PCR This study
pCVD442-AyscF Suicide vector for deleting yscF This study
pCVD442-AyopN Suicide vector for deleting yopN This study
pGEX-yscF GST-YscF fusion expression vector This study
pGEX-YopD GST-YopD fusion expression vector This study
pTRCY99A-yscF Expresses yscF from tac promoter This study

ulatory proteins are required for maintaining cell contact-me-
diated secretion, including YopN, TyeA, SycN, YscB, and
LerG (12, 25, 26, 28, 75). Secretion regulation mutants consti-
tutively secrete Yops in the absence of a cell contact-mediated
signal (18, 75), resulting in uncoordinated secretion and trans-
location, which ultimately lead to a secondary translocation
defect. Though YopN and LcrG are secreted (18, 64), all
regulatory proteins are thought to control secretion from the
inside the bacterium (15, 50). It has been proposed that the
needle itself senses contact with the host cell and then trans-
duces the signal to the bacterium to begin secretion, perhaps
through slight changes in the packing of the needle subunits
(9). Consistent with this model, Torruellas et al. recently iden-
tified mutations in the Yersinia needle protein YscF that result
in unregulated secretion (73), suggesting some communication
between the needle and the cytosolic regulatory complexes.

Effector translocation into host cells involves additional pro-
teins which form a pore, termed the translocon, in the host
plasma membrane. In Yersinia, the YopB, YopD, and LcrV
proteins are required for translocation (5, 21, 38, 51, 56, 60).
YopB and YopD are found in the host cell plasma membrane
and thus are likely to form the translocation pore (21, 48, 72).
LerV is required for pore assembly (24) but is not found in the
host membrane (20). LerV was recently localized to the distal
ends of needles (47), where it multimerizes to form a “tip
complex.” In the absence of either YopB, YopD, or LcrV,
Yops are secreted out of the bacteria but fail to enter the host
cell (16, 37, 56). Secretion of all three proteins from the same
bacterium is necessary for pore formation and subsequent Yop
translocation (41, 48).

During infection of eukaryotic cells, the processes of secre-
tion and translocation are coupled such that effectors are trans-

ported directly from the bacterium into the host cell (61, 66).
How the needle complex, LerV tip, and pore work together
to ensure the polar movement of effectors is not known. We
hypothesized that the needle is likely to interact with the
translocon uniquely such that we could identify mutants that
altered translocation but not secretion. To this end, we
devised a screen to identify mutations in the Yersinia pseudo-
tuberculosis needle protein YscF which retained functions
required for needle assembly and for Yop secretion out of
the bacterium but were specifically defective for Yop trans-
location into host cells. We identified five classes of yscF
mutants with translocation defects, two of which were spe-
cifically altered in translocation but not Yop secretion or
needle assembly.

MATERIALS AND METHODS

Bacterial strains and culture. All Yersinia pseudotuberculosis strains are in the
1P2666 background (27) except for AlcrV, which is in the YPIII background.
IP2666 AyopB was a gift from M. Fisher, and Alcrl was a gift from J. M. Balada
of the Mecsas laboratory. Yersinia bacteria were grown in 2X YT (yeast extract
and Bacto Tryptone) medium. Escherichia coli strains SY327 \pir (44) and
DHS5a (7) were used for routine cloning. E. coli strain SM10 Apir (44) was used
for introduction of plasmids into Yersinia by conjugation. E. coli BL21-DE (68)
was used for overexpression of fusion proteins. E. coli bacteria were grown in LB.
Carbenicillin or ampicillin (Amp) was used at 100 wg/ml for plasmid mainte-
nance. Previously described Y. pseudotuberculosis and E. coli strains are listed in
Table 1.

Yersinia deletion strains. Deletion strains were constructed using the suicide
vector pCVD442 by allelic exchange (14). DNA fragments (400 bp) flanking each
side of the open reading frame (ORF) were amplified by PCR and sewn together
using fusion PCR. The resulting PCR product was cloned into pCVD442, intro-
duced into E. coli SM10 Apir, and then conjugated into Y. pseudotuberculosis
1P2666 pYV (pIBI), as previously described (40). All oligonucleotides used for
cloning are listed in Table S1 in the supplemental material.
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AyscF. The entire yscF ORF was replaced by the Stul restriction endonuclease
sequence (underlined: ATGAGGCCTTAA). Flanking DNA fragments were
amplified by PCR with primer pair AD1 and AD2 and primer pair AD3 and AD4
(see Table S1 in the supplemental material) and were sewn together by fusion
PCR using primers AD1 and AD4. This final PCR product was cloned into
pCVD442 by using Sall and Sphl, creating pCVD442-AyscF.

AyopN. The yopN ORF was deleted. Flanking DNA fragments were amplified
by PCR with primer pair AD37 and AD56 and primer pair AD57 and AD40 (see
Table S1 in the supplemental material) and were sewn together by fusion PCR
using primers AD37 and AD40. The final PCR product was cloned into
pCVD442 by using Sall and Sphl, creating pCVD442-AyopN.

Plasmids. Previously described plasmids are listed in Table 1.

(i) pTRC99A-yscF. pTRC99A-yscF expresses YscF under the IPTG (isopropyl-
B-p-thiogalactopyranoside)-inducible tac promoter. The yscF open reading
frame was amplified by PCR using primers ADS5 and ADS, digested with AflIIT
and Xbal, and cloned into the Ncol and Xbal sites, creating pTRC99A-yscF.
YscF protein levels are comparable to those in the wild type (WT) when expres-
sion from pTRC99A-yscF is induced with 10 pM IPTG.

(ii) pGEX-yscF. A glutathione S-transferase (GST)-YscF fusion was made in
pGEX-5X-1 (Amersham). yscF was amplified using primers AD9 and AD10 by
PCR, and the resulting fragment was cloned into pGEX-5X-1 by using EcoRI
and BamHI, creating pGEX-yscF.

(iii) pGEX-yopD. yopD was amplified by PCR using primers AD64 and AD65,
and the resulting fragment was cloned into pGEX-5X-1 by using BamHI and
Xhol, creating pGEX-yopD.

Antibodies. (i) YscF. Recombinant GST-YscF was overexpressed from the
pGEX-yscF plasmid in BL21-DE cells by a 5-h induction at 30°C with 1 mM
IPTG. Bacteria were lysed by sonication and the cell lysates clarified by centrif-
ugation. GST-YscF was purified from cell lysates by using glutathione Sepharose
4B, following the manufacturer’s instructions (Amersham). YscF was released
from GST while bound to the glutathione column by using factor Xa protease
(Sigma).

(ii) YopD. Recombinant GST-YopD was overexpressed from the pGEX-
YopD plasmid in BL21-DE cells by a 2-h induction at 37°C with 1 mM IPTG.
Bacteria were lysed by sonication and the cell lysates clarified by centrifugation.
GST-YopD was purified from cell lysates by using glutathione Sepharose 4B
(Amersham) and was released from the resin with 10 mM glutathione. Proteo-
Iytic cleavage with factor Xa was inefficient, so we used the entire GST-YopD
fusion protein as an antigen. Purified YscF and GST-YopD proteins were sent to
Covance Research Products (Denver, PA) for antiserum preparation in rabbits.

yscF library construction. To create the yscF mutant library, the yscF open
reading frame was first amplified using primers AD5 and ADS8 and then ligated
into pGEM-T easy (Promega). pGEM-yscF was used as a template for error-
prone PCR using SP6 and T7 primers. Two libraries were constructed; library D
was amplified in the presence of 15 mM MgCl, 0.2 mM MnCl, and 0.2 mM
deoxynucleoside triphosphates. Library E was amplified in the presence of 15
mM MgCl, 0.2 mM MnCl, 0.1 mM dATP, and 0.2 mM dCTP, dGTP, and dTTP.
The mutation rates were approximately 1 bp change per ORF for library D and
~4 to 7 bp per OREF for library E. The mutagenized PCR products were ligated
into plasmid pCR2.1 (Invitrogen), digested with AfIIII and Xbal, and subcloned
into pTRC99A as described above, creating the pTRC99A-yscF D and E librar-
ies. Sequencing a random sampling of the pTRC99A-yscF libraries showed full
mutagenesis coverage throughout the whole gene (data not shown).

yscF translocation-defective (TD) screen. (i) Congo red assay. The pTRC99A-
yscF* libraries were electroporated into the AyscF strain and plated onto LB-
Amp agar. Single transformants were replica patched onto both LB-Amp plates
(for maintenance) and LB agar plates containing 20 mM Na oxalate, 20 mM
MgCl,, and 0.005% Congo red (for selection). Congo red plates were incubated
at 37°C overnight and scored for red or white colonies.

