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regard to the process of bacterial entry into epithelial cells (36,
46). A set of bacterial gene products, called invasion plasmid
antigen (Ipa) proteins, is secreted by the type III pathway of
Shigella and triggers a eukaryotic membrane ruffling process
responsible for mediating entry (1, 37, 38). Unlike other type
III system-bearing invasive pathogens, like Salmonella spp.,
Shigella spp. lyse the endosomal membrane and gain access to
the eukaryotic cell cytosol (52). Within the intracellular environment, shigellae multiply and begin elaborating an intercellular spread phenotype which propels the bacteria within cellular protrusions, or fireworks, into adjacent uninfected cells
(9, 22). Protrusion escape establishes the infection in neighboring cells and leads to lateral bacterial spread and severe
tissue damage across the colonic mucosa (2, 46).
Genetic and biochemical analyses implicate four Ipa invasins
(IpaA through IpaD) and a type III secretion system consisting
of up to twenty Mxi-Spa proteins as the central effectors of not
only epithelial cell entry but also phagosomal escape and the
induction of apoptosis in macrophages as well (28, 36). The ipa
and mxi-spa loci are located within closely linked operons
found on the 230-kb virulence-associated plasmid of Shigella
(46). The Ipa proteins have been of particular interest and are
characterized with respect to their associations with each other
(39, 40), bacterial cytoplasmic chaperones (40), extracellular
filamentous appendages (45), and target eukaryotic cells and
their components (12, 27, 34, 37). Such studies have led to a
detailed understanding of Ipa contributions to pathogenesis.
The Mxi-Spa secretory system, unlike its secreted substrates,
has not been the subject of such intensive study. As a result,
basic questions concerning Mxi-Spa architecture within the cell
envelope and the mechanisms by which Ipa proteins are translocated through it remain unanswered.
In this investigation, we extended our studies of type III
Mxi-Spa pathway structure and function to the product of a
locus unique to Shigella called mxiM. The mxiM locus of the
mxi operon is uncharacterized with respect to its role in Shi-

Pathogenic microorganisms elaborate a diverse array of secreted virulence proteins which facilitate their colonization
and persistence in a variety of eukaryotic hosts and host tissues
(17). In spite of this diversity, mechanisms utilized for bacterial
virulence protein delivery are remarkably homologous. One
such widely distributed mechanism is the virulence-specialized
type III secretion system of gram-negative bacteria (28). Type
III systems are complex membrane-bound structures dedicated
to the delivery of virulence effectors from the bacterial cytoplasm to eukaryotic cell surfaces or intracellular environments.
In general, type III secretion is referred to as contact dependent, as it can be activated in some cases by direct pathogenhost cell interaction. Additionally, expression of such systems is
controlled by multicomponent regulatory pathways capable of
responding to host-specific environmental signals, including
temperature, osmolarity, and oxygen tension. Loci encoding
homologous type III secretory apparatus components have
been identified, usually within large operons, in many mammalian and plant pathogens, including enterohemorrhagic and
enteropathogenic Escherichia coli and Shigella, Salmonella,
Yersinia, Chlamydia, Bordetella, Pseudomonas, Xanthomonas,
Ralstonia, and Erwinia spp. Several well-conserved components of type III secretion systems are also similar to proteins
involved in flagellum biosynthesis, a finding which supports the
theory that type III pathways arose from those responsible for
flagellar subunit secretion.
Shigella spp. are the major etiologic agents of bacillary dysentery, an invasive and potentially fatal disease of the human
colonic mucosa. Host-pathogen interactions characteristic of
the onset of shigellosis have been well studied, particularly with
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Invasion of epithelial cells by Shigella flexneri is mediated by a set of translocated bacterial invasins, the Ipa
proteins, and its dedicated type III secretion system, called Mxi-Spa. We show here that mxiM, part of the
mxi-spa locus in the S. flexneri virulence plasmid, encodes an indispensable type III secretion apparatus
component, required for both Ipa translocation and tissue culture cell invasion. We demonstrated that mature
MxiM, first identified as a putative lipoprotein, is lipidated in vivo. Consistent with features of known
lipoproteins, MxiM (i) can be labeled with [3H]palmitate and [2-3H]glycerol, (ii) is associated with the cell
envelope, (iii) is secreted independently of the type III pathway, and (iv) requires an intact lipoprotein
modification and processing site for full activity. The lipidated form of MxiM was detected primarily in the
outer membrane, where it establishes a peripheral association with the inner leaflet. Through analysis of
subcellular Ipa distribution in a mxiM null mutant background, MxiM was found to be required for the
assembly and/or function of outer, but not inner, membrane regions of Mxi-Spa. This function probably
requires interactions with other Mxi-Spa subunits within the periplasmic space. We discuss implications of
these findings with respect to the function of MxiM and the structure of Mxi-Spa as a whole.
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TABLE 1. Shigella strains and plasmids used in this study
Strain or plasmid

