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The type III secretion pathway is broadly distributed across many parasitic bacterial genera and serves as
a mechanism for delivering effector proteins to eukaryotic cell surface and cytosolic targets. While the effectors,
as well as the host responses elicited, differ among type III systems, they all utilize a conserved set of 9 to 11
proteins that together form a bacterial envelope-associated secretory organelle or needle complex. The general
structure of the needle complex consists of a transenvelope base containing at least three ring-forming proteins
(MxiD, MxiJ, and MxiG in Shigella) that is connected to a hollow needle-like extension that projects away from
the cell surface. Several studies have shown that the initial steps in needle complex assembly require inter-
actions among the base proteins, although specific details of this process remain unknown. Here we identify a
role for another base element in Shigella, MxiM, in interactions with the major outer-membrane-associated
ring-forming protein, MxiD. MxiM affects several features of MxiD, including its stability, envelope associa-
tion, and assembly into homomultimeric structures. Interestingly, many of the effects were also elicited by the
inner-membrane-associated base element, MxiJ. We confirmed that MxiM-MxiD and MxiJ-MxiD interactions
occur in vivo in the cell envelope, and we present evidence that together these base elements can form a
transmembrane structure which is likely an important intermediary in the process of needle complex assembly.

The gram-negative cell envelope presents a formidable hy-
drophobic barrier against protein secretion to the microbial
cell surface or into the extracellular matrix. In gram-negative
bacteria there are five conserved pathways or mechanisms
(designated types I to V) that collectively mediate the pro-
cesses required for recognition of secretion substrates at the
cytoplasmic face of the inner membrane (IM) and active trans-
port of the substrates across the outer membrane (OM) (re-
viewed in reference 29). Different sets of components, consist-
ing of 1 to more than 40 elements, distinguish each pathway.

The type III secretion pathway is a largely virulence-special-
ized pathway that has demonstrated importance in parasitic
interactions between a diverse set of bacterial pathogens and
their mammalian or plant host targets (14, 24). Virulence pro-
tein secretion via the type III pathway is induced by close
bacterium-host cell apposition and is specifically directed to
the host cell membrane or cytosol. The components of each
type III system, usually encoded in pathogenicity islands, are
grouped into several functional classes, including (i) transcrip-
tional regulatory proteins, which mediate type III gene expres-
sion in response to environmental cues (for example, growth at
37°C with Shigella); (ii) secreted substrates, consisting of trans-
locators (pore-forming proteins delivered to host membranes)
and effectors (delivered through translocator pores to intracy-
tosolic targets); (iii) cytoplasmic chaperones, which influence
secreted substrate synthesis at the level of mRNA translation
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or protein stability; and (iv) envelope-associated structural
subunits, which consist of approximately 20 proteins that as-
semble into hollow transmembrane secretory channels or nee-
dle complexes. Conservation of the protein sequence that de-
fines the type III pathway is largely restricted to structural
subunits, suggesting that needle complex substructure and
function are shared by different type III systems.

Type III needle complexes were recently purified from Sal-
monella and Shigella and were visualized at high resolution by
transmission electron microscopy (6, 19). The supramolecular
structure of each system consists of an envelope-spanning pair
of stacked rings joined by a central rod (together called the
base structure), which is connected to an axial needle-like
extension that projects into the extracellular environment.
When they looked at needle structures in membranes of os-
motically shocked shigellae, Blocker et al. (6) also observed a
bulb-like projection that extended from the base into the cy-
toplasm. The base elements probably anchor needle complexes
in the envelope and provide the bulk of a transenvelope chan-
nel; the cytoplasmic bulb may consist of export proteins that
recognize substrates and energize their translocation through
the base and needle extension, toward eukaryotic cell surface
and cytosolic targets. Three major constituents of the Shigella
base structure have been defined previously: MxiD, MxiJ, and
MxiG (5, 6, 28). MxiD is a member of a family of secretory
proteins called secretins, which multimerize into stacked OM
rings. A large periplasmic extension of MxiD may project
through the peptidoglycan layer to the IM (22, 23). Salmonella
PrgH and PrgK, homologs of MxiG and MxiJ, form stacked
rings that correspond to IM sections of a base substructure
(16). MxiG and MxiJ are integral IM proteins (1, 2) that likely
form similar membrane complexes. MxiD, MxiG, and MxiJ all
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have cleavable N-terminal sec-dependent export signals and
are processed and translocated into the envelope in the ab-
sence of other type III proteins. After export, the MxiG and
MxiJ rings in the IM presumably interact with the periplasmic
extension of MxiD to form the basic framework of a trans-
membrane structure. The export proteins of the cytoplasmic
bulb and subunits of the needle extension may then nucleate
within and around the envelope-spanning base and allow com-
pletion of the needle complex.

While MxiD, MxiG, and MxiJ are the only base elements
identified thus far in the Shigella secreton, at least one addi-
tional protein may be required. Like MxiD, MxiG, and MxiJ,
MxiM of Shigella has a cleavable sec-dependent signal se-
quence and is required for type III secretion (25). MxiM is
anchored to the inner face of the OM via a lipid moiety, where
it could interact with the OM ring structure formed by the
MxiD secretin. MxiM may, in fact, represent a class of secre-
tory proteins called pilots (9, 13, 17, 26), which are OM-linked
lipoproteins that stabilize secretins during assembly processes
and promote secretin insertion into the OM. In addition to this
periplasmic chaperone-like function, pilots can also be struc-
tural elements attached to the periphery of secretin rings in the
OM (22). Since pilots like InvH of Salmonella enterica serovar
Typhimurium can be lost during purification and visualization
of secretion structures (7, 9), a similar process may explain why
MxiM has not been detected previously in Shigella needle
complexes (5, 28). MxiM could, therefore, be an overlooked
element of the Mxi-Spa system that is required for interactions
among base proteins, like MxiD, which assemble transmem-
brane structures during Mxi-Spa synthesis.

