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Shigella species, causative agents of dysentery in humans,
initiate disease by invading colonic epithelial cells (17, 32, 44,
56). The bacteria multiply within the cells and spread to adjacent cells. The molecular and genetic mechanisms of pathogenesis have been intensively studied in Shigella flexneri. The
ability of shigellae to infect and provoke disease is a relatively
complex process and requires the products of a number of
plasmid and chromosomal genes.
Most of the genes involved in invasion and intercellular
spread are located on a large virulence plasmid (180 to 230 kb)
that is conserved among the Shigella species and enteroinvasive
Escherichia coli (57). Proteins encoded by the S. flexneri virulence plasmid include IpaB, IpaC, and IpaD, which are required for bacterial entry into host cells and for escape from
endocytic vesicles, and Mxi-Spa, consisting of about 20 gene
products that are involved in a type III secretory pathway for
secretion of Ipa proteins. Other plasmid-encoded virulence
proteins that are required for invasion or intercellular spread
include IcsA (VirG), IcsB, IpgC, VirK, and SopA. VirF and
VirB, which positively regulate transcription of ipa, mxi, and
icsA, also are encoded on the virulence plasmid (13, 32, 44, 57,
66). A small plasmid, pHS-2, has been implicated in S. flexneri
virulence. An O-antigen chain length determinant gene, cldpHS-2,
on this plasmid is required for full resistance to complementmediated serum killing and for induction of a strong inflammatory response in the guinea pig Serény test (21).
Chromosomal loci also have been implicated in S. flexneri
virulence, either as virulence factors or as regulators of virulence gene expression. The lipopolysaccharide (LPS) synthesis
loci galU, rfa, rfb, and rfc and the O-antigen chain length
regulator rol are required for correct surface presentation or

distribution of IcsA and thus are important for intercellular
spreading (21, 41, 42, 53–55, 67). An S. flexneri ispA mutant was
found to be defective in intercellular spreading due to abnormal septation when growing within cultured epithelial cells
(27). Another gene, vacJ, is required for intercellular spread,
but its function is not known (62). The aerobactin synthesis and
transport genes iuc and iut are important for iron acquisition
and bacterial growth in extracellular environments but do not
appear to be required for intracellular multiplication (25, 37).
Chromosomally encoded regulatory factors include the thermoosmotic regulator VirR, an H-NS-like protein whose product
binds the virB promoter and represses its expression at temperatures lower than 37°C (22, 49, 65); the two-component
osmolarity-responsive regulatory system OmpR-EnvZ (2, 3);
and VacB and VacC, which are involved in regulating the
expression of Ipa proteins, either at the transcriptional level
(VacC) or posttranscriptionally (VacB) (11, 64).
This study was undertaken to identify additional genes that
are involved in S. flexneri virulence, especially those required
for intracellular multiplication and spread to adjacent cells.
Two mutants that retained the ability to invade tissue culture
cells but failed to form normal plaques were characterized.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains, plasmids, and their
sources are listed in Table 1. Bacteria were cultured at 37°C in Luria-Bertani
broth (LB) or on L agar for general purposes. S. flexneri strains were routinely
streaked on Congo red agar (tryptic soy broth with 1.5% agar containing 0.01%
[wt/vol] Congo red dye [Sigma Chemical Co., St. Louis, Mo.]) to differentiate the
colonies that bind Congo red (Crb1) from those that do not (Crb2) (45). The
intracellular salts medium (ISM), a medium mimicking the intracellular conditions, was described previously (20). The concentrations of antibiotics used were
as follows: carbenicillin, used for ampicillin-resistant strains, 250 mg/ml; chloramphenicol, 30 mg/ml; kanamycin, 50 mg/ml; tetracycline, 12.5 mg/ml.
Construction of S. flexneri mutants. Random TnphoA mutagenesis of S. flexneri was performed as previously described (21) to generate insertional mutations in genes encoding secreted or membrane proteins. Briefly, SA511, previously described as SA514(pMA9) (21), a chloramphenicol-resistant (Cmr)
derivative of SA100 that invades tissue culture cells and spreads normally, was
mated with SM10lpir(pRT733), which carries TnphoA (28) on a suicide vector
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The ability of Shigella flexneri to multiply within colonic epithelial cells and spread to adjacent cells is
essential for production of dysentery. Two S. flexneri chromosomal loci that are required for these processes
were identified by screening a pool of TnphoA insertion mutants. These mutants were able to invade cultured
epithelial cells but could not form wild-type plaques. Analysis of the nucleotide sequence indicated that the
sites of TnphoA insertion were within two different regions that are almost identical to Escherichia coli K-12
chromosomal sequences of unknown functions. One region is located at 70 min on the E. coli chromosome,
upstream of murZ, while the other is at 28 min, downstream of tonB. The mutant with the insertion at 70 min
was named vpsC because it showed an altered pattern of virulence protein secretion. The vpsC mutant formed
pinpoint-sized plaques, was defective in recovery from infected tissue culture cells, and was sensitive to lysis
by the detergent sodium dodecyl sulfate. Recombinant plasmids carrying the S. flexneri vpsA, -B, and -C genes
complemented all of the phenotypes of the vpsC mutant. A mutation in vpsA resulted in the same phenotype as
the vpsC mutation, suggesting that these two genes are part of a virulence operon in S. flexneri. The mutant with
the insertion at 28 min was interrupted in the same open reading frame as S. flexneri ispA. This ispA mutant
could not form plaques and was defective in bacterial septation inside tissue culture cells.
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TABLE 1. Strains and plasmids used in this study
Strain or plasmid