Plasmids
pBAD18
pET19b
pGP704
pRRS1
pRRS2
pRRS3
pRRS4
pRRS5
pRRS11
pRRS12

Source or reference

Wild-type S. flexneri serotype 2a
Virulence plasmid-cured 2457T
2457T mxiA::lacZ
2457T streptomycin resistant
2457T mxiM1 (mxiM::aphA-3)
BS547/pRRS4 (mxiM1PBAD-mxiM1)
BS547/pRRS5 (mxiM1/PLAC-mxiM1)
BS547/pBAD18
BS547/pBluescript SK(1)
2457T/pRRS12 (mixiM1/PBAD-mxiM2)
BS547/pRRS12 (mxiM1/PBAD-mxiM2)

18
35
6
Lab stock
This work
This work
This work
This work
This work
This work
This work

Arabinose-inducible PBAD expression vector
Vector used to construct histidine-tagged MxiM
Suicide vector used to disrupt mxiM
1850-bp PCR generated fragment, extending from 912 bp upstream of the mxiM start
codon to 511 bp downstream of the stop codon, ligated with EcoRI-HindIII-digested
pUC19
840-bp SmaI fragment of pUC18K (38), bearing aphA-3, ligated in the proper
orientation with BspMI-digested (Klenow-treated) pRRS1
2690-bp HindIII (Klenow-treated)-EcoRI fragment of pRRS2, bearing the
mxiM::aphA-3 allele, ligated with EcoRV-digested pGP704
484-bp PCR-generated fragment, extending from 19 bp upstream of the mxiM start
codon to 26 bp downstream of the stop codon, ligated with EcoRI-HindIII-digested
pBAD18
484-bp EcoRI-HindIII fragment of pRRS4, bearing mxiM, ligated with
EcoRI-HindIII-digested pBluescript SK(1)
370-bp PCR-generated fragment, extending from 67 bp downstream of the mxiM start
codon (thus deleting signal sequence) to 10 bp downstream of the stop codon,
ligated with NdeI-BamHI-digested pET19b
Mutagenized mxiM allele encoding the G23R substitution, ligated with EcoRI-HindIIIdigested pBAD18

23
Novagen
41
This work

gella pathogenesis, yet it is of particular interest as mxiM likely
encodes a lipid-modified protein (4). Roles for bacterial lipoproteins have been demonstrated in a diverse range of biological functions (55), in particular many pathways for transmembrane macromolecular traffic. These pathways include
DNA secretion (8) and uptake systems (19), the general secretory pathway of gram-negative bacteria (25), type IV pilus
assembly (49), flagellar biogenesis (53), type I protein secretion (30), and type III virulence protein secretion systems (28).
This diversity of lipoprotein function warranted a detailed
analysis of the putative MxiM lipoprotein with respect to its
contribution to the virulent phenotype of Shigella and its role
in the Mxi-Spa type III Ipa secretory pathway.
We demonstrate that MxiM exists in virulent shigellae as a
lipidated protein, anchored to the inner leaflet of the outer
membrane. Consistent with a requirement for MxiM in type III
secretion, inactivation of mxiM blocks the Ipa invasin secretory
pathway and severely attenuates Shigella virulence. Through
analysis of Ipa distribution patterns in fractionated cell envelope extracts, the mxiM secretion defect was specifically attributed to a block in Ipa translocation from inner to outer membrane positions.
MATERIALS AND METHODS
Bacterial strains and growth media. Shigella flexneri strains used in this study
are described in Table 1. The following E. coli strains were used: DH5alpir and
SM10lpir (41), for construction of pGP704 derivatives and their delivery to S.
flexneri; DH5a (Gibco BRL), for construction of plasmids other than pGP704
derivatives; BL21(DE3) (Novagen), for overexpression and purification of polyhistidine-tagged MxiM; and ES1578 (44), for mutagenesis of mxiM. ES1578

This work
This work
This work
This work
This work
This work

(mutD5) is a mutator strain that displays a high spontaneous rate of single-base
substitutions.
Bacteria were grown in tryptic soy broth (TSB) or Luria broth (LB) with
aeration at 37°C unless otherwise stated. Strains were tested for Congo red
binding on TSB agar plates (1.5% agar) containing 0.025% Congo red (Sigma).
Antibiotics were used at the following concentrations: ampicillin, 100 mg ml21;
kanamycin, 50 mg ml21; and streptomycin, 200 mg ml21. For the induction or
repression of PBAD transcription by using pBAD18, growth media were supplemented with either 0.2% arabinose or 0.2% glucose, respectively (unless otherwise stated).
Plasmid and strain constructions. The plasmids used in this study are described in Table 1. Analysis of DNA, plasmid constructions, and the transformation of S. flexneri and E. coli were performed according to standard protocols.
PCR amplifications for cloning and plasmid screening purposes were performed
by using Pfu (Stratagene) and Hot Tub (Amersham) DNA polymerases, respectively, in a DNA Thermal Cycler 480 (Perkin-Elmer). To confirm the fidelity of
PCR, all PCR-generated plasmid inserts were sequenced. Templates for DNA
sequencing were prepared by using the ABI Prism Dye Terminator Cycle Sequencing Core Kit and analyzed by using an ABI Prism 377 DNA Sequencer.
After its construction, plasmid pRRS3 was transferred to S. flexneri BS473 by
conjugation. Transconjugants in which a double crossover recombination event
replaced the virulence plasmid-borne mxiM with the mxiM1 allele from pRRS3
were identified based on sensitivity to ampicillin and subsequent PCR analysis.
The virulence plasmid-borne mxiM1 allele was then transferred by P1 transduction into 2457T, creating strain BS547. The structure of the mxiM disruption in
BS547 was confirmed by PCR and Southern blot analysis.
Production of anti-MxiM antibody. The open reading frame (ORF) encoding
mature MxiM, lacking its 23 amino acid N-terminal signal sequence, was cloned
into pET19b to create pRRS11 as described in Table 1. E. coli BL21(DE3),
bearing pRRS11, was grown at 30°C in LB to late log phase, and induced for 4 h
in the presence of 0.5 mM isopropyl-b-D-thiogalactopyranoside. Bacteria were
harvested, incubated in Tris-buffered saline (pH 7.5) containing 2 mg of polymyxin B ml21 for 1 h at 37°C, and centrifuged at 10,000 3 g for 10 min. The
resulting soluble fraction, bearing the 10His-MxiM fusion protein, was filtered
through 0.45-mm-pore-size filters (Millipore) and further purified by metal chelate affinity chromatography by using 1-ml HisTrap chelating columns (Pharma-
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Strains
2457T
BS103
BS260
BS473
BS547
BS548
BS575
BS576
BS588
BS599
BS603