In this study, we sought to identify MxiM interactions and
functions with respect to the MxiD secretin. MxiM interacts
with MxiD in the cell envelope, influencing both MxiD stability
and multimerization. Our findings are consistent with MxiM
being the MxiD pilot and a structural element. Thus, MxiM is
an important base element. Interestingly, we also found that
MxiD interacts with the IM protein MxiJ and that this inter-
action affects MxiD stability and multimerization in a manner
similar to the manner in which MxiM affects MxiD stability and
multimerization. We found that MxiM-MxiD-MxiJ interac-
tions alone could form a complex linking the IM and the OM.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The following Shigella flexneri strains
were used in this study: 2457T, a wild-type serotype 2a strain (11); BS103, a
virulence plasmid-cured derivative of 2457T (21); BS612, a mxiD mutant (3); and
BS547 (25), a mxiM mutant. Escherichia coli DH5a (Gibco BRL) was used for
standard genetic manipulations. Strains were grown at 37°C either in Luria broth
(LB) with aeration or on tryptic soy broth plates with 1.5% agar and 0.025%
Congo red (Sigma), unless indicated otherwise. Antibiotics were used at the
following concentrations: ampicillin, 100 wg ml™!; tetracycline, 15 pg ml™};
kanamycin, 50 p.g ml™'; and chloramphenicol, 10 pg ml~'. To induce Pgap
expression, growth media were supplemented with 0.2% arabinose.

Plasmid construction. Standard protocols were used for DNA manipulation
and for S. flexneri and E. coli transformations. PCR amplification procedures for
cloning and plasmid screening were performed by using the Pfu (Stratagene) and
Taq (Qiagen, Inc.) DNA polymerases, respectively. PCR fidelity was confirmed
in several cases by DNA sequencing using an ABI Prism dye terminator cycle
sequencing core kit and an ABI Prism 377 DNA sequencer.

The following vectors were used: pBluescript SK* (Stratagene), a Py o¢ ex-
pression vector (ColE1 origin, Amp"); pBADI18 (12), a Py, expression vector
(ColE1 origin, Amp"); pBAD24 (12), a Py, expression vector (ColE1 origin,
Amp"); pPBAD33 (12), a Py, expression vector (p15A origin, Cm"); pWSK129
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(30), a Py ¢ expression vector (pSC101 origin, Km"); pDBLeu (Gibco BRL), a
GAL4 DNA binding domain fusion vector (Kan"); and pPC86 (Gibco BRL), a
GALA4 activation domain fusion vector (Amp"). All inserts were generated by
PCR and cloned into the vectors by using primer-encoded restriction sites. The
following mxiD alleles were used: mxiD, encoding wild-type MxiD (566 residues);
mxiD"S| encoding MxiD fused at its C terminus to six histidine residues; mxiD2,
encoding processed MxiD lacking the 21-residue N-terminal signal sequence;
mxiD2"'S| encoding mature MxiD that was C terminally His tagged; and mxiD?°,
encoding only 46 C-terminal residues. The following mxiM alleles were used:
mxiM, encoding wild-type MxiM (142 residues); mxiM2, a mutant derivative
bearing the G23R substitution (25); and mxiM3, encoding mature MxiM which
lacked a 23-residue N-terminal signal sequence required for membrane insertion
(3). The following muxiJ alleles were used: mxiJ, encoding wild-type MxiJ (241
residues); mxiJ™1¢, encoding MxiJ fused at its C terminus to a Flag epitope
(MDYKDDDDK); mxiJ2, encoding mature MxiJ lacking the 17-residue N-ter-
minal signal sequence; and mxiJ274“  encoding the mature form of Flag-tagged
MxiJ. For constructions involving pBAD18, pBAD24, and pBAD33 and for
constructions involving pBluescript SK* and pWSK129, inserts were expressed
from Pgp and Py o promoters, respectively. For constructions in pDBLeu and
constructions in pPC86, inserts were fused at the C termini of GAL4 DNA
binding and activation domains, respectively.

Analysis of MxiD™'S in whole-cell protein extracts. To examine MxiD™S
stability and multimerization, BS103 derivatives were grown overnight in LB and
diluted the following day in LB containing arabinose. At an optical density at 600
nm (ODygy) of ~0.6, culture aliquots were removed and washed with phosphate-
buffered saline. A portion of each sample was plated and used for enumeration,
and the remainder was suspended in a loading buffer containing 0.5% sodium
dodecyl sulfate (SDS) and 3% B-mercaptoethanol. For analyses of protein sta-
bility, samples were boiled for 10 min (this allowed all multimeric MxiD to be
converted into monomers). For analyses of multimerization, duplicate samples
were incubated at 37°C for 5 min or in boiling water for 3 min. Proteins were then
separated by SDS-polyacrylamide gel electrophoresis (PAGE) and analyzed by
immunoblotting with anti-His antibodies.

SDS-PAGE and immunoblotting. Samples were boiled in Laemmli buffer (20)
for 10 min unless otherwise indicated. Proteins were separated in 12.5% SDS-
polyacrylamide minigels, transferred to polyvinylidene difluoride membranes
(Schleicher & Schuell, Inc.), and treated with a blocking agent (1% casein
hydrolysate in Tris-buffered saline). Immunodetection was performed by using
anti-penthistidine (Qiagen, Inc.), anti-FLAG M2 (Stratagene), anti-BlaM (5'-3’,
Inc.), and anti-MxiM (25) antisera. The activity of an alkaline phosphatase-
labeled secondary antibody was visualized by using the chemiluminescent sub-
strate CDP-Star (Roche).