(ii) Cell rounding assay. Congo red-positive strains were grown overnight at
26°C in 96-well deep-well plates in 2X YT media containing carbenicillin, with
inclusion of AyscF+pTRC99A-yscF as a positive control and AyscF+pTRC99A
as a negative control. Bacteria were diluted to an optical density (OD) of 0.2 in
2X YT media containing 20 mM sodium oxalate and 20 mM MgCl, (secretion
media) with carbenicillin in a 96-well plate and grown at 26°C for 2 h. yscF
expression was induced with 10 pM IPTG, and the cultures were shifted to 37°C
for 2 h. After growth, the ODy, values for eight of the wells were determined
and averaged. Yersinia bacteria were diluted into warmed phosphate-buffered
saline (PBS) to ~1 X 107 bacteria/ml based on the average OD. HEp-2 cells were
seeded the night before at 1 X 10* cells/well in 96-well plates. Bacteria (1 X 10°)
were added to the HEp-2 cells for an approximate multiplicity of infection
(MOI) of 10:1 in the presence of 10 wuM IPTG. Bacteria were centrifuged onto
the HEp-2 cells, and infections proceeded at 37°C. One hour postinfection,
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HEp-2 cells were inspected for cell rounding at 10X magnification under a light
microscope and scored for a round, flat, or intermediate phenotype. Bacterial
inputs were plated for eight of the wells to determine the actual MOI of the
infection. Because only a few of the ODs for the starting cultures were measured
and averaged for each 96-well plate, the MOI of each individual strain differed
from experiment to experiment. Therefore, each of the ~1,000 strains was
screened a minimum of three times. One hundred seventy-six strains scored flat
or flat/round (F/R) cell rounding phenotypes two out of three times in the initial
screen. yscF-containing plasmids from these strains were isolated, purified, and
checked for the YscF fragment by restriction enzyme digestion. A number of the
plasmids were corrupt and were discarded. The remaining 134 pTRC99A-yscF*
plasmids were retransformed into a fresh AyscF strain and retested for Yops
translocation by the cell rounding assay with HEp-2 cells. Thirty-six strains were
flat or flat/round three out of three times.

In vitro secretion. Yersinia bacteria were diluted from overnight cultures to an
OD of 0.2 into 2-ml secretion media, grown for 2 h at 26°C, and then shifted to
37°C for 2 h. Yersinia bacteria containing pTRC99A plasmids were grown in the
presence of 100 pg/ml carbenicillin, and protein production was induced with 10
uM IPTG at the 37°C shift. Some samples shown in Fig. 4 (also Fig. S2 in the
supplemental material) were induced with 25 or 100 pM IPTG as indicated.
One-milliliter aliquots of the cultures were centrifuged. Secreted proteins in the
culture supernatant were precipitated with 10% trichloroacetic acid (TCA),
washed with ice-cold acetone, and air dried. Bacterial pellets and precipitated
protein pellets were resuspended in Laemmli sample buffer.

Tissue culture and infections. HEp-2 cells were maintained in RPMI-glu-
tamine (Cellgro) containing 5% heat-inactivated fetal bovine serum (Gibco) at
37°C under 5% CO,. HEp-2 cells were seeded into 6-, 24-, or 96- well plates ~20
h before infection. For infections, Yersinia bacteria were washed in PBS, added
to the tissue culture wells at the desired MOI, and centrifuged onto the cells for
5 min at 200 X g to initiate cell contact. Infections proceeded at 37°C under 5%
CO, for 1 h. IPTG (10 pM) was added to the tissue culture media for infections
with strains carrying pTRC99A plasmids.

Secretion and translocation quantification. HEp-2 cells were seeded at 6 X
10° cells/well in six-well tissue culture plates. Yersinia bacteria were diluted into
secretion media, grown at 26°C for 2 h, and then grown for 2 h at 37°C after
addition of 10 wM IPTG. Yersinia bacteria were centrifuged gently, resuspended
in warmed PBS, and diluted for infection in PBS. Cells were infected with
Yersinia at an MOI of 50:1 in the presence of 10 uM IPTG for 1 h at 37°C. After
infection, the media were dumped off and the cells were washed twice gently in
ice-cold PBS. All remaining steps were performed at 4°C. To disrupt the plasma
membrane and release the HEp-2 cytosol, 400 pl of eukaryotic lysis buffer (10
mM HEPES [pH 7.4], 150 mM NaCl, 5 mM EDTA, 0.1% NP-40, 1 mM phenyl-
methylsulfonyl fluoride, and 5 pg/ml each of aprotinin, leupeptin, and pepstatin)
was added to each well and the plates were rocked for 20 min. Lysates were
transferred to microcentrifuge tubes and centrifuged for 15 min to remove
bacteria and insoluble material. Lysate supernatant (300 pl) was removed and
added to a fresh tube containing 60 pl 6X sample buffer. One-half of the sample
was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting with antisera to YopE (translocated protein)
and actin (loading control). Chemiluminescence signals were captured on a
Kodak digital science image station, and quantification was performed using
Kodak 1D software. The amount of YopE translocated from WT
(AyscF+pTRC99A-yscF) Yersinia was set to 100%. The amounts of YopE trans-
located from other strains were calculated with the following equation: (YopE
translocated from mutant — uninfected)/(YopE translocated from WT — unin-
fected) X 100.

Chemical cross-linking. Yersinia bacteria were grown under secretion-inducing
conditions, centrifuged gently to pellet the bacteria (6,000 X g for 5 min),
resuspended in PBS, and split into two equal aliquots. The chemical cross-linker
BS? (1 mM) or an equal volume of water was added to the bacteria and incubated
at 37°C for 30 min. The cross-linker was then quenched with 5 mM Tris-HCI (pH
8.0) for 15 min at room temperature. Cross-linked bacteria were sedimented and
the pellets resuspended in Laemmli sample buffer (36).

Nonpolar translocation assay. Yersinia bacteria were grown in 2X YT buffer
containing 5 mM calcium and 100 mg/ml carbenicillin at 26°C for 1.5 h, induced
with IPTG, and shifted to 37°C for 2 h. The bacteria were pelleted gently and
resuspended in warmed PBS with calcium. HEp-2 cells were seeded the night
before at 1.5 X 10 cells/well in a 24-well plate. Immediately before the infection,
the HEp-2 cells were washed twice with warmed PBS, and 1 ml of RPMI-
glutamine (no fetal bovine serum) was added to each well. Cells were infected
with Yersinia at an MOI of 50:1 in the presence of 10 uM IPTG for 1 h at 37°C.
For a HEp-2 lysis control, 0.1% Triton X-100 was added to one well of unin-
fected cells 10 min before the end of the infection. One milliliter of culture
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FIG. 1. yscF secretion-positive mutants are defective for cell rounding during infection. HEp-2 cells were infected at an MOI of 10:1 with
various Yersinia strains (AyscF+pTRC99A-yscF, AyscF+pTRC99A, AyopB+pTRC99A, AyopN-+pTRC99A, AyscF+pD250, AyscF+pD319,
AyscF+pD409, AyscF+pE40, and AyscF+pE354) grown in secretion media with IPTG to induce yscF production. Pictures were taken 1 hour

postinfection.

supernatant was removed from each well and transferred to a microcentrifuge
tube. Culture supernatants were centrifuged for 15 min at 13,000 rpm in a
microcentrifuge to remove bacteria. Proteins from 900 pl of the supernatant
were precipitated with TCA and resuspended in sample buffer. As a control for
lysed bacteria, the same number of WT bacteria used for infection (7.5 X 10°)
were solubilized in SDS-containing sample buffer. Proteins were separated by
SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membranes, and
probed with antisera to YopD, YopE, actin, and S2.