Relevant genotype and/or phenotype or feature
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RESULTS
MxiM is an essential component of the Mxi-Spa secretion
pathway. The wild-type mxiM locus in the virulence plasmid of
S. flexneri 2a 2457T was insertionally inactivated by using an
aphA-3 kanamycin resistance cassette (see Materials and
Methods). The mxiM locus is predicted to encode a 142-residue protein with a calculated molecular mass of 15.8 kDa.
Cleavage and loss of the putative 23-residue signal sequence of
MxiM should yield a lipidated protein of roughly similar mo-

FIG. 1. Immunoblot analysis with MxiM antiserum of whole-cell protein
extracts isolated from 2457T (wild-type), BS547 (mxiM1), and BS548 (mxiM1/
PBAD-mxiM1). Bacteria were grown under standard conditions in liquid culture
at 37°C. Cells were collected by centrifugation, and roughly equal numbers, as
determined by culture optical density, were resuspended in SDS-PAGE sample
buffer, boiled, and analyzed. MxiM-specific bands are shown.

lecular weight. A protein of the size expected for MxiM was
subsequently detected in whole-cell protein extracts from
2457T by immunoblot analysis by using anti-MxiM serum (Fig.
1). The corresponding protein was absent from a BS547
(mxiM1) whole-cell extract, thus confirming the MxiM defect.
Unlike its wild-type parent strain, 2457T, strain BS547 did
not bind the dye Congo red when grown on nutrient agar
(Table 2). Congo red is a sulfonated azo dye that is bound by
colonies of virulent shigellae but not by avirulent derivatives
(35). Consistent with its inability to bind Congo red, BS547 was
also unable to invade semiconfluent L2 cell monolayers (Table
2). A likely reason for the invasion defect was a block in the Ipa
invasin secretory pathway. Using an anti-Ipa monoclonal antibody SLIM, we confirmed that IpaB and IpaC secretion by
BS547 was, in fact, blocked (Table 2). IpaB and IpaC translocation defects were also demonstrated by immunoblot analysis
of concentrated extracellular proteins isolated from 2457T and
BS547 culture supernatants (Fig. 2). Extracellular forms of
both IpaB and IpaC accumulated at high levels in mid-late log
phase 2457T (wild-type) cultures but were absent from cultures
of BS547. As noted in previous studies involving mxi and spa
mutants (3–6), the block in secretion imparted by the mxiM
lesion did not prevent accumulation of normal IpaB and IpaC
levels in whole-cell fractions (Fig. 2).
Complementation with wild-type mxiM was used to prove
that the virulence defects of BS547 were strictly attributable to
the absence of MxiM. Expression of an intact copy of mxiM
from pRRS5 in strain BS575 restored Congo red binding,
invasion, and IpaB and IpaC secretion to the mxiM1 mutant
background (Table 2). Virulence defects were also trans complemented by expression of mxiM from the PBAD promoter of
pRRS4 (in strain BS548) (Table 2 and Fig. 2). Restoration of
virulence phenotypes in both BS548 and BS575 coincided with
the reappearance of MxiM in whole-cell protein fractions prepared from these strains (Fig. 1 and data not shown). These
results demonstrated that the mxiM1 allele had no polar effects
on the expression of loci with which mxiM1 is cotranscribed.
MxiM is, therefore, required for virulence as a component of
the Mxi-Spa type III secretion apparatus.
Lipidated MxiM associates with the outer membrane. MxiM
is predicted to be a substrate for lipidation and proteolytic
processes of the bacterial lipoprotein maturation pathway,
based on the findings of Allaoui et al. (4) that (i) it possesses
a typical N-terminal signal sequence for Sec-dependent membrane translocation, (ii) the C-terminal end of its signal sequence bears a consensus sequence for lipoprotein modification and processing, and (iii) fusion of the MxiM signal
sequence and lipidation and processing site to PhoA yields a
hybrid protein that is specifically labeled with [3H]palmitate.
To demonstrate rigorously whether MxiM could be detected as
a lipidated protein, various S. flexneri strains were labeled in
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cia Biotech) as described by the manufacturer. Protein was used to immunize
New Zealand White rabbits (Hazelton Research Products) as previously described (16). Unadsorbed MxiM antiserum was used at a dilution of 1:200 for
immunoblot analysis.
Protein preparation and immunoblot analysis. For the analysis of Ipa secretion, supernatant protein samples were prepared as described (3). Protein electrophoresis was performed in sodium dodecyl sulfate (SDS)-polyacrylamide gels