Yeast two-hybrid analysis. The ProQuest system of Gibco BRL was used for
yeast two-hybrid analysis. Culturing of yeasts, transformation, and screening
were performed as described by the manufacturer. The pDBLeu and pPC86
expression vectors, which encode GAL4 DNA binding and activation domains,
respectively, were provided with the kit. Constructs were generated by fusing the
GALA4 C terminus to the N terminus of an Mxi protein. The reporter Saccharo-
myces cerevisiae strain used was MaV203 (MATa leu2-3,112 trp1-901 his3A200
ade2-101 gal4A galSOA SPAL10::URA3 GALI::lacZ HIS3 a5 Gar:HIS3@LYS2
canI® cyh2®R). Plasmid pairs were cotransformed into MaV203 and plated on
minimal yeast synthetic complete medium lacking tryptophan and leucine (SC-
Leu-Trp). Up to 25 transformants were replica plated onto SC-Leu-Trp-His
supplemented with 25 mM 3-aminotriazole to examine activation of an HIS3
reporter. The lacZ reporter was evaluated with a liquid assay that measured
B-galactosidase activity in yeast cultures exposed to chlorophenol red-B-p-galac-
topyranoside (CPRG). The reporter activation data were compared to the data
for five control strains provided with the two-hybrid kit, which displayed no,
weak, moderately strong, strong, and very strong interactions.

Protein cross-linking. The strains were grown in LB to an ODg, of 0.8 (~1 X
10? cells/ml), washed with cross-linking buffer (20 mM NaPO,, 150 mM NaCl;
pH 7.2), and concentrated 10-fold in the same buffer. Samples were incubated in
the presence of 1 mM dithiobis succinimidyl propionate (DSP) for 30 min at 37°C
and quenched with 20 mM Tris for an additional 15 min at 37°C.

Purification of His-tagged complexes. The DSP-treated cultures were har-
vested and suspended in an ice-cold sucrose solution (0.75 M sucrose, 10 mM
Tris [pH 7.8], 1 mM phenylmethylsulfonyl fluoride, 0.2 mg of lysozyme per ml)
for 15 min at 4°C and then for 15 min at 37°C. The resulting spheroplasts were
lysed with 0.1% Triton X-100-10 mM MgSO, and mild sonication. Debris was
removed by centrifugation (20,000 X g for 20 min at 4°C), NaCl was added to
each cleared lysate to a concentration of 0.3 M, and the preparation was incu-
bated at 4°C for 30 min. The membrane fraction was pelleted by centrifugation
(110,000 X g for 30 min at 4°C) and resuspended in 1.0 ml of urea buffer (8§ M
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urea, 10 mM Tris, 100 mM Na,HPO,, 1% Triton X-100, 0.2% Sarkosyl; pH 8.0),
and proteins were solublized overnight at 4°C with gentle agitation. Insoluble
material was pelleted by centrifugation (11,000 X g for 30 min at 4°C), and the
resulting supernatant was mixed with 100 pl of washed 50% nickel-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen). After overnight incubation at 4°C, the agarose
was recovered and washed five times (10 min each) with 8 M urea-10 mM
Tris-100 mM Na,HPO,-1% Triton X-100 (pH 6.3) and 0.5 M NaCl-20 mM
Tris-5 mM imidazole-0.1% SDS (pH 8.0). Bound proteins were eluted in 8 M
urea-50 mM Tris—2% SDS-0.4 M imidazole (pH 6.8), boiled for 5 min in
Laemmli buffer containing 5% B-mercaptoethanol, and examined by SDS-PAGE
and immunoblotting.

Purification of FLAG-tagged complexes. Membrane proteins were prepared as
described above for His-tagged complexes, except that no cross-linker was used
and overnight membrane protein solublization at 4°C was performed in 10 mM
Tris (pH 7.5)-10 mM EDTA-2% Triton X-100. After membrane protein solu-
blization, samples were centrifuged (11,000 X g for 30 min at 4°C), and the
resulting supernatant was mixed with 150 mM NaCl and 75 pl of washed anti-
FLAG M2 affinity gel (Sigma). The preparation was incubated overnight at 4°C
with gentle agitation. Resin was then recovered and washed five times (15 min
each) with 0.5 M Tris (pH 7.4)-1.5 M NaCl. The samples were boiled for 5 min
in Laemmli buffer containing 5% B-mercaptoethanol and examined by SDS-
PAGE and immunoblotting. The secondary antibody used to detect the anti-
FLAG antibody was anti-mouse immunoglobulin G (y-chain specific, alkaline
phosphatase conjugated).

Protease accessibility of BlaM. Cultures were grown to an ODy, of ~0.8, and
standardized culture volumes were removed, washed with proteinase K buffer (5
mM CaCl,, 50 mM Tris-HCI; pH 7.5), and resuspended in proteinase K buffer
supplemented with tetracycline. Equivalent aliquots were then incubated in the
presence or absence of Congo red (40 uM) and/or proteinase K (100 pg ml~")
for 20 min at 37°C without agitation. After one wash in proteinase K buffer,
samples were titrated, boiled in Laemmli buffer, and analyzed by SDS-PAGE
and immunoblotting.

RESULTS

Periplasmic MxiM stabilizes MxiD. The effect of MxiM on
MxiD stability was tested in a virulence plasmid-cured Shigella
background (BS103) expressing MxiD™ (from pBAD33, a
low-copy-number vector) in the presence or absence of MxiM
(from pBluescript, a high-copy-number vector). Since the type
III Mxi-Spa system of Shigella is plasmid encoded (21), no
other type III secretory proteins were present in the back-
grounds used here. In the absence of MxiM, MxiD"'S was not
detected by immunoblotting in the whole-cell protein extract
of 1 X 10® bacteria (Fig. 1A). Coexpression with MxiM, how-
ever, resulted in high MxiD™S levels, which suggested that
MxiM can stabilize MxiD. To examine the influence of MxiM
localization, MxiD™'S was coexpressed with either MxiM2 or
MxiM3. MxiM2 is a periplasmic form that is neither lipidated
nor OM anchored (25). Even without OM anchoring, periplas-
mic MxiM still stabilized MxiD™ (Fig. 1A). MxiM3 lacks an
N-terminal signal sequence required for membrane insertion
(which is normally found within MxiM [3]) and is not able to
insert into the bacterial envelope (data not shown). The re-
sulting absence of MxiM from the envelope ablates its protec-
tive effect on MxiD™ (Fig. 1A). MxiM, therefore, can prob-
ably stabilize MxiD within the envelope, perhaps via a direct
interaction in the periplasm.