Source or reference

Strains
SA100
SA101
SA511
SA2122
SA2054
SA4100
SA5122
SA5122W
W3110
SB221
SM10lpir

S. flexneri wild type, serotype 2a, Crb1, virulent
SA100 derivative, deletion in the large virulence plasmid, Crb2, noninvasive
SA100 Cmr, invasive, formed normal plaques
SA511 vpsC::TnphoA, Kmr
SA511 ispA::TnphoA, Kmr
SA100 vpsA::aphA-3, Kmr
SA100 vpsC::TnphoA, Kmr
SA5122 Crb2
E. coli K-12
E. coli lpp
E. coli pirR6K

46
9
21
This study
This study
This study
This study
This study
I. J. Molineux
36
63

Plasmids
pACYC177
pACYC184
pBR322
pWSc-1
pMQA
pMQB
pMQC
pMQD
pMQE
pMQF
pMQG
pYG400
pRZ526
pML14
pRT733

cloning vector, Apr Kmr
cloning vector, Tcr Cmr
cloning vector, Apr Tcr
cloning vector, Sucs
SA100 vpsA-yrbA cloned in pBR322, Tcr
SA100 vpsC-yrbA cloned in pBR322, Tcr
SA100 vpsA-C cloned in pBR322, Tcr
SA100 vpsA-yrbC cloned in pBR322, Tcr
SA100 vpsA-yrbB cloned in pBR322, Tcr
SA100 vpsC cloned in pBR322, Tcr
SA100 vpsA-B cloned in pBR322, Tcr
vpsA::aphA-3 cloned in pWSc-1
E. coli yciC-tonB cloned in pRZ112, Kmr
pRZ526 with bla from pACYC177 inserted at the HindIII site, Apr Kmr
oriR6K mob1 TnphoA Apr Kmr

7
7
4
40
This
This
This
This
This
This
This
This
51
This
63

(63). Crb1 colonies that were Kmr and Cmr but sensitive to ampicillin (Aps) and
had alkaline phosphatase activity (PhoA1) were tested in Henle cell invasion and
plaque assays to identify the mutants that retained invasiveness but were defective in cell-to-cell spread. Southern hybridization confirmed that each mutant
had a single insertion. The TnphoA insertion in the vpsC mutant SA2122 was
moved to the wild-type SA100 background by P1 transduction (35), yielding
SA5122. The phenotype of SA5122 was the same as that of the donor strain,
SA2122.
The mutation in vpsA was constructed by insertion of a nonpolar kanamycin
cassette (aphA-3) (34) in frame at the BsiWI site in pMQE. The PstI fragment
containing vpsA::aphA-3 was ligated into the PstI site of pWSc-1 to yield
pYG400. SA100 was transformed with pYG400, and the mutation was transferred to the chromosome of SA100 by allelic exchange, yielding SA4100. The
chromosomal DNA was amplified by PCR to verify the mutation.
Tissue culture cell invasion, plaque assays, and recovery of intracellular
bacteria. The ability of S. flexneri to invade Henle cells was determined by the
procedure of Hale and Formal (18) as follows. Subconfluent cell monolayers in
35-mm-diameter plates were infected with 2 3 108 CFU. After 1 h, extracellular
bacteria were removed from the monolayer by washing, and medium containing
gentamicin (20 mg/ml) was added to kill any remaining extracellular bacteria.
This concentration of gentamicin was above the MIC (3.25 to 6.5 mg/ml) determined for each of the strains used in this study. The infected monolayers were
incubated for an additional 1 to 2 h. At least 300 cells on each plate were
observed by microscopy after staining with Wright-Giemsa stain (Baxter Scientific Products, McGaw Park, Ill.), and those containing 3 or more bacteria per cell
were considered infected. To differentiate intracellular bacteria from those associated with the surface of the Henle cells, indirect immunofluorescence labeling was performed as follows. The monolayers were fixed with 1% paraformaldehyde. The primary antibody was polyclonal rabbit anti-S. flexneri group B
(Difco Laboratories, Detroit, Mich.), and fluorescein isothiocyanate-conjugated
goat anti-rabbit immunoglobulin G (Organon Teknika Corp., West Chester, Pa.)
was the secondary antibody. The slides were mounted and observed with a Zeiss
Axioskop fluorescence microscope. The images of the phase-contrast field for
total bacteria and those of the fluorescence field were compared. Only the
extracellular bacteria were stained with the antibody, which did not penetrate the
Henle cells.
To recover the intracellular bacteria, the cell monolayers were detached with
trypsin (0.025% [wt/vol]) and lysed with 0.5% (wt/vol) sodium deoxycholate
(DOC) as described previously (20). The lysate was plated on agar medium to
determine bacterial CFU. The number of Henle cells harvested was determined
with a hemocytometer prior to lysis. CFU recovered per infected Henle cell was