(either 17.5% [for the MxiM and Lpp analyses] or 10% [for the IpaB, IpaC, and
IcsA analyses] polyacrylamide gels). Separated proteins were transferred to
polyvinylidene difluoride membranes (Schleicher & Schuell) and treated with a
blocking agent. Immunodetection was performed by using primary mouse antiIpaB (42), anti-IpaC (42), or anti-IcsA (51) serum and primary rabbit anti-Lpp
(26) or anti-MxiM (this study) serum. The activity of a mouse- or rabbit-specific
alkaline phosphatase-labeled secondary antibody was then visualized by using the
chemiluminescent substrate, CSPD (Boehringer Mannheim), as described by the
manufacturer.
Membrane preparation and fractionation. The labeling of proteins with either
[3H]palmitate (56.5 Ci mmol21) (NEN) or [2-3H]glycerol (200 mCi mmol21)
(NEN) and subsequent isolation of total membrane preparations were performed as described (26). Preparations made from each strain yielded roughly
the same amount of total protein. Using either labeled or unlabeled total membrane extracts of strains BS548 (grown with either arabinose or glucose), 2457T,
BS547, and BS260, inner and outer membrane protein-containing fractions were
separated by equilibrium density gradient centrifugation. As described by Osborn et al. (43), membrane-containing pellets were resuspended in 0.5 ml of 25%
sucrose–5 mM EDTA (pH 7.5) and layered on top of a sucrose density gradient
consisting of 2.1 ml each of 50, 45, 40, 35, and 30% sucrose (wt/wt in 5 mM
EDTA [pH 7.5]) over a 0.5-ml cushion of 55% sucrose. Gradients were centrifuged at 35,000 rpm for 20 h at 4°C in a Beckman SW40 rotor. Twelve 1-ml
fractions were then collected stepwise from the top of each gradient. Fraction
aliquots were analyzed to determine the refractive index and sucrose concentration (percent, on a per weight basis), protein content (using the Bio-Rad protein
assay), levels of [3H] incorporation (if required), and NADH oxidase activity (as
described by Osborn et al. [43]). For analysis of [3H]palmitate-labeled samples,
50-ml aliquots from each fraction were also separated using 17.5% polyacrylamide gels. Following electrophoresis, the gels were fixed, treated with Amplify
(Amersham), dried, and exposed to Kodak XAR-2 film for up to 2 weeks at
280°C. For immunoblot analysis of unlabeled membrane fractions with each
particular antibody, equivalent amounts of material from each fraction of every
strain were separated and probed. The exception to this was the analysis of
2457T and BS260 samples with anti-MxiM serum; with each fraction, ten times
more material was separated and probed than that of the BS547 and BS548
samples.
Protease accessibility experiments. The localization of MxiM in bacteria at
late exponential phase, with respect to the inner or outer face of the outer
membrane, was determined by using procedures described by Loferer et al. (33).
For each set of Western blots, equivalent amounts of protein were separated and
probed.
Virulence assays. The invasion assay was performed by using semiconfluent L2
fibroblast monolayers. Bacterial invasion was assessed in the manner described
previously (51). Quantitation of Ipa secretion by using the suspension-labelling
immunoassay (SLIM) developed by Andrews and Maurelli (7) was performed
with the IpaB and IpaC antisera described above.
Generation of the mxiM2 allele. After introduction of pRRS4 into E. coli
ES1578, transformants were collected, inoculated into LB (containing twice the
standard amount of yeast extract), and grown to optical density at 600 nm of
;0.8. Mutagenized plasmid pools were then isolated and introduced into S.
flexneri BS547 (mxiM1 mutant). Transformants were selected on TSB agar plates
containing Congo red, ampicillin, kanamycin, and arabinose. Only those pools
which yielded between 0.5 and 2.0% Congo red-negative colonies (a noncomplementing phenotype) in the BS547 background were chosen for further study.
From these pools, we identified individual plasmids capable of conferring, in a
wild-type (2457T) background, an arabinose-inducible and glucose-repressible
dominant negative Congo red binding phenotype. Such plasmids were recovered,
and their mxiM inserts were excised and ligated into a nonmutagenized pBAD18
backbone. Resulting plasmids were reintroduced back into 2457T and scored
again for dominance. Those which again conferred a dominant negative phenotype (indicative of the presence of mutant mxiM alleles) were sequenced. Plasmid pRRS12 (pBAD18::mxiM2) was thus identified.
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TABLE 2. Virulence phenotypes of wild-type strain and mxiM mutant derivativesa
Crbb