Periplasmic MxiM can also destabilize MxiD. To extend our
studies, we reversed the expression vectors, so that MxiD™!S
was expressed from a high-copy-number vector (pBAD18) and
MxiM was expressed from a low-copy-number vector
(pBAD33). When these conditions were used, we surprisingly
observed results opposite those described above. First, when
MxiD™* was expressed alone, it was detected at high levels, in
the extract of only 1 X 10° bacteria (Fig. 1B). Expression of
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FIG. 1. Analysis of MxiD™!® stability in the presence or absence of
other Mxi-Spa proteins. Whole-cell protein extracts of various BS103
derivatives were separated by SDS-PAGE and analyzed by immuno-
blotting with anti-His antibodies. The position of MxiD™$ (~62 kDa)
is indicated by the arrows. (A) Induction of MxiD™ (from low copy-
number-vector pPBAD33) in either the absence or presence of different
Mxi-Spa proteins (expressed from pBluescript SK™). Protein from 1 X
10® bacteria was examined in each case. (B) Induction of MxiD™'S
(from high-copy-number vector pBAD18) in the absence or presence
of different Mxi-Spa proteins (expressed from pBAD33). For lanes in
which MxiDH!S was expressed with nothing or MxiM3, whole-cell ex-
tracts from 1 X 10° bacteria were used. For the remaining lanes,
protein from 1 X 107 bacteria was used.

MxiD"'S from a high-copy-number vector bypassed the need
for the stabilizing function of MxiM. Second, coinduction with
MxiM yielded much lower MxiD™S levels (levels that were
more than 10-fold lower), suggesting that MxiM has a de-
stabilizing effect. Since coexpression of MxiD™ with the
periplasmic (but not OM-anchored) MxiM2 protein had a de-
stabilizing effect, while coexpression with the nonperiplasmic
MxiM3 protein did not, the effect observed revealed that
MxiM must be located in the periplasm. Together, our results
show that the effects of MxiM change (stabilization versus
destabilization) depending on the relative levels of MxiD™'S,
The contradictory nature of our findings may be explained as
follows: (i) a periplasmic protease which can degrade MxiD
when it is expressed from a low-copy-number vector in the
absence of MxiM may be overwhelmed when MxiD is ex-
pressed from a high-copy-number vector; and (ii) MxiM is part
of a mechanism that stabilizes or destabilizes MxiD in the
periplasm depending on the level of MxiD.

Periplasmic Mxi]J affects MxiD stabilization and destabili-
zation. Other type III secretory proteins were tested to deter-
mine their effects on MxiD stability in BS103. Structural ele-
ments that lack sec-dependent signals (such as Spa33) and do
not insert into the BS103 envelope did not influence MxiD™*
stability (Fig. 1A). MxiJ, a base element with an sec-dependent
signal, altered the MxiD™'S stability profile in a manner iden-
tical to the manner observed with MxiM. Depending on the
MxiJ/MxiD™ ratio, MxiJ had either a stabilizing effect (Fig.
1A) or a destabilizing effect (Fig. 1B). The effects observed
also required a periplasmic form of MxiJ, as the MxiJ de-
rivative lacking a signal sequence, MxiJ2, did not influence
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MxiD™' stability (data not shown). A direct interaction be-
tween MxiJ and MxiD in the envelope may have an effect on
MxiD stability

MxiM and MxiJ affect MxiD multimerization. Secretin
family members, including PulD, OutD, and YscC, form
high-molecular-weight homomultimers that are detectable in
stacking gels after SDS-PAGE (13, 17, 26). These homomulti-
mers represent OM ring structures formed by secretins. When
MxiD!S alone was induced from a high-copy-number vector,
high-molecular-weight multimers were detected at only very
low levels. The ~62-kDa monomer was the primary MxiD™'S
species detected in whole-cell protein extracts of 1 X 10° bac-
teria loaded, unboiled in protein sample buffer (37°C sample),
into SDS-PAGE gels (Fig. 2C). Similarly, only low-level MxiD™'$
multimerization was observed upon coinduction with the non-
periplasmic MxiM3 and MxiJ2 proteins (data not shown).
When MxiD™S was coinduced with MxiM, MxiM2, or MxiJ
(each from pBAD33), we detected two prominent multimeric
species in the stacking gel (Fig. 2C and data not shown). There-
fore, MxiD™"S oligomerizes much more efficiently when it is co-
expressed with its putative interacting partners. We also ob-
served that only the multimers formed in the presence of MxiM
(and not the multimers formed in the presence of MxiM2 or
MxiJ) displayed heat resistance (Fig. 2C and data not shown).
The MxiD™® complex is, therefore, most stable in the pres-
ence of OM-anchored MxiM.

We also examined the oligomerization of MxiD™S ex-
pressed from a low-copy-number number vector (pBAD33) in
the presence of MxiM, MxiM2, or MxiJ. In these backgrounds
(in which MxiM, MxiM2, and MxiJ stabilize MxiD™5), we
detected both monomeric and oligomeric MxiD*™™'S (Fig. 2A).
Whereas the major form of MxiD™® coexpressed with MxiM
was clearly the monomer, there was a pronounced shift to-
ward oligomers upon coinduction with either MxiM2 or MxiJ.
Thus, OM-anchored MxiM not only enhances the stability of
MxiD™S multimers, but it can also restrict the extent of mul-
timerization. This effect on multimer formation was also ob-
served in the experiment whose results are shown in Fig. 2B, as
was the sensitivity of the multimers to heat.