Western blot analyses. Antisera to the YscF, YopE, and YopD proteins were
made in rabbits (see above) and were each used at a 1:10,000 dilution. Antiserum
to the E. coli ribosomal subunit S2 (rabbit) was used at 1:10,000. Antibodies to
mouse B-actin (Sigma) were used at 1:15,000. Goat anti-rabbit horseradish per-
oxidase (Bio-Rad) and goat anti-mouse horseradish peroxidase (Sigma) second-
ary antisera were used at 1:15,000. Chemiluminescence (Perkin Elmer Western
Lightning kit) was used per the manufacturer’s instructions.

Microscopy. HEp-2 cells were seeded onto eight-well Lab-Tek chamber slides
(Nalge Nunc, Naperville, IL) at 7 X 10* cells/well. Cells were infected with
Yersinia at an MOI of 10:1, and infections proceeded for 1 h at 37°C. Micro-
graphs were taken with a Nikon inverted TE2000-U microscope with a Photo-
metrics charge-coupled-device camera at 10X magnification by using MetaVue
software (Molecular Devices, Sunnyvale, CA).

RBC hemolysis assay. Hemolysis assays were performed as described else-
where (62). Briefly, Yersinia strains were grown in secretion media as described
above and were sedimented for 5 min at 6,000 X g, and pellets were resuspended
in warm RPMI at 2 X 10%ml. Sheep red blood cells (SRBCs; Innovative Re-
search, Southfield, MI) were washed twice with ice-cold PBS and resuspended in
RPMI at 2 X 10°ml. Equal volumes (50 ul) of red blood cells (RBCs) and
bacteria suspensions were added to round-bottom 96-well plates in triplicate and
centrifuged at room temperature for 15 min at 2,000 X g to initiate cell contact.
Infections were incubated at 37°C under 5% CO, for 3 h. Pellets were then
resuspended with 150 pl ice-cold PBS, or dH,O for a lysis control, and reactions
were centrifuged at 4°C for 15 min at 2,000 X g. Supernatants (150 wl) were
transferred to a 96-well plate, and the absorbance value at 545 nm was read on
a Spectramax M5 plate reader (Molecular Devices, Sunnyvale, CA). RBC lysis
caused by the AyscF+yscF strain was set to 100%, and RBC lyses for all other
strains were calculated as percentages of those for the AyscF+yscF strain. All
strains were tested at least twice.

RESULTS

Screen for translocation-deficient yscF mutants. Upon host
cell contact, Yops are transported directly from Yersinia into
the target cell. The absence of detectable Yop effectors in the
cell culture supernatant suggests coordinated and close inter-
actions between the needle and the translocon. We hypothe-
sized that the end of the needle is in direct contact with the
translocon in the target cell plasma membrane, and thus, mu-
tations in YscF that specifically disrupt the translocation pro-
cess could be isolated. To separate YscF functions for Yop
secretion from its potential functions in translocation, we de-

signed a two-part screen to identify YscF mutants that secreted
Yops across bacterial membranes normally but were defective
in Yop translocation.

The first part of the screen exploited a quick and simple
colorimetric plate assay to identify yscF mutants that could
secrete Yops. Y. pseudotuberculosis secretes Yops when grown
at 37°C in media containing low concentrations of calcium.
Furthermore, in the presence of the dye Congo red, colonies of
Y. pseudotuberculosis which are secreting Yops absorb the dye
and turn red, whereas Y. pseudotuberculosis mutants that are
not secreting Yops remain white (43, 58). Two randomly mu-
tagenized pools of yscF genes, pool D and pool E, were created
using error-prone PCR (39), inserted into the IPTG-inducible
plasmid pTRC99A, and introduced into AyscF by transforma-
tion. The resulting library was termed yscF*. Single transfor-
mants of the yscF* libraries were patched onto Congo red
plates, incubated at 37°C overnight, and scored for red or white
color. Of the 2,900 strains screened, 1,058 bound to Congo red,
indicating that they were competent to secrete Yops.

The pTRC99A promoter driving the expression of the yscF
mutants was leaky enough such that addition of IPTG was not
required for scoring red or white colonies on Congo red plates.
However, the addition of 10 wM IPTG was required to obtain
wild-type levels of YscF protein from the pTRC99A-yscF plas-
mid (Fig. 1A and Fig. S2A in the supplemental material), so
this amount of inducer was used for YscF production in all
strains for all subsequent experiments.

The second part of the screen identified secretion-positive
yscF strains that were translocation defective using a tissue
culture infection assay. HEp-2 cells, which are normally flat
and spread out (Fig. 1B, uninfected), round up when the Y.
pseudotuberculosis effector protein YopE is translocated into
the cytosol. Under our infection conditions, the vast majority
of HEp-2 cells are round at 60 min postinfection (Fig. 1B,
AyscF+yscF). HEp-2 cells infected with mutant Y. pseudotu-
berculosis strains that were not able to secrete effectors out of
the bacteria (AyscF) or that were lacking a component of the
translocon (AyopB) and cannot translocate effectors into the
host cell remain flat and spread out (Fig. 1B). This “rounding
up” assay was used to identify secretion-positive yscF* strains
that inefficiently translocated Yops into a host cell. HEp-2 cells
were infected with secretion-positive yscF* strains at a multi-
plicity of infection of ~10:1. After 1 hour, the HEp-2 cells were
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inspected visually with a light microscope and were scored for
flat, round, or intermediate F/R phenotypes and compared to
AyscF+pTRC99A-YscF as a positive control for cell rounding
and AyscF with the empty vector as a negative control. Of the
940 secretion-positive strains screened for cell rounding, 134
scored as F/R or flat two or three out of three times and were
subsequently rescreened (see Materials and Methods). Thirty-
six yscF* strains were consistently flat or F/R and were chosen
for further studies. A few yscF* strains had completely flat cell
rounding phenotypes (Fig. 1B, E354), suggesting a severe de-
ficiency in Yop translocation. Most of the 36 yscF* strains
showed F/R cell rounding phenotypes (Fig. 1B, D250, D319,
D409, and E40), suggesting that low levels of Yops were trans-
located.

yscF translocation-defective mutations. Plasmids from the
36 yscF* strains were sequenced to determine the nucleotide
changes responsible for the translocation defect phenotype.
Eight pairs of yscF* plasmids had identical mutations, and the
duplicates were discarded. Three strains had more than one
PpTRC99A-yscF* plasmid; in each case, the translocation defect
did not repeat when the individual pTRC99A-yscF* plasmids
were tested. The remaining 25 yscF™ strains were chosen for
further phenotypic analysis and were named as a group yscF
TD for translocation defective.

The TD mutations were spread throughout the entire yscF
sequence (see Fig. S1 in the supplemental material, arrow-
heads). Seventeen of the yscF TD mutants had a single amino
acid change, and 8 had two or three changes (Fig. 2). Some of
the nucleotide changes resulted in very conservative amino
acid substitutions, for example, D250 and E60 (A—V) and
D319 and E208 (K—R), whereas some mutations resulted in
changes in residue size, shape, and charge, for example, D119
(D—G) and E86 and D118 (K—E). There appeared to be one
“hot spot” for translocation-defective mutations; changes in
amino acids T22 through N35 were found in 12 of the 25 yscF
TD strains (see Fig. S1 in the supplemental material).