Invasionc

2457T (wild-type)
BS547 (mxiM1)
BS575 (mxiM1/PLAC-mxiM1)
BS588 (mxiM1/pBluescript)
BS548 (mxiM1/PBAD-mxiM1)
BS599 (2457T/PBAD-mxiM2) grown with:
Glucose, 0.2%
Arabinose, 0.2%
Arabinose, 0.01%
Arabinose, 0.005%
Arabinose, 0.0005%
BS603 (mxiM1/PBAD-mxiM2)

1
2
1
2
1

85.0 6 6.3
0
81.5 6 7.3
0
78.5 6 1.6

1
2
2
1/2
1
2

78.1 6 7.7
20.0 6 1.6
38.1 6 4.9
56.4 6 5.5
75.9 6 2.6
8.5 6 3.4

Secretion ofd:
IpaB

IpaC

100
3.1 6 1.4
89.3 6 4.3
3.7 6 1.6
NDe

100
5.8 6 3.8
95.0 6 3.7
1.1 6 0.2
ND

a

Each numerical value shown represents the average of at least three to five independent experiments 6 standard deviation.
The Crb phenotype is based on a qualitative analysis of Congo red binding by bacterial colonies grown on nutrient agar. The 1/2 designation represents an
intermediate phenotype.
c
Values are expressed as a percentage of 300 L2 cells in a semiconfluent monolayer which contained three or more internalized bacteria as determined by light
microscopy.
d
Values were determined by SLIM and are expressed as a percentage of wild-type strain reactivity.
e
ND denotes that these values were not determined.
b

vivo with either [3H]palmitate or [2-3H]glycerol, and the resulting total cell envelope preparations were analyzed by SDSpolyacrylamide gel electrophoresis (PAGE) and fluorography.
Since the lipid moieties of bacterial lipoproteins serve as hydrophobic membrane anchors (55), any radiolabeled MxiM
species should copurify with envelope fractions. Strain BS548
(mxiM1/PBAD-mxiM1) produced both [3H]palmitate- and
[2-3H]glycerol-labeled proteins of the appropriate molecular
mass for MxiM when grown in the presence of arabinose, the
inducer of the PBAD promoter (Fig. 3A and B); a MxiMspecific band was not observed in the corresponding soluble
protein fractions (data not shown). In the wild-type (2457T)
background, a [2-3H]glycerol-labeled MxiM species of slightly
lesser intensity than observed in BS548 induced with 0.05%
arabinose was observed. Additionally, MxiM was either not
detected or detected at very low levels within the membrane
lipoprotein profiles of BS547 (mxiM1) and BS548 (grown in

the presence of glucose), respectively. These results indicate
that in S. flexneri, MxiM is both lipid modified and membrane
associated.
To more precisely determine the membrane position to
which lipidated MxiM localizes, total cell envelope preparations isolated from both [3H]palmitate-labeled and unlabeled
BS548 cultures were analyzed by sucrose density gradient centrifugation. After the sedimentation of envelope components,
gradient fractions of increasing sucrose density were recovered
and subjected to a variety of analyses. Two distinct peaks of
[3H]palmitate incorporation were observed at ca. 35% (fractions 4 and 5) and 47.5% (fraction 10) (wt/wt) sucrose (Fig.
4A); these likely corresponded to inner and outer membrane
components, respectively. NADH oxidase activity, a control for

FIG. 2. Effect of the mxiM1 mutation on expression and secretion of IpaB
and IpaC. Proteins in whole-cell extracts and culture supernatants of 2457T
(wild-type), BS547 (mxiM1), BS576 (mxiM1/pBAD18), and BS548 (mxiM1/
PBAD-mxiM1) were prepared, separated by SDS-PAGE, and subjected to immunoblot analysis. The positions of proteins that reacted with either IpaB or
IpaC antiserum are shown. Differences in either IpaB or IpaC signal intensity
among the whole-cell extract samples isolated from different strains are likely
insignificant, as subsequent analyses showed nearly identical levels among the
strains.

FIG. 3. MxiM is lipidated. Total cell envelope preparations were isolated,
separated by SDS-PAGE, and visualized by fluorography. Regions extending
between 7- and 32-kDa size standards are shown. (A) The mxiM1 strain BS547
(lane 1) and strain BS548 (mxiM1/PBAD-mxiM1) grown in the presence of either
0.2% arabinose (lane 2) or 0.2% glucose (lane 3) were labeled with [3H]palmitate. The signal shown is a 1-day exposure. (B) [2-3H]glycerol labeling of the
wild-type strain, 2457T (lane 1), BS548 grown with either 0.05% arabinose (lane
2) or 0.2% glucose (lane 3), and BS603 grown with 0.05% arabinose (lane 4). The
signal shown is an 11-day exposure.

Downloaded from http://iai.asm.org/ on September 23, 2020 by guest

Strain (phenotype or genotype)

1986

SCHUCH AND MAURELLI

INFECT. IMMUN.