study
study
study
study
study
study
study
study
study

calculated as number of CFU per (total number of Henle cells harvested 3
percentage of Henle cells infected).
Plaque assays were performed as described by Oaks et al. (39) as follows.
Confluent Henle cell monolayers in 35-mm-diameter plates were infected with
2
10 to 105 bacteria. After 90 min of incubation, the Henle cells were overlaid with
fresh medium plus 0.45% (wt/vol) glucose, 0.5% (wt/vol) agarose, and 20 mg of
gentamicin per ml and incubated for 72 h.
Sequence analysis of the site of TnphoA insertion. The SA2122 gene interrupted by TnphoA was identified by cloning the BamHI fragment containing the
kanamycin resistance gene and upstream sequence into pACYC184, and sequence was obtained by using a primer located within phoA, namely, 59-ATAT
CGCCCTGAGCAG-39 (primer A). For SA2054, inverse PCR was performed as
previously described (21). Briefly, total DNA was digested with TaqI and religated. Two primers derived from phoA sequence, primer A and primer B (59-C
AACCGGTGTCAAAACC-39), were used to amplify the appropriate product.
The purified PCR fragments were sequenced with either primer A or primer B
with an ABI Prism 377 DNA sequencer (Perkin-Elmer Co. Applied Biosystem
Division, Foster City, Calif.). The sequences of portions of the vpsA and vpsB
regions and of the entire vpsC-yrbA region (Fig. 1A) (GenBank accession no.
AF053073) were obtained by direct sequencing of the PCR products of amplified
S. flexneri chromosomal DNA and by sequencing the recombinant plasmid
pMQB (Fig. 1), as described below. Analyses of the sequences and homology
searches were performed with the IntelliGenetics (Mountain View, Calif.) Suite
program (release 5.4) and the Blast network service at the National Center for
Biotechnology Information (1).
Construction of recombinant plasmids and strains. To clone various portions
of the wild-type S. flexneri yrb region, PCR was carried out with SA100 chromosomal DNA by using the Pfu DNA polymerase (Stratagene, La Jolla, Calif.) with
the following primers designed from E. coli sequences: primer C (59-AACTGC
AGTCAACGCAAGACGAAGGG-39), which hybridizes upstream of vpsA
(yrbF) (Fig. 1); primer D (59-AACTGCAGCCCATAGCTCAAAAGCCG-39),
which hybridizes downstream of yrbA; primer E (59-TTGGGAATTGAGTTCA
TGC-39), which hybridizes upstream of vpsC; primer F (59-AACTGCAGATCA
CCAGCAAAGCGACC-39), which binds downstream of vpsC; primer G (59-A
ACTGCAGATCCAGCTCAGTGACTCG-39), which binds downstream of
yrbC; primer H (59-AACTGCAGGGTTAACGCCATATCCGG-39), which
binds downstream of yrbB. All primers except primer E contained a 59 PstI site.
PCR was carried out with C-D, C-F, C-G, C-H, E-D, or E-F primer combinations. The PCR products were digested with PstI and cloned into pBR322 at the
PstI site, except the one obtained from primer pair E-D, which was cloned into
pBR322 digested with PstI and ScaI. The open reading frames (ORFs) were
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inserted in the orientation of bla transcription and designated the pMQ series, as
shown in Fig. 1A. pMQF was generated by deleting the 1.3-kb SacII-PstI fragment from pMQB, while pMQG was obtained by deleting the 472-bp SnaBIPmeI fragment from pMQC. Because pMQB failed to complement the vpsC
mutant, sequence analysis of pMQB was performed to confirm that the sequence
matched the chromosomal DNA sequence. The vpsC mutant SA5122 was transformed with each of the pMQ plasmids by using the method of Dagert and
Ehrlich (8) as modified by Hromockyj et al. (22).
To generate pML14, the bla gene was inserted into pRZ526 (51), which
contains the E. coli yciC-tonB region, as follows. A 1.47-kb BamHI-BstBI fragment of pACYC177 that carries the bla gene was filled in with the DNA polymerase I Klenow fragment (New England Biolabs, Inc., Beverly, Mass.) and
ligated to pRZ526 that was digested with HindIII and also filled in.
Protein analyses. The cytosol, cytoplasmic membrane, and outer membrane
were isolated by the methods of Inouye and Guthrie (23) and of Filip et al. (14),
and the proteins were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) with 12% polyacrylamide (24). Proteins in the
supernatants of exponential-phase LB or ISM cultures were precipitated with
10% (wt/vol) trichloroacetic acid and solubilized in Tris-SDS (1 M Tris-HCl [pH
8.0], 2% [wt/vol] SDS) as described previously (48). Samples of supernatant
proteins corresponding to 400 ml of bacterial culture (A650 5 1.0) were separated
by SDS-PAGE (12%) and detected by silver stain or by immunoblotting. The S.
flexneri antisera used for immunoblotting analyses were convalescent-phase sera
from monkeys infected with S. flexneri, rabbit polyclonal antibodies against IcsA
(VirG) or IpaD, and mouse monoclonal antibodies recognizing IpaB (2F1) or
IpaC (2G2). All S. flexneri antisera were provided by Edwin Oaks (Walter Reed
Army Institute of Research, Washington, D.C.). Polyclonal (5 Prime 3 3 Prime,
Boulder, Colo.) and monoclonal (Chemicon, Inc., Temecula, Calif.) antibodies
were used to detect alkaline phosphatase (PhoA) fusion proteins.
To determine PhoA activity, bacteria were grown to exponential phase in LB
(in vitro sample) or harvested from infected Henle cells (intracellular sample)
and enzyme activity was determined by the method of Brickman and Beckwith
(5).