Most of the homology between YscF and needle proteins
from other bacteria resided in the C-terminal half of the pro-
tein (see Fig. S1 in the supplemental material, shaded boxes)
(4, 35, 63). Only two of the yscF TD mutants, N47S and K76E,
contained a change in a highly conserved residue (see Fig. S1
in the supplemental material), suggesting that most of the
conserved residues are important either for maintaining YscF
structure or for some YscF function required prior to the
effector translocation step, such as YscF secretion, YscF poly-
merization, or Yop secretion.

Translocation is the last stage of a multistep secretion pro-
cess whose success depends on the proper function of each
previous step. The known YscF-dependent steps include YscF
secretion, assembly of the needle, and Yop secretion. To eval-
uate the molecular defects in the yscF TD mutants which led to
poor translocation, our mutants were analyzed for YscF secre-
tion, needle structure, and Yop secretion as well as secretion
regulation, polarized Yop translocation, and pore formation
(see below). In addition, the yscF TD strains were compared to
several well-established mutants with translocation defects,
AyopB, AlcrV, and AyopN, and grouped into different classes
based on their most distinguishing phenotypes (Fig. 2, classes
I through V). All yscF TD mutants were tested in these assays,
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and the results are summarized in Fig. 2. Representative mu-
tants from classes I, II, and III are shown in most figures.

Most yscF TD mutants secrete Yops at or near WT levels.
Although a red-colony phenotype on Congo red plates corre-
lates with the ability to secrete Yops, it is not a direct measure
of the level of Yop secretion since strains with a functional
secretion system that secrete lower levels or subsets of Yops
still bind to Congo red (43). Therefore, it was plausible that
yscF* strains had defects in Yop secretion and secreted either
lower levels of all Yops or lower levels of specific Yops in-
volved in translocation or cell rounding (59, 60) and thus had
the TD phenotype in our screen.

To directly assess whether the yscF TD mutants secreted
Yops, we used an in vitro liquid culture secretion assay.
Bacteria were grown in media depleted of calcium at 37°C to
induce secretion of Yops. Culture supernatants were col-
lected, and secreted proteins were analyzed by SDS-PAGE
and Coomassie blue staining. As expected, the complemented
AyscF+pTRC99A-yscF strain secreted Yops, whereas the AyscF
strain carrying the empty vector did not (Fig. 3A). All of the yscF
TD strains secreted the full complement of Yops and translocon
components (Fig. 2, secreted YopE, and 3A), ruling out the
possibility that selective secretion of Yops was responsible for
the translocation defect. However, the levels of Yop secretion in
the yscF TD mutants were not all the same. Most yscF TD
mutants secreted Yops at levels comparable to those for WT Y.
pseudotuberculosis, but five strains (Fig. 3B, E205, E173, E368,
E149, and E148) secreted 25 to 40% less YopE than the WT.
These five yscF mutants showing more-pronounced defects in
YopE secretion were placed in class V (Fig. 2).

yscF TD mutants are defective for Yop translocation. Al-
though the cell-rounding assay indicated that all yscF TD mu-
tants were defective for some aspect of translocation, cell
rounding is a qualitative assessment of the translocation pro-
cess. To accurately evaluate the translocation abilities of the
yscF TD strains, we quantified the amount of YopE in the host
cell cytosol after infection and compared the amount of YopE
translocated to the amount of YopE secreted in each mutant.
Thus, we were able to determine the severity of the transloca-
tion defect even in yscF strains that secreted significantly lower
levels of Yops than the WT.

To measure the amount of YopE secreted from each strain
prior to infection, proteins in culture supernatants were pre-
cipitated and separated by SDS-PAGE as described for Fig.
3A. To measure the amounts of YopE translocated after in-
fection with various Y. pseudotuberculosis strains, HEp-2
plasma membranes were gently washed and lysed and cytosolic
proteins were collected and separated by SDS-PAGE. Se-
creted and translocated YopE was detected by Western blot-
ting with YopE antisera, and chemiluminescent signals were
quantified. All YopE signals were compared to that of the
positive control, AyscF+pTRC99A-yscF, which was set to
100%. As expected, no YopE protein was detected in AyscF
culture supernatants or AyscF-infected HEp-2 cytosol (Fig. 3B,
AyscF+p). The AyopB strain, which is unable to make a pore,
secreted WT levels of YopE in vitro, but very little YopE was
detected in the HEp-2 cytosol. The residual 3% of translocated
YopE detected in the AyopB mutant could reflect a small
amount of nonspecific YopE adherence to the outside of the
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FIG. 2. Compilation of yscF TD mutants and their phenotypes in various assays. All yscF TD mutants and control strains were tested for levels
of secreted and translocated YopE (Fig. 3), YscF polymers (Fig. 4A), cellular and secreted YscF protein (Fig. 4B), YopD and YopE leaked during
infection (Fig. 5A), and SRBC hemolysis (Fig. 6). (+) or (—) indicates detection of YscF polymers after overproduction of YscF protein (Fig. 4C).

(nd), not done.

plasma membrane that remained after the infected HEp-2
cells were washed.

The results of this quantitative translocation assay validated
the screening method, as most yscF TD mutants were signifi-
cantly defective in Yop translocation compared to the WT
(Fig. 3B). Of great interest, 14 yscF TD mutants in classes I, II,
and III secreted Yops at levels comparable to the WT level but
were greatly attenuated (<35% of the WT level) for translo-
cation. Furthermore, the yscF TD class V mutants, which se-
creted low levels of Yops compared to the WT, appeared to

have additional secretion-independent translocation defects
because the ratio of YopE translocated to YopE secreted was
very low (Fig. 3B, class V). For example, secretion of YopE in
the E149 mutant was reduced to ~60% compared to that in
the WT, yet E149 translocated only 10% of the available se-
creted YopE. The class IV mutants, ES86, E216, D118, D208,
and D340, were grouped together because they showed
near-WT levels of secretion but only a modest twofold or less
reduction in Yop translocation (Fig. 3B, class IV), suggesting
that translocation was only mildly compromised in these
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FIG. 3. Levels of secreted and translocated YopE from yscF TD mutants. Yersinia strains containing pTRC99A vector alone (+p) or pTRC99A
expressing various yscF TD mutants were grown in secretion media for 2 h at 26°C, induced with IPTG, and shifted to 37°C for 2 h. (A) Bacteria
were sedimented, and culture supernatants containing secreted proteins from equal numbers of cells were precipitated with TCA. Secreted proteins
were separated by SDS-PAGE and stained with Coomassie blue. Molecular mass standards are shown on the left. Secreted Yops are indicated on
the right. (B) Bacterial pellets were used to infect HEp-2 cells at an MOI of 50:1 for 1 hour. HEp-2 cells were gently washed in PBS, and plasma
membranes were lysed with 0.1% NP-40. HEp-2 cytosol was collected, centrifuged to remove bacteria, and solubilized in sample buffer. Proteins
in HEp-2 cytosol and bacterial culture supernatants were separated by SDS-PAGE, transferred to PVDF membranes, and probed with antisera
to YopE. Chemiluminescent signals for YopE were quantified, and the amount secreted or translocated in the complemented AyscF+pTRC99A-
yscF strain was set to 100% (AyscF+F). All strains were tested a minimum of three times, and the averages for secreted YopE (black bars) and
translocated YopE (gray bars) are shown as percentages of the WT signal. Error bars indicate the standard deviations from the means.

strains. The yscF TD mutant E350, which also has a weak
translocation defect, was grouped into class II because of other
predominant phenotypes (see below). In summary, our initial
genetic screens and follow-up quantitative measurements of
secretion and translocation indicated that a large number of
yscF mutants secreted Yops at near-wild-type levels but had
defects in translocation (classes I through III). Five yscF mu-

tants had low levels of secretion (class V), and five had modest
defects in translocation (class IV).