Downloaded from http://iai.asm.org/ on September 23, 2020 by guest
FIG. 4. Subcellular localization of MxiM determined by sucrose density gradient centrifugation. Total cell envelope preparations were fractionated and analyzed
as described in Materials and Methods. (A) Distribution of [3H]palmitate-labeled MxiM in samples derived from arabinose-induced BS548 cultures. Sucrose
concentration (shown as open squares) and total 3H incorporation (shown as closed squares) are plotted against fraction number; NADH oxidase activity and labeled
MxiM associated with each fraction are shown. (B) Immunological analysis of fraction components derived from unlabeled BS548 (grown with arabinose), BS260, and
2457T cultures. The positions of proteins recognized by either anti-Lpp or anti-MxiM serum are shown. Inner and outer membrane markers for BS260 and 2457T
samples were indistinguishable from that described for BS548.

the inner membrane (43), peaked in the lower density fractions
(primarily in fraction 5), showing that this section of the gradient was enriched for inner membrane proteins (Fig. 4A).
Immunoblot analysis of the Lpp outer membrane lipoprotein
(24) demonstrated that the high-density fractions, particularly
fractions 9 through 12, were enriched for outer membrane

proteins (Fig. 4B). A band of the appropriate size for MxiM
was detected by [3H]palmitate labeling and by immunoblotting
in the high-density outer membrane protein-containing fractions (fractions 9 through 12) (Fig. 4A and B). This band was
absent from all fractions obtained from BS548 cultures grown
with glucose (the repressor of PBAD) (data not shown). The
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FIG. 5. Analysis of MxiM susceptibility and resistance to extracellular protease. (A) Protease resistance of MxiM in intact 2457T. Late exponential phase
2457T culture samples were treated with the indicated concentrations (0, 150,
100, and 50 mg ml21) of proteinase K. Samples were analyzed by immunoblotting
by using antisera specific for either MxiM or the control outer leaflet protein
IcsA. (B) Protease susceptibility of MxiM after outer membrane permeabilization. Late exponential phase 2457T culture samples were incubated in a sucrose/
EDTA solution to permeabilize the outer membrane prior to treatment with
proteinase K (0, 150, 100, and 50 mg ml21). Samples were analyzed by immunoblotting by using anti-MxiM serum. (C) Protease susceptibility and resistance
of MxiM2. Culture aliquots from the mxiM2 mutant derivative, BS603, were
incubated in either the presence (150 mg ml21) or the absence of proteinase K.
One of the proteinase K-treated samples (denoted by an asterisk) was outer
membrane permeabilized prior to the addition of proteinase K. Anti-MxiM
serum was then used to identify MxiM2.