In vitro translations were performed by use of an E. coli in vitro transcriptiontranslation kit (Promega) by following the protocol provided by the supplier.
Proteins synthesized in the reaction were labeled with [35S]methionine (NEN,
Boston, Mass.) and analyzed by SDS-PAGE.
LPS analysis. LPS was isolated, and its structure was analyzed by SDS-PAGE
as described previously (21). Two indirect measures of LPS structure, serum
sensitivity and crystal violet sensitivity, were also measured as described previously (21).
SDS sensitivity assay. Bacterial sensitivity to SDS lysis was measured as described by Stathopoulos et al. (58) with the following modifications. Cultures
were grown in LB for 1 h and then divided, and where indicated, 0.01% Congo
red, 0.01% hemin, or 0.1% (wt/vol) DOC was added. Cultures were grown to
early stationary phase, centrifuged at 14,000 3 g for 3 min, and resuspended in
25 mM Tris-HCl (pH 7.5) to an A595 of 1.2. SDS (0.1%) was then added to one
set of samples of each strain, while the other set of samples was left untreated.
Samples were incubated at 37°C without aeration. The ratio of A595 at each time
point (Tn) to A595 at time zero (T0) was expressed as a percentage (% relative
A595). Strains SA5122(pMQC) and SA5122(pMQB) grown in the presence of
tetracycline were extremely sensitive to SDS, probably due to the membrane
instability caused by induction of tetracycline pumps (12), so these strains were
grown in the absence of antibiotic, and maintenance of the recombinant plasmids
was determined by plating on media with or without tetracycline following
incubation.
RNase I leakage and antibiotic sensitivity assays. The leakage of the periplasmic protein RNase I from bacterial cells was assayed by using plate cultures
grown at 37°C as described by Lopes et al. (26). Bacterial sensitivity to antibiotics
was tested by overlaying L agar plates with soft L agar containing 100 ml of an
overnight culture and measuring the zones of inhibition around disks containing
the following antibiotics or dye: tetracycline, 30 mg; gentamicin, 10 mg; chloramphenicol, 30 mg; carbenicillin, 30 mg; crystal violet, 10 mg.
Indirect immunofluorescence labeling of IcsA (VirG) on the bacterial surface.
To determine the presence and distribution of IcsA (VirG) on the bacterial cell
surface, indirect immunofluorescence labeling was performed on bacterial sus-
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FIG. 1. Maps of the 70- and 28-min regions of E. coli and S. flexneri. These maps are in accordance with E. coli chromosomal sequences at the 70-min (A) and 28-min
(B) regions to which S. flexneri sequences are highly homologous (60; also this study) (GenBank accession no. U18997). Boxes with different patterns represent ORFs
or genes that were characterized. Horizontal arrows above ORFs indicate the putative directions of transcription. yrb and yci designations are those of Plunkett (47)
and Stoltzfus et al. (59). vps genes were named in this study, and ispA was identified by Mac Sı́omóin et al. (27), while P14 was named by Postle and Good (50). SA2122
had the TnphoA inserted after the codon for isoleucine at amino acid position 127 of VpsC, VpsA is interrupted in SA4100 by insertion of aphA-3 after the codon for
arginine at amino acid position 241, and SA2054 had TnphoA inserted after the codon for threonine at amino acid position 65 of IspA. Insertions are indicated by large
arrowheads. Lines beneath the maps represent the wild-type regions cloned in the indicated recombinant plasmids. All pMQ plasmids carried wild-type S. flexneri
sequences, while pML14 had the wild-type E. coli sequence. The complementation results in the plaque assays are shown.
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TABLE 2. Characteristics of S. flexneri mutants
Strain