Most yscF TD mutants form extracellular YscF polymers.
All of the yscF TD mutants secreted Yops, so the needle
formed was secretion competent. However, a needle that is
competent for secretion will not necessarily succeed in trans-
location, since short or unstable needles secrete effectors but
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FIG. 4. yscF TD mutants form external YscF polymers. Yersinia strains were grown in secretion media as in described in the legend to Fig. 3.
(A) Chemical cross-linking. The chemical cross-linker BS® or water was added to the bacteria and subsequently quenched with Tris-HCI. Bacteria
were collected and pellets solubilized in sample buffer. Proteins were separated by SDS-PAGE, transferred to PVDF, and probed with antisera
to YscF. Molecular mass standards are shown on the right in kDa. The positions of the YscF monomer (~7 kDa) and YscF cross-linked multimers
are shown on the left. A number of YscF antiserum cross-reactive background bands are visible in every lane (see AF+p, with [+] or without [—]
BS?; +p is the AyscF strain containing vector pTRC99A alone) and are not cross-linker dependent. (B) YscF protein levels. Culture supernatants
and bacterial pellets were collected from equal numbers of cells, and proteins were separated by SDS-PAGE. Cell-associated (top panel) and
secreted (bottom panel) proteins were transferred to PVDF and probed with antisera to the YscF protein. (C) YscF protein levels after
overexpression with increased amounts of IPTG. yscF mutants were induced with 25 uM IPTG and compared to the control strains induced with
10 wM IPTG. Culture supernatants and bacterial pellets were collected and processed as described for panel B. (D) Chemical cross-linking of
overproduced yscF mutants. Strains were induced as described for panel C, cross-linked, and processed as described for panel B.

translocate effectors poorly (31, 45). To determine whether the
inability to translocate Yops reflected less stable needles or
less YscF protein, yscF TD mutants were examined for the
presence of needles by chemical cross-linking (15). When ex-
posed to the membrane-impermeable chemical cross-linker
BS?, extracellular YscF protein cross-links to itself and forms a
distinct, reproducible ladder pattern of multimers, as shown by
SDS-PAGE and Western blotting with YscF antibodies (Fig.
4A, AF+F). Monomeric YscF ran at ~7 kDa and consisted of
both intracellular pools of YscF and extracellular, non-cross-
linked YscF (Fig. 4A, YscF). Cross-linked YscF species began
at molecular masses corresponding to that of a YscF trimer

and increased in size in multiples of ~7 and 14 kDa (Fig. 4A,
YscF multimers). This cross-linking pattern was dependent
on the presence of YscF and BS® (Fig. 4A) and so represents
external YscF protein polymers. Mutants were categorized
by their abilities or inabilities to form detectable YscF cross-
links (Fig. 2, YscF polymers). We did not compare levels of
cross-links between mutants because this assay is inherently
not quantitative.

Detectable YscF cross-links were observed in most of the
yscF TD mutants, and thus, these mutants did not have severe
defects in needle polymerization or stability (Fig. 2 and 4A).
However, two groups of yscF TD mutants had lowered or
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undetectable levels of cross-linked YscF protein (see, for ex-
ample, Fig. 4A, D108), indicating that these yscF alleles were
unable to make stable polymers or that the polymers formed a
significantly different structure which changed the availability
of reactive groups for cross-linking. Alternatively, some of the
yscF TD mutants that showed low or no YscF cross-links may
have assembled the needle normally but lost a lysine residue
critical for the amine-reactive cross-linking reaction. This may
be the case for the lysines mutated in the E148 (K76E), E95
and E23 (K9R), and E205 (K32Q) strains. yscF TD mutants
that showed normal levels of Yop secretion but low levels of
YscF polymers were placed in class III. Some class V mutants,
which had low levels of Yop secretion, also had low or unde-
tectable levels of YscF polymers.

yscF TD mutants have various levels of YscF protein. To
assemble individual needle subunits into a needle, the subunits
must be synthesized and secreted through the base of the TTSS
(15, 32). To determine whether yscF TD mutants, particularly
those with low levels of YscF polymers, were defective in YscF
stability or secretion, the levels of cell-associated and secreted
YscF TD proteins were measured. yscF TD strains were grown
under secretion-inducing conditions, and YscF levels were as-
certained by Western blotting with antibodies to the YscF
protein in both bacterial pellets and culture supernatants (Fig.
2 and 4B).

In general, the amounts of total YscF protein observed in
the cross-linking studies described above correlated with the
amounts of cell-associated YscF but not necessarily with the
levels of secreted YscF. However, a number of yscF TD strains
contained low levels of both cell-associated and secreted YscF,
including most of the class III and some of the class V mutants
(Fig. 2 and 4B). To increase the amount of YscF protein
produced, we added more IPTG to the growth medium (Fig.
4C and Fig. S2B in the supplemental material). Overexpression
of the class III yscF alleles resulted in detectable amounts of
both cell-associated and secreted YscF protein (Fig. 4C).
Cross-linking the class III strains following overproduction of
the mutant YscF proteins revealed that the D50, D108, and
E23 mutants could polymerize (Fig. 4D). In contrast, the E95
mutant formed a trimer but was very inefficient at formation of
higher-order cross-links, and E354 did not form any polymers
detectable by cross-linking. Thus, we predict that the class III
mutants translocate poorly because of aberrant needle num-
bers, lengths, or structures.

Curiously, some mutants, like E158, had very low levels of
YscF protein yet appeared to make polymers as well as other
yscF TD mutants (Fig. 4A, compare E158 to D409). The class
V mutants, E173, E368, and E149, did not efficiently secrete
YscF, suggesting that their general Yop secretion defect was
reflective of a YscF secretion problem. Some of the class IT and
class IV strains made and/or secreted significantly more YscF
than the WT and had abundant YscF cross-links, suggesting
that they contained more and/or longer needles than the WT.
Interestingly, this excessive YscF phenotype was shared with
the translocation-negative control strains AyopB and Alcr} and
with the secretion regulation-defective strain AyopN (Fig. 1A,
2, and 4B), even though these strains secreted various levels of
Yops (Fig. 3), suggesting that YscF and Yop production are
not coregulated. The class I and class II mutants appeared to
have normal needle structures, and in general, the levels of
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YscF protein were equal to or higher than the WT level. The
absence of an obvious structural needle problem in the class I
and class II yscF mutants indicated that their translocation
defects involved problems with secretion regulation, translo-
con assembly, or needle-translocon interactions.

Class II and class IIIb yscF TD mutants displayed nonpolar
translocation. Uncoordinated secretion and translocation in
the presence of mammalian cells result in the release of Yops
into the extracellular milieu, termed nonpolar translocation,
and decreased translocation efficiency. Translocation-deficient
mutants in translocon (AyopB and AlcrV) or regulatory
(AyopN) components of the TTSS exhibit nonpolar transloca-
tion (17, 37, 49, 55, 61). Thus, a nonpolar translocation pheno-
type may indicate that yscF TD mutants had unstable or
disrupted connections between the needle and the translocon,
that the translocon was not assembled correctly, or that con-
tact-mediated secretion regulation was malfunctioning. To as-
sess “leaky” translocation, we looked for the presence of YopE
in the tissue culture supernatant in the course of the infection.
In addition, we also assessed the levels of the secreted trans-
locon component YopD, as translocon components are nor-
mally found in low levels in the tissue culture supernatants
during infection (37, 49). Y. pseudotuberculosis strains were
grown at 37°C in high-calcium medium and then centrifuged
onto HEp-2 cells to initiate cell contact and subsequent Yop
secretion and translocation. After infection, tissue culture su-
pernatants were collected and analyzed for the presence of
YopD and YopE by SDS-PAGE and Western blotting. To
monitor for HEp-2 and Y. pseudotuberculosis lysis, superna-
tants were also probed with antisera to the eukaryotic cytosolic
marker actin and the bacterial cytosolic marker S2, respec-
tively.