Spa system. The subcellular distribution pattern of IpaB was
analyzed as an indicator of Mxi-Spa functional integrity.
Total cell envelope preparations were isolated from strains
2457T (wild-type) and BS547 (mxiM1) and fractionated by
sucrose density gradient centrifugation. As previously observed
by Ménard et al. (39), IpaB was immunologically detected
among both the inner and outer membrane protein-containing
fractions of wild-type S. flexneri (Fig. 6). The Ipa proteins
traverse both inner and outer membrane positions during the
translocation process; therefore, Ipa cosedimentation with
these envelope components is expected. Absence of MxiM in
BS547, however, resulted in a noticeable shift in the IpaB
sedimentation pattern toward the low-density inner membrane
protein-containing fractions. Reductions in the accumulation
of outer membrane-localized IpaB in BS547 are most consistent with a defect in the functional integrity of this region of
Mxi-Spa.
The MxiM-independent localization of IpaB to inner membrane positions in BS547 suggests that MxiM is required for
the flow of Ipa traffic between the inner and outer membranes.
As such, it is possible that inner membrane type III secretion
machinery can assemble in the absence of MxiM and initiate
associations with IpaB. To address this point, we examined
IpaB subcellular localization in a mxiA mutant strain, BS260,
which specifically lacks an inner membrane component of MxiSpa required for Ipa secretion (Ipa synthesis, however, is un-
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outer membrane targeting of MxiM in BS548 was not an artifact of overexpression from the PBAD promoter, since the
identical distribution pattern was observed in two strains,
BS260 and 2457T, in which MxiM was expressed from its
native promoter (Fig. 4B). Lipidated MxiM is therefore incorporated primarily into the outer membrane of the cell envelope.
The proper outer membrane targeting of MxiM in BS260
(an Ipa secretory mutant [6]), indicated that its modification
and processing and subsequent outer membrane association
occur independently of a functional type III pathway. Consistent with this, the lipidation and localization of MxiM induced
from the PBAD promoter of pBAD18 were unaltered in the
virulence plasmid-cured Shigella strain, BS103 (data not
shown). These results show that proper interaction between
MxiM and the Sec-dependent type II secretion pathway (which
likely delivers all lipoproteins across the inner membrane) and
the subsequent outer membrane localization of MxiM require
no accessory virulence proteins.
MxiM is exposed on the inner face of the outer membrane.
A bacterial lipoprotein may exist exposed to either the
periplasmic or extracellular environments, depending on the
outer membrane face into which its N-terminal acyl chains
integrate (48). To probe the topology of MxiM in the outer
membrane (i.e., whether it is exposed at the inner or outer
face), we assessed the sensitivity of MxiM pools to extracellular
protease. Culture aliquots of S. flexneri 2457T were incubated
with increasing amounts of proteinase K and subsequently
analyzed by Western blotting by using antiserum recognizing
either MxiM or the surface-exposed protein, IcsA. Treatment
of intact shigellae with proteinase K completely degraded surface-exposed IcsA but did not affect MxiM immunoblot signal
intensity (Fig. 5A). Similar results were also obtained by using
strain BS548 (mxiM1/PBAD-mxiM1) (data not shown). Only
after permeabilization of the outer membrane by sucrose/
EDTA treatment was proteolytic degradation of MxiM observed (Fig. 5B). Since denaturants were not necessary at any
step to render MxiM susceptible to proteolysis, the protease
resistance of MxiM is conferred by its insertion into the
periplasmic face of the outer membrane.
The lipid extensions of bacterial lipoproteins are generally
considered membrane anchors for otherwise hydrophilic proteins (55), suggesting that MxiM is probably a peripheral outer
membrane protein. This is supported not only by the protease
sensitivity of MxiM after outer membrane permeabilization
but also by the following findings: (i) the MxiM fusion protein
encoded by pRRS11 (which lacks an N-terminal signal sequence and is not a substrate for lipidation) was recovered only
from the soluble protein fraction of cellular extracts (data not
shown), and (ii) computer analyses of MxiM secondary structure (using the SOSUI and PSORT systems) predict that the
protein moiety of mature MxiM is soluble in the aqueous
environment of the periplasm. The bulk of mature MxiM is,
therefore, likely to exist at the interface between the outer
membrane and the periplasm.
MxiM is required for IpaB association with the outer, but
not inner, membrane. As a periplasmic location would preclude direct interactions between MxiM and target host cells, it
is more likely that MxiM is required either directly or indirectly
as a component of the transmembrane Mxi-Spa secretion
channel. Additionally, interactions of MxiM within the MxiSpa secretion apparatus would probably predominantly affect
outer membrane components of this structure or positions
proximal to it. Consequently, we exploited the mxiM mutant
derivative, BS547, to study the requirement for MxiM in formation of a functional outer membrane segment of the Mxi-
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affected) (6, 7). A defect in mxiA resulted in a considerable
decrease in both the inner membrane localization and outer
membrane localization of IpaB (compared with that detected
in either 2457T or BS547) (Fig. 6). MxiA and, therefore, inner
membrane Mxi-Spa components mediate specific associations
with IpaB and could be responsible for the inner membrane
IpaB detected in BS547. The absence of IpaB in association
with outer membrane fractions of the mxiM mutant would
therefore reflect the formation of an incomplete Mxi-Spa pathway in this strain (i.e., one extending through the inner but not
outer membrane).
MxiM interacts with other virulence proteins in the
periplasm. To define a function for MxiM, we used a genetic
approach to identify mxiM alleles that, when expressed from
the PBAD promoter of pBAD18, exert dominant negative effects on the Congo red binding phenotype of wild-type 2457T
(see Materials and Methods). Since MxiM probably functions
as a component of a larger aggregate, dominant mxiM mutants
were expected. The mxiM2 allele was thus identified (expressed in strain BS599) and found to confer dominant negative effects not only on the Congo red binding phenotype but
on invasion as well (Table 2). While mxiM2 was dominant over
a range of inducer concentrations (0.01 to 0.2% arabinose), at
levels below 0.01% the mutation was only partially dominant
or recessive. The 0.01% arabinose concentration was significant since it was the inducer level which resulted in MxiM
expression from PBAD that was roughly equivalent to that obtained from the native MxiM promoter (data not shown).
These findings support a hypothesis that functional and defective MxiM monomers compete with each other either for direct
insertion into the Mxi-Spa apparatus or for interactions with
other Mxi-Spa components essential for secretion. Depending
on which form is present in excess, such interactions will either
suppress (with MxiM2) or enhance (with MxiM) elaboration of
virulence phenotypes.
The dominant negative mxiM2 allele arose by substitution of
a glycine codon at position 23 (located within the MxiM lipoprotein modification and processing sequence) with a codon