Genotype

% Invasiona

Plaque
formationb

SA511
SA2122
SA5122
SA4100
SA2054

Parental strain
vpsC::TnphoA
vpsC::TnphoA
vpsA::aphA-3
ispA::TnphoA

92.0 6 4.1
88.2 6 2.5
83.0 6 5.6
79.3 6 3.8
63.3 6 18.9

1
P
P
P
2

a
Percentage of Henle cells infected with 3 or more bacteria. At least 300 cells
were observed per experiment, and means 6 standard deviations of three experiments are shown.
b
1, 1.5- to 2.0-mm-diameter plaques; P, pinpoint (,0.2-mm-diameter)
plaques; 2, no plaques.

RESULTS
Generation of TnphoA mutants defective in plaque formation in cultured cells. We previously constructed a collection of
S. flexneri TnPhoA insertion mutants that invaded cultured
epithelial cells but failed to form plaques in confluent cell
monolayers, indicating defects in intracellular survival, multiplication, or cell-to-cell spread (21). Analysis of two additional
mutants, SA2122 and SA2054 (Table 2), is reported here.
SA2122 had an insertion in a gene not previously identified as
involved in Shigella virulence, and it has been designated a
vpsC mutant for its altered virulence protein secretion phenotype (Vps2), as described below. SA2054 had an insertion in
ispA, a gene involved in intracellular septation. The ispA insertion mutant is similar, but not identical, to that described by
Mac Sı́omóin et al. (27).
Henle cell invasion and intracellular multiplication of the
vpsC mutant. The vpsC mutant SA2122 produced plaques that
were less than 0.2 mm in diameter, as compared to wild-type
plaques of 1.5 to 2.0 mm (Table 2). There was no increase in
the size of the plaques produced by the mutant, even after
prolonged incubation. The vpsC mutation in SA2122 was transduced into a wild-type SA100 background to ensure that the
strain contained no additional, uncharacterized mutations. The
resulting strain, SA5122, had the same defect in plaque formation (Table 2).

Although the mutant failed to form normal plaques, it was
similar to the wild-type parent strain in an invasion assay (Table 2). Invasion was verified at 2 h postinfection by indirect
immunofluorescence labeling of intact, infected Henle cells
with an antibody against S. flexneri. The number of both SA100
and SA5122 bacteria detected by this procedure, which labels
extracellular but not intracellular bacteria, was found to be less
than 5% of the total number of bacteria visualized by phasecontrast microscopy (data not shown), indicating that the majority of bacteria were intracellular.
Defects in IcsA localization, LPS synthesis, peptidoglycan
synthesis, and intracellular septation all have been associated
with failure to form plaques. Results indicating that SA5122 is
unaffected in these functions are summarized in Table 3, along
with results of other assays described in more detail below.
Survival and multiplication of the vpsC mutants within
Henle cells were assessed by infecting the monolayer and determining the number of intracellular bacteria at various times
after infection (Table 4). The average numbers of intracellular
bacteria observed in stained monolayers were equivalent in the
vpsC mutant and the parental strain, and there was an increase
with time in the number of vpsC bacteria inside the infected
Henle cells, suggesting that the mutant was not defective in
survival or multiplication inside tissue culture cells during the
first 3 h after invasion (Table 4). However, there was a difference between the mutant and wild type in the number of the
intracellular bacteria recovered by harvesting and plating on
agar medium; the number of vpsC mutant CFU recovered was
less than 3% of the intracellular bacteria counted by microscopic observation, while approximately 80% of the intracellular SA511 (parental strain) bacteria were recovered under
the same conditions (Table 4). The difference between the
number of vpsC CFU recovered per infected cell and that of
the wild-type parental strain was significant (P , 0.02) in each
experiment, although the range of numbers varied among experiments (Table 4 and data not shown). Failure to recover the
vpsC bacteria did not appear to be associated with the manipulations involved in harvesting the bacteria. A mock infection
in which the bacteria were exposed to the same conditions used
to harvest bacteria from the infected Henle cells had no significant effect on the viability of the vpsC mutant (data not
shown).
Sequence analysis of DNA flanking the TnphoA insertion in
vpsC and cloning of the wild-type Shigella genes. The DNA
sequence upstream of phoA in the vpsC mutant SA2122 re-