Two-hybrid analysis of MxiD-MxiM and MxiD-Mxi]J inter-
actions. The effects of MxiM and MxiJ on MxiD stability and
multimerization likely reflect direct interactions between these
proteins. To study this possibility, we utilized the yeast two-
hybrid system. Derivatives of plasmids pDBLeu (GAL4 DNA
binding domain vector) and pPC86 (GAL4 activation domain
vector) were introduced into yeast strain MaV203, and pair-
wise tests for HIS3 and lacZ reporter activation were per-
formed (Table 1). The mature forms of MxiM, MxiD, and MxiJ
were used in our study because they lack N-terminal signal
sequences which may impair nuclear translocation in the yeast
reporter system and which are probably absent during in vivo
interactions in Shigella cells. A strong interaction was detected
between MxiM and either mature MxiD (His tagged or not His
tagged) or a C-terminal 46-residue fragment of MxiD. This
fragment corresponded to the pilot interaction domain for the
secretin family (8, 9, 26), indicating that MxiM is the MxiD
pilot. Other interactions, albeit weaker, were detected between
both the wild-type and tagged forms of MxiD and MxiJ. No
interaction between MxiM and MxiJ was observed.
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FIG. 2. Formation of MxiD"!® homomultimers in the presence or
absence of other Mxi-Spa proteins. Whole-cell protein extracts of
various BS103 derivatives were separated by SDS-PAGE. The stacking
and separating gels were transferred to polyvinylidene difluoride mem-
branes and analyzed by immunoblotting with anti-His antibodies. The
positions of MxiD™® monomers (~62 kDa) are indicated by black
arrows, while the positions of the two MxiD™® multimers (>200 kDa)
are indicated by gray arrows. The lower multimer is at the interface
between the stacking and separating gels. (A) Induction of MxiD™'
(from low-copy-number vector pPBAD33) in either the presence or the
absence of mxiM, mxiM2, or mxiJ (expressed from pBluescript SK*). In
each case, protein from 2.5 X 10® bacteria was boiled for 3 min and
examined. (B) Resistance of MxiD' multimers to heat. MxiD™' was
induced (from pBAD33) in the presence of either MxiM or MxiM2
(expressed from pBluescript SK*), and samples were incubated at
either 37°C (lanes 37) or 100°C (lanes 100). Protein from 3 X 10°
bacteria was examined in each case. (C) Induction of MxiD'" (from
high-copy-number vector pBAD18) in either the presence or the ab-
sence of MxiM or MxiM2 (expressed from pBAD33). Samples were
incubated at either 37°C (lanes 37) or 100°C (lanes 100). Protein from
either 3 X 107 bacteria (for MxiM- and MxiM2-expressing strains) or
1 X 10° bacteria (for the strain expressing only MxiD''%) was used.

MxiD-MxiM and MxiD-MxiJ interactions in the envelope of
BS103. To confirm our two-hybrid results, we examined wheth-
er MxiM could be coprecipitated with MxiD"™'S in vivo. His-
tagged MxiD was used, and Ni-NTA resin, which binds the
His tag, was used to precipitate the resulting complexes. In
BS103 expressing MxiD™® (from the high-copy-number vec-
tor pBAD18) and MxiM (from the low-copy-number vector
pBAD33), high levels of both proteins were observed in whole-
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TABLE 1. Results of two-hybrid analyses”

pDBLeu insert pPC86 His*  B-Galactosidase

or control insert  (BATRY’  activity (U)°
None None No 0.0005
No-interaction control No 0.001
Weak-interaction control Yes 0.18
Moderate-interaction control Yes 1.5
Moderately-strong-interaction control Yes 70.0
mxiD mxiM Yes 19.5
mxiM mxiD Yes 14.8
mxiM mxiD""S Yes 16.9
mxiD* mxiM Yes 26.5
mxiM mxiD* Yes 24.0
mxiJ mxiD Yes 2.1
mxiD mxi] Yes 1.9
mxiD"!S mxil™-1¢ Yes 2.4
mxiM mxiJ No 0.003

“ Control interactions were examined, but the results are not shown. For each
of the pDBLeu and pPC86 inserts we analyzed control strains in which each of
the test constructs was cotransformed with either a pDBLeu vector or a pPC86
vector lacking the insert. For each insert, the N-terminal signal sequence was not
present. The values obtained with the self-activation controls were routinely
<0.001 U of B-galactosidase activity, and these controls did not grow on minimal
medium in the absence of histidine.

> Growth was assessed 2 days after replica plating onto Sc-Leu-Trp-His plates
supplemented with 10 mM 3-aminotriazole (3AT). yes, growth; no, no growth.

¢ Quantitative analysis of B-galactosidase activity in lysed yeast suspensions
when CPRG was used as a substrate. One unit was the amount of enzyme activity
that hydrolyzed 1.0 pmol of CPRG to chloramphenicol red and p-galactose per
min.

cell protein extracts (Fig. 3A and B) and in the cross-linked,
solublized membrane proteins (Fig. 3C and D). When Ni-NTA
resin was used, complexes containing both MxiD*' and MxiM
were precipitated from the membrane fraction (Fig. 3E and F).
No coprecipitation was observed when, as a control, wild-type
MxiD was used instead of MxiD™S. In the presence of either
MxiM2 or MxiM3, MxiD™'S was barely detectable, if it was
detectable at all, in the membrane fractions (Fig. 3C and D) or
the precipitated proteins (Fig. 3E and F). These results indi-
cate that there is a direct MxiM-MxiD™® interaction within the
envelope. Additionally, MxiM must be OM anchored to promote
the stable envelope insertion or association of MxiD™5,