for arginine. The resulting MxiM2 protein was very poorly
labeled by [2-3H]glycerol (Fig. 3B) but did remain exposed to
proteolytic degradation in the periplasmic environment
(Fig. 5C), and it did confer very low levels of L2 cell invasion
to the mxiM1 background (in strain BS603) (Table 2). These
findings suggest that while MxiM2 is translocated into the
periplasm, it exists there predominantly in a nonlipidated
form. In the absence of efficient lipid modification, MxiM2
cannot be properly localized to the outer membrane and is,
therefore, capable of manifesting only trace levels of activity. This interpretation is supported by the work of Pollitt et
al. (47), which demonstrates that a similar type of alteration
in the lipoprotein modification and processing site of the
Lpp outer membrane-linked protein from E. coli yields an
inner membrane-anchored prolipoprotein which is not a
substrate for either lipidation or signal sequence cleavage.
The dominant negative effects of mxiM2 expression are
probably attributable to this protein mislocalization. Overtly
toxic effects related to MxiM2 were ruled out, since a high
level of induction in either BS599 or BS603 produced no
unusual alterations in bacterial growth rate, colony morphology, or bacterial cell shape. Most likely, the presence of
a mutant MxiM derivative which does not localize properly
but can still establish periplasmic interactions with other
Mxi-Spa subunits directly inhibits proper assembly or function of Mxi-Spa.
DISCUSSION
The mxiM locus of S. flexneri encodes a secreted protein
with no detectable homologs among other type III secretion
systems (4). Recent BLAST and FASTA searches have also
failed to detect proteins with similarities to MxiM (data not
shown). Since homologs have been detected for the majority
of Mxi-Spa proteins, MxiM may be required for functions
specific to Shigella. Of particular interest to us was the work
of Allaoui et al. (4) which showed that a MxiM-PhoA hybrid
protein is lipid modified (and detectable in whole-cell protein extracts). Recent work has implicated bacterial lipoproteins as essential subunits of most transmembrane traffic
systems. Therefore, while it is not a component commonly
found among type III secretory pathways, MxiM is likely to
play an important, if not essential, role in the pathway for
Ipa secretion.
In this study we characterized the contribution of MxiM to
the virulent phenotype of Shigella, using a combination of
genetic and biochemical analyses. By allelic replacement, the
mxiM ORF was disrupted with a nonpolar kanamycin resistance cassette. The resulting mutant produced no detectable
MxiM, did not translocate the Ipa invasins, and was phenotypically avirulent, indicating that MxiM is, in fact, an indispensable component of the Mxi-Spa pathway. [3H]palmitate and
[2-3H]glycerol labeling studies were used to establish that, in its
mature form, MxiM is both lipidated and associated with the
bacterial cell envelope. Furthermore, fractionation studies
identified MxiM clearly within the outer membrane of the cell
envelope. Outer membrane localization of MxiM was observed
by using several different Shigella backgrounds, including
BS260, a strain lacking an essential inner membrane component of Mxi-Spa, and BS103, a strain lacking the virulence
plasmid. The lipidation, processing, and outer membrane insertion of MxiM, therefore, require no other type III pathway
components.
Based on the in vivo resistance of MxiM to treatment with
extracellular protease (and susceptibility after outer membrane permeabilization), the lipid anchor of MxiM is thought
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FIG. 6. Requirements for MxiM in the subcellular distribution of IpaB. Total
membrane extracts from the indicated strains (2457T, BS547, and BS260) were
fractionated by sucrose density gradient centrifugation. Equivalent fraction contents from each strain were separated by SDS-PAGE and analyzed by immunoblotting with anti-IpaB serum. Exposure times were exactly 2 min for all blots
shown. The sucrose concentrations in each fraction (ranging from 27 to 52% in
fractions 1 through 12 from each strain) as well as protein concentration and Lpp
and NADH oxidase distribution were also determined. These results were nearly
identical to those presented in Fig. 4 and are therefore not shown.
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that such localization is not observed in a background lacking an inner membrane Mxi-Spa component (MxiA). In a study
of exoprotein subcellular fate in the hrp-hrc-encoded type III
secretion system of Pseudomonas syringae, Charkowski et al.
(11) also genetically dissected the secretory process and found
that the inner membrane translocation channel was functional
in the absence of a component required only for secretion
across the outer membrane. These observations suggest that
structural and functional similarities between the Hrp-Hrc and
Mxi-Spa systems exist and imply that in type III systems, inner
membrane-bound structural components assemble and sequester target proteins in the absence of outer membrane components. This situation is somewhat similar to that for type II
systems, in which the inner membrane Sec system can process
target proteins in the absence of outer membrane secretory
elements (48).
Based on the requirements for MxiM in Ipa secretion and
its location at the outer membrane-periplasm interface,
MxiM likely participates in direct interactions with other
Mxi-Spa subunits. The dominant nature of the mxiM2 allele
accords with such a physical association. Dominance could
reflect displacement of wild-type MxiM from the Mxi-Spa
secretory structure or from its interactions with an essential
structural subunit (displacement that is expected if, for example, MxiM is a secretin chaperone) by MxiM2. Since
MxiM2 is periplasmically exposed, it should establish interactions normally involving MxiM; however, the absence of
an outer membrane anchor from MxiM2 would block or
hamper subsequent assembly or function of Mxi-Spa. Partial
dominance or recessiveness would simply reflect the dilution
of MxiM2 pools. While detailed analyses of additional dominant negative alleles are required to prove these suggestions, the results described here do support the concept that
an interaction between MxiM and other components of the
Mxi-Spa type III system, possibly within the periplasmic
space, exists.
While the actual function for MxiM is, as yet, unknown, its
absolute requirement in Shigella pathogenesis is clear. As
predicted for most type III system components, MxiM is
membrane associated. This association is mediated by Nterminal lipid extensions that anchor the mature protein
moiety of MxiM to the inner leaflet of the outer membrane.
Within the periplasmic space, MxiM probably participates in
protein-protein interactions with other Mxi-Spa components. These interactions allow formation of a functional
outer membrane segment of the Ipa invasin secretory channel. Future analysis of exactly which proteins MxiM interacts with during this process will be important, not only in
the identification of a precise role for MxiM but also in the
study of assembly and function of the Mxi-Spa system as a
whole.
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