As expected, low levels of the translocon component YopD
were found in culture supernatants for infections with WT Y.
pseudotuberculosis, whereas YopE was absent (Fig. SA). The
YopD found in the tissue culture supernatant did not originate
from disrupted bacteria or lysed HEp-2 cells, as the S2 and
actin proteins were not readily detected (Fig. 5A, S2 and actin)
unless HEp-2 cells or bacteria were solubilized with detergents
(Fig. 5A, lysed HEp-2 and lysed Y. pseudotuberculosis). Y.
pseudotuberculosis lacking the translocon component YopB or
LerV leaked low levels of YopE into the extracellular space
during infection (Fig. 5SA, AB+p and AV+p). The AyopB and
AlcrV strains had higher and lower levels of YopD than the
WT, respectively, in the tissue culture supernatant. This dif-
ference reflects the low levels of Yops secreted in the Alcr)/
strain (Fig. 3) (2, 65). Also as expected, the AyopN strain
showed very large amounts of YopD and YopE in the culture
supernatant, as Yops are secreted constitutively due to defec-
tive regulation from within the bacterial cytosol (15).

Eighteen of the yscF TD mutants showed normal polarized
translocation, with low levels of YopD and no YopE detected
in the tissue culture supernatant (Fig. 2 and 5), suggesting that
both the needle-translocon interactions and the secretion reg-
ulation functions remained intact.

Seven yscF TD mutants released YopE during infection,
indicating a nonpolar translocation phenotype. Three yscF TD
strains, D212, E158, and E350, showed an excess of both YopD
and YopE proteins in the culture supernatant (Fig. 2 and 5A).
Four yscF TD mutants, D108, D119, E354, and E23, leaked
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FIG. 5. Most yscF TD mutants maintain tight needle-translocon
connections during infection. Yersinia strains containing pTRC99A or
PpTRCY9A expressing various yscF TD mutants were grown in 2X YT
media with 5 mM calcium for 2 h at 26°C, induced with IPTG, and
shifted to 37°C for 2 h. (A) Bacteria were added to monolayers of
HEp-2 cells at an MOI of 50:1 and centrifuged to initiate cell contact
and subsequent Yops translocation. After 1 hour of infection, tissue
culture supernatants were collected and centrifuged to remove bacte-
ria. Proteins were precipitated with TCA, separated by SDS-PAGE,
and analyzed by Western blotting with antisera to the YopE and YopD
proteins. Controls for disrupted HEp-2 cells and bacteria included
uninfected cells lysed with Triton X-100 (lysed HEp-2) and bacteria
solubilized in SDS-containing sample buffer (lysed Y. pseudotubercu-
losis [Y. ptb]). Antisera to actin were used to detect leakage of HEp-2
cytosol during infection, and antisera to the ribosomal subunit S2 were
used to detect lysis of bacteria. (B) Secreted proteins in the presence
of calcium. Y. pseudotuberculosis bacteria were centrifuged, and culture
supernatants were collected. Secreted proteins were precipitated with
TCA, separated by SDS-PAGE, and stained with Coomassie blue.
Molecular mass standards are shown on the left. The asterisk points to
the E158 mutant with barely detectable secreted Yops. (C) Western
blot of secreted proteins from panel B, probed with antiserum to YopE
and YopD.

YopE, while YopD levels were comparable to those in the WT
(Fig. 2 and 5A). Four yscF mutants that were leaky during
infection but that appeared to have normal needle structures
were grouped into class II. Three of the five class III mutants
were also leaky and were subdivided into class IIIb. None of
the yscF TD mutants displayed an exact AyopB or AlcrlV phe-
notype, suggesting that needle-translocon protein interactions
were not completely abolished.

Most yscF TD mutants regulate effector secretion normally.
The translocation defects in class II and class IIIb mutants was
likely a result of inefficient transfer of Yops because of a poor
connection between the needle and the translocon or because
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they had secretion regulation defects and were constitutively
secreting Yops in the absence of cell contact or both. To test
the yscF TD mutants for constitutive Yop secretion, strains
were grown at 37°C in media containing calcium in the absence
of eukaryotic cells and secreted Yops were detected by both
Coomassie blue staining and Western blotting. As expected,
WT Yersinia did not secrete effector Yops in the presence of
calcium (Fig. 5B and C, AF+F). The 18 yscF TD strains that
did not leak Yops during infection of tissue culture cells also
showed normal calcium-regulated secretion (Fig. 2 and 5C).
Initial observations by Coomassie blue staining suggested that
only the E158 and D212 yscF TD mutants secreted Yops in
high-calcium media, although at extremely low levels and con-
siderably less than the AyopN strain (Fig. 5B). However, when
examined by Western blotting with YopE antisera, all class II
and class IIIb strains that leaked YopE during infection of
HEp-2 cells were also shown to secrete YopE in the presence
of calcium (Fig. 5C). Thus, leakage of YopE during contact-
mediated translocation correlated with a malfunction in
calcium-regulated secretion. Because the AlcrV, AyopB, and
AyopN mutants also secreted YopE in high-calcium medium,
class II and class IIIb yscF TD needle interactions with LcrV,
translocon components, or regulatory components may be al-
tered, but we could not distinguish between the possibilities by
using this assay.

Class I mutants have reduced pore-forming abilities, while
class II mutants have normal or enhanced pore-forming ac-
tivities. Translocation of Yops into the host cell cytosol re-
quires LerV-dependent assembly of YopB and YopD into a
functional pore in the host plasma membrane. All of the yscF
TD strains secreted YopB, YopD, and LcrV, so these compo-
nents are present to form pores. However, weakened or dis-
rupted interactions of mutant yscF needles with LcrV may have
altered the ability of LerV to assemble the pore.

We tested the yscF TD mutants for their abilities to form
pores in SRBCs by detection of hemoglobin released into the
culture supernatant. The amount of RBC lysis caused by each
of the yscF TD mutant strains was normalized to the WT level
(Fig. 6, AF+F). Generally, the pore-forming abilities of the
yscF TD mutants were consistent within each class, with the
exception of the class IV strains. The class I yscF TD mutants
showed reduced RBC lysis, ~10 to 40% of the WT level (Fig.
6, class I), similar to the levels of Yop translocation observed
in these strains (Fig. 3B), indicating that the class I yscF TD
mutants had problems with pore insertion or assembly. Be-
cause the class I mutants secreted WT levels of Yops, showed
normal needles, and did not leak Yops during translocation,
decreased pore formation was the defining phenotype for this
class and thus was likely to be the direct cause of the translo-
cation defect in these strains.

In contrast, the class II and class IIIb yscF TD strains lysed
RBCs as well as or better than the WT (Fig. 6, class II and class
III, D108, E23, and E354), indicating that these strains in-
serted YopB and YopD into the RBC membrane and that
LerV was able to construct a pore of sufficient diameter to lyse
the RBC. The combined observations that the class II and class
IIIb yscF TD strains all leak Yops during infection, yet form
pores, strongly suggest that the needle and the pore cannot
maintain a tight connection following pore insertion.