We next examined whether MxiD™® coprecipitated with
MxiJ*-AG when an anti-FLAG affinity gel was used. Coinduc-
tion of MxiD™$ (from the low-copy-number vector pBAD33)
and MxiJ¥*C (from the high-copy-number vector pBAD24)
yielded detectable levels of both proteins in whole-cell and
solublized-membrane-protein extracts of BS103 (Fig. 4A and
B). The anti-FLAG resin recovered MxiJ*“*“-MxiD""® com-
plexes from the solublized fraction, suggesting that there is an
in vivo interaction between these proteins in the envelope. The
specificity of the interaction was confirmed by the lack of
MxiD™S precipitation in strains expressing either wild-type
MxiJ (which lacks the FLAG epitope) or the MxiJ2 derivative
(which does not associate with the envelope). The MxiJ*-*S-
MxiD™' interaction differed from the MxiM-MxiD'"$ inter-
action, as it was detected in either the presence (data not
shown) or the absence (Fig. 4) of cross-linker. Why an OM
complex is disruptable during solublization (in the absence of
cross-linker) while the OM-IM complex is not disruptable is
not known.
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FIG. 3. In vivo interaction between MxiM and MxiD"'S. BS103
derivatives expressing either MxiD or MxiD"!® (from pBAD18) in the
presence of MxiM, MxiM2, or MxiM3 (expressed from pBAD33) were
examined in coprecipitation analyses. The presence of MxiD™$ and
MxiM (and its derivatives) was monitored in cultures prior to cross-
linking with DSP (panels A and B, respectively), in membrane frac-
tions from cross-linked cells (panels C and D, respectively), and after
purification from membrane fractions using Ni-NTA beads (panels E
and F, respectively). Cross-linked proteins were released prior to anal-
ysis by reducing DSP with 5% B-mercaptoethanol. The samples were
then resolved on SDS-10% polyacrylamide gels and immunodetected
with either anti-His or anti-MxiM antibodies. The arrows indicate the
positions of MxiM (~13 kDa) and MxiD™'$ (~62 kDa).

Method to study MxiM-MxiD-MxiJ complex formation. To-
gether, the MxiM-MxiD and MxiJ-MxiD interactions could
span the OM and IM and form an important intermediary in
Mzxi-Spa assembly. To detect an MxiM-MxiD-MxiJ structure,
we exploited our observation that MxiD expression in BS103
made periplasmic B-lactamase (BlaM) susceptible to degrada-
tion by extracellular proteinase K when the dye Congo red was
present (Fig. 5D). In similarly treated cells, a cytoplasmic
marker, H-NS, remained stable (Fig. SH). Additionally, BlaM
expressed in the absence of MxiD or in the presence of either

whole cell membrane affinity
extracts fractions purified
1 2 3 1231 2 3
A.
S ® W
1 2 3 .1 2 31 2 3
B. i
- ;
-----— ~—MxiDHIS

FIG. 4. Invivo interaction between MxiJ*-*“ and MxiD''S. BS103
derivatives expressing either MxiJ (lanes 1), MxiJ™™*¢ (lanes 2), or
MxiJ2FMAG (lanes 3) from pBAD24 in the presence of MxiD"™ (ex-
pressed from low-copy-number vector pBAD33) were examined in
coprecipitation analyses. The presence of MxiJ**¢ and MxiD™"S was
monitored in whole-cell protein extracts of each strain, in the resulting
membrane fractions of lysed cells, and in proteins affinity purified from
the membranes by using an anti-FLAG affinity gel. No cross-linker was
used in this experiment. The samples were resolved on SDS-10%
polyacrylamide gels and immunodetected with either anti-FLAG or
anti-MxiM antibodies. The arrows indicate the positions of MxiJ*-*¢
(27 kDa) and MxiD"'$ (~62 kDa).
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FIG. 5. Susceptibility of periplasmic BlaM and cytoplasmic H-NS
to extracellular protease. BS103 derivatives expressing either MxiM,
Mxil, or MxiD or various combinations of these proteins (indicated to
the right of each panel) were incubated with proteinase K (PK) and/or
Congo red (CR) for 20 min. Whole-cell protein extracts of each strain
were resolved on SDS-10% polyacrylamide gels and examined by
immunoblotting with either anti-BlaM (A to G) or anti-H-NS (H)
antibodies. The arrow to the left of each panel indicates the position of
BlaM (~29 kDa) or H-NS (~15 kDa). In these backgrounds, MxiD
was expressed from the high-copy-number vector pPBAD18, while MxiJ
was expressed from pBAD33. MxiM was expressed from either
pBAD33 (when it was used alone or with MxiD) or from pWSK129.
Protein from 5 X 108 bacteria was used in each lane of panels A to G;
protein from 5 X 107 bacteria was used in each lane of panel H. The
minor higher-M, band present in some panels probably corresponds to
unprocessesed B-lactamase.

MxiM or MxiJ was stable in the presence of Congo red (Fig.
5A, B, and C). The loss of BlaM depended on expression of
MzxiD and the presence of Congo red. Congo red is a dye that
interacts with Mxi-Spa surface elements and triggers the open-
ing of a secretory pore (4). Our results suggest that a MxiD
pore at the bacterial surface (represented by the low level of
multimers in Fig. 2C) could bind Congo red, allowing the
protease access to periplasmic proteins through the open pore.
When MxiD was expressed with either MxiM or MxiJ (in
strains which express high levels of MxiD™* multimers), the
Congo red treatment still destabilized the BlaM pool (Fig. SE
and F), suggesting that interactions with either of these pro-
teins cannot block the loss of BlaM. Only when all three ele-
ments (MxiM, MxiJ, and MxiD) were coexpressed did we ob-
serve restoration of periplasmic integrity and the subsequent
protease resistance of BlaM. Presumably, expression of all
three proteins results in the formation of a stable complex in
which the MxiD pore no longer provides the protease with
access to periplasmic components (Fig. 6). It is likely that the
protease enters the pore (and not that BlaM leaks out), since
the BlaM pool is always stable in the presence of Congo red
alone. The involvement of OM (MxiM and MxiD) and IM
(MxiJ) components suggests that access to the periplasm is
blocked by connection of the OM components to the compo-
nent in the IM. Since we did not observe subsequent proteol-
ysis of cytoplasmic components (Fig. SH), additional Mxi-Spa
elements must be necessary to form a continuous channel from
the OM to the cytoplasm.
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DISCUSSION