TABLE 3. Phenotypes of Vps strains
Strain

Phenotype

IcsA
localizationa

Intracellular
septationb

Colony
morphologyc

SA100
SA5122
SA5122(pMQA)
SA5122(pMQB)
SA4100

Wild type
VpsC2
VpsC1
VpsC2
VpsA2

Polar
Polar
Polar
Polar
ND

WT
WT
WT
WT
WT

S
W
S
W
W

SDS
Serum
sensitivityd sensitivitye

R
S
R
S
S

0.51
0.76
NDh
ND
ND

Carbenicillin
MIC (mg/ml)

Antibiotic
and dye
sensitivityf

LPS
structureg

20
20
20
20
ND

WT
WT
ND
ND
ND

WT
WT
ND
ND
ND

a
Cells were observed by microscopy after indirect immunofluorescence labeling with anti-IcsA antiserum. Polar, the strain displayed equivalent amounts of IcsA as
the wild-type strain did at one pole of each cell.
b
WT, wild-type Shigella cell morphology and septation during growth within Henle cells.
c
S, smooth and glossy; W, wrinkled, rough.
d
R, the A550 in the presence of SDS was $75% of the A550 in the absence of SDS; S, the A550 was reduced by more than 25% after 1 h of incubation.
e
Serum sensitivity expressed as log10 kill 5 (log10 CFU per ml after 2 h in the absence of serum) 2 (log10 CFU per ml after 2 h in the presence of 10% normal human
serum) (21).
f
Sensitivities to gentamicin, tetracycline, chloramphenicol, and crystal violet were compared to those of the wild type.
g
WT, wild-type amount and chain length distribution of LPS.
h
ND, not determined.
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pensions and the bacteria were air dried on slides as described by Van Den Bosch
et al. (67). Labeling and observations were done as described above, except that
a polyclonal rabbit anti-IcsA antiserum was used as the primary antibody. The
location of IcsA was determined by comparing the phase-contrast field for
bacteria and those of the fluorescence field for IcsA staining.
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TABLE 4. Bacterial invasion of Henle cells and recovery of
bacteria from cells

Expt and strain

Expt 1
SA511 (WTd)
SA2122

Invasion
ratioa

No. of
bacteria
counted/
infected
Henle cellb

Bacterial
CFU
recovered/
infected
Henle cellc

2
3
2
3

1.00
1.08
1.01
1.09

13.8 6 0.7
43.8 6 7.4
11.7 6 2.4
34.4 6 4.5

10.7 6 4.5
33.9 6 8.0
0.2 6 0.1
0.9 6 0.9

2
2
2
2

1.00
0.81
0.83
0.82

ND
ND
ND
ND

31.3 6 4.8
3.2 6 0.3
30.2 6 5.1
6.7 6 1.4

a
Invasion ratio 5 percentage of Henle cells invaded by the mutant/percentage
of cells invaded by the parental strain.
b
Values are average numbers of intracellular bacteria counted in three separate fields of at least 20 infected Henle cells per field 6 standard deviations.
c
Bacterial CFU recovered per infected Henle cell 5 (total bacterial CFU
recovered per plate)/(total number of Henle cells harvested per plate 3 percentage of Henle cells infected).
d
WT, wild type.

vealed that TnphoA was inserted into a gene with 98% nucleotide identity to an ORF of unknown function located at 70
min on the E. coli K-12 chromosome (yrbD) (GenBank accession no. U18997; GenPept accession no. P45391) (47). In E.
coli, yrbD is one of six ORFs (yrbABCDEF) (Fig. 1A) contained on the same strand immediately upstream of murZ, a
peptidoglycan synthesis gene (29). The wild-type S. flexneri
chromosomal DNA was amplified by PCR by using primers
designed with the E. coli sequence, and the PCR fragments
were cloned into the b-lactamase gene of pBR322 in the same
orientation as bla transcription, yielding pMQA to -G (Fig.
1A). The genetic organization of the region was the same in S.
flexneri and E. coli, and the DNA sequences of the regions were
almost identical. The only amino acid difference in the VpsC
and YrbD sequences was the serine at position 38 of VpsC in
S. flexneri instead of the proline at the same position in E. coli
YrbD (GenPept accession no. P45391). vpsC and the two
ORFs immediately upstream are closely linked, potentially
forming an operon. No sequence with homology to the E. coli
s70 consensus promoter was found upstream of any of these
three genes nor were there obvious terminator-like sequences
at the end of any of these genes.
If vpsC and the two upstream ORFs form an operon, the
three gene products might function together or in the same
pathway in the formation of plaques by S. flexneri. To test this,
a nonpolar aphA-3 cassette (34) insertion mutation in vpsA
(yrbF) was constructed. The mutant, SA4100, had the same
phenotype as the vpsC mutants (Table 2). This suggests that
the products of the upstream genes function in concert with
VpsC in Shigella plaque formation. Therefore, we have designated these genes vpsA and vpsB.
Complementation of the vps mutations. Plasmids containing
vps sequences were tested for complementation of the vpsA
and vpsC mutations. The results indicated that sequences in
addition to the vpsC sequence were required for complementation of the vpsC mutations (Fig. 1A; Table 4). For example,
a plasmid containing the entire Shigella vps (yrbA to -F) region
(pMQA) complemented the defect in plaque formation, but a
plasmid containing only the vpsC gene (pMQF) did not com-