The yscF TD class Illa and class V strains were almost
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FIG. 6. Hemolysis of sheep red blood cells by yscF TD strains.
Yersinia bacteria were grown in secretion media for 2 h at 26°C,
induced with IPTG, and shifted to 37°C for 2 h. Bacteria were mixed
1:1 with sheep red blood cells and gently centrifuged to initiate cell
contact. Infections were allowed to occur for 3 h at 37°C, and hemo-
globin released into the culture supernatant was detected by reading
absorbance values at 545 nm. The amount of RBC hemolysis conferred
by the AyscF+pTRC99A-yscF strain was set to 100% (AF+F), and
hemolysis levels in all other strains were normalized to WT levels.
Experiments were performed in triplicate at least twice, and results for
one representative experiment are shown. Error bars show the stan-
dard deviations from the means for the triplicate samples.

entirely defective for pore formation (Fig. 6, class III, D50 and
E95, and class V), consistent with their very low levels of Yop
translocation and small amounts of YscF polymers, indicating
that these yscF mutant needle structures were not competent
to interact with a host cell membrane to initiate pore insertion.
The class IV yscF TD strains showed various abilities for lysis
of RBC:s (Fig. 6, class IV) which generally mirrored their levels
of Yop translocation. The pore-forming defects in these strains
should contribute to the mild decrease in translocation but may
be slightly overcome by an increase in needle numbers.

DISCUSSION

To determine the regions of the needle required for trans-
location of Yops, we isolated YscF mutants that were defective
for translocation but not secretion. Previous mutagenesis stud-
ies on YscF and MxiH were designed to examine the role of
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the needle in secretion regulation and targeted acidic residues
or conserved residues among needle proteins of different
pathogens (31, 73). These studies successfully identified resi-
dues important for secretion regulation and also found muta-
tions that resulted in defects in needle structure and effector
secretion. By generating randomly mutagenized yscF strains
and screening for Yop translocation, we uncovered mutations
in YscF residues that were not broadly conserved but were
specifically important for translocation. The identification of
needle mutants that are defective for translocation but regu-
late secretion normally reveals a novel phenotype.

Translocation of effectors into a host cell requires coordina-
tion between the needle and the translocon. Although the
needle itself may dictate this coordination by directly interact-
ing with the translocon (YopB and YopD), the recent local-
ization of LerV to the distal tips of needles (47) and the fact
that LerV cross-links to YscF on purified needles (47) suggest
that LerV is poised to form a bridge connecting the needle with
the translocon (Fig. 7, WT). Furthermore, LerV is required for
the formation of functional pores and regulates pore size (6,
24) but is not itself found in pores (24); all of these observa-
tions are consistent with the idea that LerV functions at the tip
of the needle. Mutations in the needle protein may disrupt the
assembly, stability, or function of the LcrV tip complex, leading
to a decrease in translocation. Alternatively, the needle may
connect directly to YopB and/or YopD during translocation, if
LerV is released from the end of the needle after translocon
assembly. Thus, mutations in the needle protein could then
disrupt the needle-translocon interface.

A model of the LerV tip complex on the assembled needle
has been proposed (11) based on the crystal structures of LerV
(13) and the Shigella needle protein MxiH (11). The MxiH
monomer has a hairpin-like shape composed of two alpha
helices connected by a conserved four-residue ordered loop,
termed the P-(S/D)-(D/N)-P turn, and has a slight bend in one
helix that divides the monomer into head and tail domains.
Fitting the MxiH monomer into the structure of the assembled
needle revealed that the tail domain formed the core of the
tube, while the head domain angled outwards, with the PSNP
turn exposed on the surface (11) (Fig. 8). The tip complex-
needle model showed five LerV molecules interdigitated be-
tween the heads of the five needle monomers at the top ring of
the needle (11). In this model, the head domain of each needle
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FIG. 7. Models of proposed mechanisms for translocation-defective yscF mutations. Needle, LcrV, and translocon components are shown
before and after cell contact. (WT) The needle, LerV tip, and translocon coordinate for Yop translocation. (A) Model A. Disrupted LerV tip
assembly leads to poor translocon formation. (B) Model B. Disrupted interactions between the LerV tip and/or the translocon leads to leakage
of Yops and inefficient translocation. (C) Model C. Unstable YscF-YscF interactions lead to needle breakage before or after cell contact.
(D) Model D. LerV binding to the needle is abolished and no pores are formed. See Discussion for details.
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FIG. 8. Mapping of YscF residues A27, D28, A30, N31, and N47
onto the surface of a T3SS needle. (Left) Surface representation of the
end-on view of the Shigella T3SS needle, with each subunit colored
differently. The equivalent residues (T23, Q24, 126, Q27, and N43) of
the Shigella subunit protein MxiH have been highlighted in gray.
(Right) Cutaway surface representation of the side-on view of the
Shigella T3SS, with the equivalent Yersinia YscF residues that were
mutated highlighted in gray. Class I mutation equivalents A27, A30,
and N31 are colored light gray, and class II mutation equivalents D28
and N47 are colored dark gray. This figure was prepared using the
PyMOL program (11).

monomer at the distal end is proposed to make multiple direct
contacts with the tip complex (11).

Twelve of the 25 yscF TD alleles have mutations that reside
within a short region of the N terminus from residue 22 to
residue 35 (Fig. 2 and Fig. S1 in the supplemental material),
including three class I and two class I mutants. Mapping these
class I and class II yscF mutations onto the Shigella needle
reveals a continuous patch on the head domain that faces the
central channel, where we might expect the LerV tip to bind
(Fig. 8, gray residues). Interestingly, the sequence of residues
27 to 31 of YscF in Yersinia (ADDAN) is similar to those in
needle proteins from Pseudomonas, Aeromonas spp., Photo-
rhabdus lumenescens, and some Vibrio spp. and shows the con-
sensus sequence (A[D/N/K]XAN)(Table 2). Each of these spe-
cies contains a protein with sequence homology to LerV, and
at least two homologs complement some LecrV functions in
Yersinia (6, 20, 24, 47). Furthermore, this region is more di-
vergent in needle proteins from other TTSS-containing bacte-
ria, including Shigella, Salmonella, E. coli, and Burkholderia
bacteria, none of which contain a protein with sequence ho-
mology to LerV (Table 2), though functional homologs are
present (8, 33, 57, 67). Thus, our genetic screen revealed a
region of the needle protein critical for translocation of Yops,
located at the end of the needle where LcrV binds, that cor-
relates with the potential of the bacterium to form a tip com-
plex.

We envision at least four models in which needle protein
mutations could disable translocation by decreased tip complex
functioning, poor needle-translocon connections, or needle in-
stability (Fig. 7). In model A, the yscF mutation does not
disturb LerV binding but alters the conformation of the tip
complex such that YopB and YopD are not inserted, pores are
not assembled correctly, or the needle and translocon are mis-
aligned and the pores are blocked. In model B, the mutation
weakens interactions between the needle and the LerV tip
and/or the pore. Pores are formed, but the needle does not
remain connected to the pore. In model C, the mutation de-
stabilizes needle monomer-monomer interactions such that
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the needles fall apart before or after cell contact. In model D,
the mutation disrupts the binding site for LcrV entirely, so the
tip complex is not formed and LcrV cannot assemble the pore.
All five classes of yscF TD mutants have phenotypes that are
consistent with one or more of models A, B, and C. None of
the yscF mutant phenotypes are consistent with model D.