Many structural components from different type III systems
are highly conserved, explaining why needle complexes of Shi-
gella and Salmonella (and probably those of other type III
systems) are similar in appearance. Steps in the assembly of
these structures have been studied in biochemical and electron
microscope analyses of membrane complexes of type III mu-
tants or strains expressing only one or two secretory proteins
(5, 6, 16, 18, 27, 28). Findings obtained in these studies imply
that the membrane-spanning base forms first, creating a struc-
ture that nucleates extracellular needle and cytoplasmic bulb
proteins. The base itself assembles from at least three proteins,
an OM ring-forming secretin (MxiD in Shigella) and a pair of
IM ring-forming proteins (MxiG and MxiJ in Shigella). These
all have sec-dependent export signals and can insert into the
envelope in the absence of other type III proteins. The actual
interactions among base elements and whether other proteins
have roles in base assembly are unclear.

Several features of MxiM suggest that this protein plays a
role in base assembly. MxiM is a 142-residue lipoprotein of
Shigella which has an sec-dependent export signal, is anchored
to the periplasmic face of the OM, and is required for type III
secretion. MxiM is 18.6% identical to InvH of Salmonella and,
like InvH, is encoded two genes upstream of a secretin open
reading frame. InvH is required for proper needle complex
formation in Salmonella (27) and belongs to a group of pro-
teins called secretin pilots (7, 9) that includes YscW of the
Yersinia type 111 system (17), PulS and OutS of the Klebsiella
oxytoca (13) and Erwinia chrysanthemi (26) type 11 secretion
systems, respectively, and PilP of the Neisseria gonorrhoeae
pilus system (10). While the levels of sequence homology
among pilots can be low (~18% identity), the pilots (i) are
small (120- to 150-residue) OM lipoproteins; (ii) are encoded
two to four genes upstream of a secretin; (iii) are chaperone-
like proteins that protect secretins from proteolysis in the
periplasm and promote OM insertion of secretins; and (iv) are
capable of binding a ~50-residue C-terminal region in their
respective secretins. Nouwen et al. (22) also showed that PulS

A.
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MxiM| MxiD [MxiM
MxiJ |MxiG ™M

FIG. 6. Interactions and localizations of Mxi-Spa base elements in
the S. flexneri envelope. (A) Positions of MxiM, MxiD, and MxiJ.
MxiM is anchored via a lipid moiety to the inner face of the OM (25),
while the MxiD secretin is an integral OM protein (3). MxiJ is pre-
dicted to be anchored to the outer face of the IM (2, 14). (B) Inter-
actions among MxiM, MxiD, and MxiJ predicted on the basis of our
study. Interactions are indicated by rectangles that touch each other.
MxiM and MxiD probably interact in the OM, while the MxiD-MxiJ
interaction spans the periplasmic space.
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forms peripheral spokes around a cylindrical PulD pore in the
OM. Therefore, pilots can act like both periplasmic chaper-
ones and structural elements, interacting with secretins in the
process.

In this study we examined the role of MxiM in base assembly
and in particular looked at whether this protein is a pilot for
the MxiD secretin. For this study, we used virulence plasmid-
cured Shigella strains (i.e., strains with no type III system)
expressing mxiM and/or mxiD™" in trans from various expres-
sion vectors. Each allele, regardless of the vector used, fully
complemented its mutant background (data not shown), thus
demonstrating that each protein is functional and is expressed
at levels which support type III secretion. In many of the
previous studies of pilot-secretin interactions the workers used
such reconstituted backgrounds, expressing the pilot and/or
secretin in frans in the absence of other secretory elements
(and using tagged proteins as well).

We show that MxiM influences MxiD stability. As observed
in several pilot-secretin studies, MxiD may not be detected in
the absence of MxiM. We found that whether this protective
effect is observed depends on the relative amounts of MxiM
and MxiD. When MxiD is expressed at low levels compared to
the level of MxiM, MxiM acts like a chaperone and stabilizes
MxiD (Fig. 1A). When MxiD is expressed at higher levels, it
can be detected in the absence of MxiM (Fig. 1B); not only is
the chaperone-like function obviated, but coinduction with
MzxiM also greatly reduces the MxiD pool. The stabilizing and
destabilizing functions described above require that MxiM be
periplasmic, although not OM anchored. Presumably, MxiM-
MxiD interactions in the periplasm either prevent MxiD pro-
teolysis (by directly or indirectly blocking a protease-sensitive
site) or promote a proteolytic activity. MxiM itself does not
appear to be a protease, based on a lack of sequence similarity
to known proteases. As the relative amounts of MxiM and
MxiD determine the effect seen, there may be a system to
ensure proper stoichiometry of these secretory components
during assembly.

A prominent feature of secretins is their formation of ho-
momultimers, corresponding to OM rings of type III base
elements. These multimers are very stable, displaying various
degrees of resistance to SDS and boiling, depending on the
secretin. We found that MxiD also forms high-molecular-
weight multimers that are partially SDS and heat resistant (Fig.
2). High levels of MxiD multimers were observed only upon
coexpression with MxiM or MxiM2 (periplasmic forms). With-
out MxiM in the envelope, MxiD was primarily (although not
exclusively) detected as a monomer (Fig. 2C). Presumably, an
MxiM-MzxiD interaction begins in the periplasm and favors
MxiD multimerization. The extent to which multimers form
and their subsequent stability were influenced by the OM an-
choring of MxiM. If MxiM is not in the OM (like MxiM2), a
majority of the MxiD pool forms multimers that display little
heat resistance (Fig. 2C). If MxiM does anchor to the OM, the
extent of MxiD multimerization is restricted and heat resis-
tance occurs (suggesting that a more stable complex forms).
These findings support the hypothesis that MxiM has a struc-
tural role, controlling multimerization and stabilizing the
MzxiD complex by virtue of its OM anchoring.