FIG. 2. In vitro translation of proteins encoded by plasmids from the vpsABC
region. [35S]methionine-labeled proteins produced in an E. coli extract were
separated on an SDS–12.5% polyacrylamide gel and visualized by autoradiography. Plasmid DNA templates were as follows: none (lane 1), pBR322 (lane 2),
pMQC (vpsABC) (lane 3), pMQG (vpsAB) (lane 4), pMQF (vpsC) (lane 5),
pMQEvpsA::aphA-3 (vpsBC) (lane 6). The arrowheads show the positions of the
VpsA, VpsB, and VpsC proteins.

plement the defect (Fig. 1A). Analysis of additional clones
showed that it was the upstream genes, vpsA and vpsB, that
were required along with vpsC for complementation of the
vpsC mutation; truncation of vpsAB (in pMQB and pMQF) or
vpsC (in pMQG) abolished the complementation (Fig. 1A).
Similar results were obtained in testing for complementation
of the reduced recovery from Henle cells; pMQA (carrying
vpsABC) complemented the low-recovery phenotype of the
vpsC mutant, while pMQB, which lacked vpsA and vpsB, did
not (Table 4). None of the downstream genes, yrbCBA, were
required for complementation of the vpsC mutation (Fig. 1A).
This result indicates that the defect in plaque formation of the
vpsC mutant was not due to a polar effect of the mutation on
the downstream genes.
The requirement of the upstream genes for complementation suggested that expression of vpsC in these clones may be
dependent upon upstream sequences. However, in vitro transcription and translation of pMQF indicates that this plasmid
expresses vpsC (Fig. 2, lane 5), although in vitro transcription
does not necessarily imply in vivo expression.
Both pMQC and pMQG complemented the vpsA mutation
in the plaque assay (Fig. 1A). The vpsA mutant containing
pMQC produced smaller plaques than that containing pMQG,
however. It is not clear why the full-length clone would be less
effective in complementing this mutation than in complementing the vpsC mutation, unless the increased amount of VpsC
contributed by the plasmid is detrimental to the vpsA mutant.
Structure of Vps proteins and cellular location of VpsC. The
predicted protein sequence of VpsA has extensive homology to
the sequence of many ABC transporter proteins (GenPept
accession no. P45393) and has a conserved ATP-binding site
(GXXGXGKX), suggesting that vpsA, the first ORF in this
region, encodes a member of an ABC transporter family. VpsB
has four stretches of hydrophobic residues which may be transmembrane domains, suggesting that VpsB is an integral membrane protein. VpsC appears to have a leader peptide, since
the amino terminus has positively charged residues followed by
a hydrophobic region and a consensus leader peptidase cleavage site. The remainder of the VpsC protein is relatively neutral, with no obvious transmembrane domains or highly
charged regions. The proteins encoded by vpsABC were synthesized by in vitro transcription and translation, separated by
SDS-PAGE, and visualized by autoradiography (Fig. 2). Proteins of the predicted sizes for VpsA (29 kDa), VpsB (27.8
kDa), and VpsC (19.5 kDa) were produced when pMQC was
the template (Fig. 2, lane 3). The identity of each band was
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confirmed by comparison with the proteins produced from
templates lacking one or more of the genes (Fig. 2). Interestingly, the amount of VpsA produced relative to that of VpsB
and VpsC was low. VpsA and VpsB have similar numbers of
methionines (13 and 12, respectively), yet the amount of
[35S]methionine in the band corresponding to VpsA was much
less than that in VpsB and VpsC. The lower intensity of the
VpsC band relative to the VpsB band was expected, given that
VpsC has only two methionines. It is not known whether VpsA
is produced in lower amounts than VpsB and VpsC within the
bacterial cell or if this is an artifact of the in vitro system.
The characteristics of the amino acid sequence and the fact
that the TnPhoA insertion in vpsC had a PhoA-positive phenotype suggests that VpsC is a periplasmic protein or a membrane protein with a region exposed to the periplasm. To
determine the location of VpsC within the bacterial cell, cell
fractions were separated and the VpsC-PhoA fusion protein
was detected by immunoblotting with a monoclonal antibody
against PhoA (Fig. 3). The results indicated that the VpsC-
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PhoA fusion protein was located in the S. flexneri cytoplasmic
membrane fraction. Bands were also detected in the fraction
containing the cytoplasmic and periplasmic proteins; these may
represent cytoplasmic VpsC that has not been exported to the
membrane as well as degradation products. Additional bands
that also may represent degradation products were observed in
the cytoplasmic membrane fraction. No bands were seen in the
outer membrane fractions (Fig. 3). Thus, it is likely that VpsC
is a cytoplasmic membrane protein, although it is possible that
the VpsC-PhoA fusion protein does not have the same cellular
location as VpsC.
Phenotypes associated with vps mutations: altered colony
morphology and hypersecretion of virulence proteins. In comparing the vps mutants to the wild-type strain, it was noted that
the mutant strains had an altered colony morphology on
Congo red agar. The wild-type colonies were smooth and
glossy, while both the vpsA and vpsC mutants formed colonies
that had a rough, wrinkled appearance (Table 3). The complementing plasmids that restored plaque formation also restored
the wild-type colony morphology, whereas those that did not
complement had no effect on the wrinkled colony morphology
(Table 3).
The altered colony morphology of the vps mutants suggested
a cell wall or cell surface alteration. Because vpsA encodes a
potential ABC transporter, it was possible that the colony
morphology, as well as the defect in plaque formation, was
associated with an effect on protein translocation or secretion.
To test this, proteins in the culture supernatants of various
strains were analyzed by immunoblotting with a monkey convalescent-phase antiserum that detects the S. flexneri major
virulence antigens, IpaB, IpaC, IpaD (19, 38), IcsA, and IcsA*
(the cleaved and secreted form of IcsA) (16) (Fig. 4). The
identity of each band in the immunoblots was confirmed by
using antisera against the individual proteins (data not shown).
Analysis of the secreted proteins showed that the vpsC mutant
secreted larger amounts of the virulence proteins than did the
wild-type strain (Fig. 4). The altered virulence protein secretion phenotype (Vps2) was the basis for designating the interrupted gene, vpsC. The increased amounts of the virulence
proteins in the supernatants were due to increased secretion
rather than increased synthesis of these proteins; the total
amounts of virulence proteins were similar in whole-cell lysates