By all assays thus far, the class I mutants form normally
regulated secretion-competent needles, and yet they show a
deficiency in pore formation, strongly indicating decreased
LerV functioning. We expect that LerV still localizes to the tips
of class I needles and that a connection between the needle
and the translocon remains intact for three reasons: first, Yops
are not leaked during translocation; second, some pores are
formed; and third, some Yop translocation does occur, consis-
tent with model A (Fig. 7). Class I needle ends may be altered
such that the tip complex cannot function properly, resulting in
inadequate pore insertion or assembled pores that are not
competent for translocation. As discussed above, the class I
mutants D250 (A27V), D500 (N31S), and E60 (A30V) all map
to the predicted LerV binding pocket and thus are likely to
directly interfere with tip complex binding or assembly (Fig. 8,
dark gray residues). The other three class I mutants, D319
(K85R), D409 (164T), and E40 (T70A), all map to regions of
YscF expected to be important for YscF monomer-monomer
interactions (11). These mutants may have slight changes in
overall needle structure, leading to defects at the tip that in-
terfere with LerV functioning or translocon binding. Alterna-
tively, these mutants could have defects in polymerization such
that normal amounts of YopE and YscF are secreted and
secretion is regulated normally, but the needle is not long
enough to reach and insert the pore into SRBCs or HEp-2
cells. Testing the class I mutants for the presence of LerV at
the needle end, examining the amounts of YopB and YopD
inserted into the membrane and the sizes of the pores formed,

TABLE 2. Proteins with sequence homologies to LerV*

. . b Homolo
Organism Protein Sequence to Lcr\gy

Yersinia spp. YscF ADDAN Yes
Pseudomonas aeruginosa PscF ANAAN Yes
Photorhabdus luminescens LscF ADTAN Yes
Aeromonas spp. AscF ANDAN Yes
Vibrio spp. hypoth. AKDAN Yes
Shigella flexneri MxiH TQTLQ No
Salmonella spp. Prgl VDNLQ No
Burkholderia spp. BsalL VKDLN No
E. coli O157 EscF GKTLS No
Citrobacter rodentium EscF ADTLA No
Sodalis glossinidius hypoth. LETAR No
Chromobacterium spp. hypoth. VEQAG No
Bordetella spp. BscF LNAHE No

“Needle protein NCBI accession numbers: Yersinia pseudotuberculosis,
YP_068491; Pseudomonas aeruginosa, PAO1 AAG05108; Photorhabdus lumine-
scens, AA018031; Aeromonas hydrophila, AAV30245; Vibrio parahaemolyticus,
NP_798073; Shigella flexneri, NP_858270; Salmonella enterica serovar Typhi-
murium, NP_461794; Burkholderia mallei, YP_106136; E. coli O157, NP_290252;
Citrobacter rodentium, AAL06385; Sodalis glossinidius, YP_454238; Chromobac-
terium violaceum, NP_902255; and Bordetella pertussis, CAC79556. LerV ho-
molog NCBI accession numbers: Yersinia pseudotuberculosis, YP_068466;
Pseudomonas aeruginosa, AAO91771; Photorhabdus luminescens, AAO18053;
Aeromonas hydrophila, AAV67437; Vibrio parahaemolyticus, NP_798038.

b Boldface indicates a match with the consensus sequence (A[D/N/K]XAN).
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and measuring needle length will help distinguish between
these possibilities.

The class II yscF TD mutants show normal Yop secretion
and needle formation but generally have higher YscF levels
than the WT, have faulty secretion regulation, and leak Yops
during infection. These phenotypes are similar to that seen
with AlerV and AyopB mutants, suggesting disrupted contact
between the needle and LcrV or the needle and the pore.
However, the class II yscF mutants formed pores as well as or
better than WT Yersinia, suggesting that the pore assembly
function of LerV is intact. We propose that the yscF class 11
mutants have poor needle-translocon complex stabilities fol-
lowing cell contact because of altered tip complex conforma-
tion, consistent with model B (Fig. 7). Both of the class II yscF
TD single mutants, N47S and D28G, are predicted to be sur-
face exposed at the end of the assembled needle and important
for needle-tip complex interactions: N47 is part of the PSNP
turn, and D28 is within the predicted LcrV binding pocket
(Fig. 8, light gray residues). Mutations in the PSNP turn and
the D28 residue have also been identified by other groups and
lead to nearly identical phenotypes (31, 73). In Yersinia pestis,
D46A, D46C, D28A, and D28C mutations lead to constitutive
secretion and to decreases in Yop translocation (73). Multiple
mutations in the PSNP turn of MxiH lead to unregulated
secretion and low levels of invasion, yet these mutants form
pores normally (31). Intriguingly, a double mutant, D28A
D46A, was null for translocation (73), suggesting that the com-
bination of the two defects may lead to a complete loss of the
tip complex.

The class IIla and class V yscF TD mutants do not make
normal needles as assessed by cross-linking or Yop secretion.
Abnormalities could result from low YscF levels, poor YscF
polymerization, or unstable needles breaking off, all causing
short needles and/or blocked needles. Needle polymerization
is observed in class IIla mutants when YscF levels are raised
artificially, suggesting that low YscF protein levels or polymer
instability is their likely defect. Needle length is important for
translocation (45), and short needles do not form pores in
SRBCs (31). The lack of pore formation and the less defined or
absent needles support a short needle phenotype in the class
IITa and class V strains. Short needles in the yscF TD mutants
are not likely to be caused by defects in YscP functioning, as
AyscP strains make long needles (30) which are competent for
translocation (45). Interestingly, the class IIla and class V
needles do not leak Yops when in contact with host cells,
indicating that interactions with LcrV and/or members of the
YopN regulation complex are intact despite the structural mal-
functions. Both of the class IIIa and three of the class V alleles
have mutations within the tail domain of the needle monomer,
which may lead to unstable YscF-YscF interactions (11). The
Yop secretion defect of the yscF class V mutants suggests that
in addition to having the structural defects, these needles may
be partially obstructed.

The yscF TD class IIIb mutants also have low YscF protein
levels and make aberrant needles, but in addition, they are not
capable of regulating secretion. Two of the class IIIb strains,
D108 and E23, carry an I13T mutation. A cysteine substitution
at YscF residue 13 also led to constitutive secretion in Y. pestis;
however, an alanine substitution resulted in WT levels for
secretion regulation, needle formation, and translocation (73),
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suggesting that hydrophobicity but not necessarily size is im-
portant at this location. Though the amino termini of MxiH
and the Burkholderia needle protein BsalL were not ordered in
either atomic structure (11, 76), I13 lies on the modeled helix
that lines the inner wall of the needle channel (11). Because of
their secretion regulation defects, class I1Ib mutants may have
disrupted interactions with the YopN complex and/or LerV
(see below). Intriguingly, the class IIIb mutants are still able to
form pores in RBC membranes despite these proposed defects
in needle structure, suggesting that their translocation defect
occurs after pore formation, analogous to model C (Fig. 7).

Both class II and class IIIb mutants are defective for secre-
tion regulation, which could be due to defects in either the
cytosol, the tip, or the translocon, since unregulated secretion
is observed in the absence of YopN, LcrV, and YopB. Recent
work has shown that YopN functions in a complex with TyeA,
YscB, and SycN within the bacterial cytosol (15) and likely acts
close to the mouth of the TTSS base, as mutations in YopN
that result in opposing phenotypes of either constitutive secre-
tion or blocked secretion have been identified (15). Cryo-elec-
tron microscopy structures of the Salmonella needle complex
suggest that the needle begins at the outer membrane ring of
the TTSS base (42). The needle and the YopN complex are
then separated by as much as 200 A and are not likely to have
direct access to each other. Based on the location of some class
II mutations at the predicted interface between the needle and
LerV (Fig. 8), it is more likely that these mutations are dis-
rupting LerV or translocon functioning than disrupting YopN
functioning. Alternatively, the needle itself could be sensing
contact with the host cell and transmitting a signal to begin
secretion through other base components to the YopN com-
plex, as suggested previously (9, 73). Indeed, the class IIIb yscF
TD mutants may fall into this category, as each strain contains
a mutation in a residue predicted to reside in the tail domain
of YscF, which may change the needle structure and disrupt
needle signaling.

In conclusion, using an unbiased genetic approach, we iden-
tified specific YscF residues that are required for the assembly
of the translocon and/or productive interactions with the trans-
locon, allowing us to initiate the mapping of the needle-trans-
locon interface. Many of the class I and class II mutations
reside in an area of YscF that, once assembled into a needle,
is predicted to form a pocket for interactions with LerV. These
mutations could not have been predicted based on the primary
sequence of the needle protein. Future studies investigating
the defects of these yscF TD classes should provide insights
into the molecular events required for translocation.
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