It was surprising that high MxiD levels were induced from
pBADI18, considering that coinduction with MxiM resulted in
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such low levels (Fig. 1B). The stability of MxiD when it is
expressed alone (i.e., from pBAD18) may stem from the fact
that it remains primarily a monomer (Fig. 2C). The multimer-
ization that occurs in the presence of MxiM may be extensive
enough to activate a periplasmic stress response system like the
Cpx two-component pathway. The Cpx system of uropatho-
genic E. coli responds to inappropriate aggregation of pilin
monomers in the periplasm by activating a periplasmic pro-
tease, DegP (15). A similar response may affect the destabiliz-
ing influence of MxiM. Excessive MxiD multimerization in-
duces the Cpx pathway (or another stress response), which
upregulates periplasmic proteases that degrade the multimers.
This can be part of the above-mentioned system which ensures
that the levels of MxiM and MxiD in the envelope are roughly
equivalent.

The influence of MxiM on MxiD stability strongly suggests
that these proteins interact within the envelope. Using two-
hybrid and coprecipitation studies (with solublized envelope
extracts), we confirmed that this interaction occurs. During this
work, we also showed that unlike MxiM, MxiM2 supports only
a weak membrane association for MxiD. This finding also
supports the hypothesis that MxiM has a structural role, an-
choring and stabilizing MxiD in the envelope via a direct in-
teraction. Finally, we identified an MxiM binding domain in
the C-terminal 46-residue region of MxiD. This domain cor-
responds to the pilot-binding site identified in several secretins.
This interaction, combined with the stabilizing effect of MxiM,
is certainly consistent with the hypothesis that MxiM is the
Shigella pilot. Features of MxiM that have not previously been
identified in pilot family members include its potential to de-
stabilize MxiD and its ability to promote MxiD multimeriza-
tion.

Our findings suggest that the MxiM requirement in type III
secretion stems from interactions with MxiD during base as-
sembly and in completed Mxi-Spa needle complexes. These
interactions can have chaperone, anti-chaperone, and struc-
tural functions, controlling MxiD stability and promoting mul-
timerization and stable association of MxiD with the envelope.
MzxiM, therefore, joins MxiD as a component required to es-
tablish and maintain a proper OM region of the base. As the
base is predicted to consist of both OM and IM proteins
interacting across the periplasm to form a transmembrane
bridge (Fig. 6), we also tried to determine MxiM or MxiD
interactions with the IM base proteins, MxiJ and MxiG. Vec-
tors encoding MxiG were too unstable for interaction analyses
(data not shown). We did, however, use the two-hybrid system
and coprecipitation studies to show that interactions between
MzxiD and MxiJ occur. The large periplasmic domain predicted
for MxiD can be envisioned as extending toward and interact-
ing with an IM ring structure formed by MxiJ. Interestingly, in
an analysis of MxiD™S stability in the presence and absence of
MxiJ, we noted an effect nearly identical to that observed with
MxiM. We found that when there is excess MxiD, MxiJ desta-
bilizes (Fig. 1B); however, when MxiD is expressed at low
levels, MxiJ stabilizes (Fig. 1A). MxiJ also promotes the for-
mation of MxiD multimers. The fact that MxiM and MxiJ
influence MxiD in such similar ways suggests these effects are
general effects of interactions between MxiD and structural
proteins of the base (i.e., they are not due to a specific chap-
erone-like function). Our results, therefore, support the hy-
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pothesis that there is an MxiM-MxiD-MxiJ complex in the
base, perhaps spanning the IM and OM (Fig. 6).

A method to identify the structure formed by MxiM, MxiD,
and MxiJ was developed based on two findings: (i) colonies of
BS103 expressing MxiD (or MxiD™*) bound the dye Congo
red, whereas BS103 alone did not; and (ii) periplasmic BlaM is
digested by extracellular protease in BS103/pBAD18::mxiD (or
mxiD""S) treated with Congo red. Congo red normally binds to
type III system surface elements, destabilizing the secretory
pore and inducing secretion (4). With BS103/pBAD18::mxiD,
Congo red presumably binds to and destabilizes MxiD pore
structures at the OM, thereby exposing periplasmic BlaM (but
not a cytoplasmic marker) to extracellular protease. When
MxiD was expressed with either MxiM or MxiJ, periplasmic
BlaM was still degraded. When MxiD was expressed with both
MxiM and MxiJ, however, the BlaM pool was stable. In the
presence of MxiM at the OM, MxiD may have a more stable
interaction with MxiJ in the IM and physically block access to
periplasmic BlaM via the MxiD pore. This experiment pro-
vided indirect evidence that the transmembrane MxiM-MxiD-
MxiJ structure shown in Fig. 6 is formed. The fact that we did
not see cytoplasmic leakage in this system (data not shown)
suggests that additional type III accessory proteins are needed
to complete a channel from the OM to the cytoplasm. Future
uses for the system described here should include addition of
other base elements and/or IM export proteins in order to
allow cytoplasmic leakage or to provide the ability to distin-
guish substrates and secrete them. The benefit of this genetic
method for studying type III system assembly is the ease with
which secretory components can be added in a stepwise man-
ner to elicit progressive formation of surface structures. Func-
tional information obtained in this way could complement the
structural information obtained by the electron microscope
analyses currently used to probe intermediaries in type III
assembly.
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