FIG. 4. Immunoblot analysis of proteins in culture supernatants. Cultures were grown either in the presence (A) or in the absence (B) of the antibiotics to which
the strains are resistant, and proteins were precipitated from culture supernatants. Proteins from equivalent numbers of cells were separated on an SDS–12% PAGE
gel and then analyzed by immunoblotting with monkey convalescent-phase antiserum. Lanes containing strains grown in LB or ISM are indicated at the bottom of the
lanes. The positions of the Ipas and IcsA* are indicated to the right of the gels. (A) Lanes 1 and 6, wild-type SA100; lanes 2 and 7, SA5122; lanes 3 and 8, SA2054;
lane 4, SA5122(pMQC); lane 5, SA2054(pML14); (B) lane 1, SA100; lane 2, SA5122; lane 3, SA5122(pMQC); lane 4, SA5122(pMQB).
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FIG. 3. Localization of PhoA fusion proteins by immunoblot analysis. Cells
were fractionated, and samples of the cytosol and periplasm (CP), inner membrane (IM), and outer membrane (OM) were analyzed by SDS-PAGE. The
proteins were transferred to nitrocellulose, and the PhoA fusion proteins were
detected with a monoclonal antibody against PhoA. Lanes 1 to 3, SA101 (VpsC1
IspA1 PhoA2); lanes 4 to 6, SA2122 (vpsC::TnphoA); lanes 7 to 9, SA2054
(ispA::TnphoA). Asterisks indicate the bands of the expected size of each PhoA
fusion protein.
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of the wild-type and the vpsC mutant strains (data not shown).
Because induction of tetracycline resistance can cause instability of the bacterial outer membrane (12), antibiotics used to
maintain the plasmids were omitted from one set of cultures to
show that hypersecretion was not associated with the presence
of antibiotics (Fig. 4B).
The hypersecretion phenotype was complemented by the
plasmid that restored plaque formation ability, pMQC
(pVps1) (Fig. 4A, lane 4; Fig. 4B, lane 3), but not by pMQB,
a plasmid that did not restore plaque formation (pVps2) (Fig.
4B, lane 4). The vpsA mutant also hypersecreted the virulence
proteins (data not shown). Thus, there was a correlation between protein hypersecretion and the defective cell-to-cell
spread phenotype in the vps mutants. The Vps2 hypersecretion
phenotype was observed both in rich medium (LB) and in ISM
(Fig. 4A), suggesting that hypersecretion of virulence proteins
may occur during growth within cultured cells as well as in
vitro.
Effect of vps mutations on membrane permeability. The proteins that were secreted in the vpsC mutant included both IcsA,
which is transported via the general secretory pathway, and Ipa
proteins, which are specifically exported through a type III
secretory apparatus (56). This fact, coupled with the observations that SA5122 was not readily recovered from the intracellular environment and that it had an altered colony morphology, suggested the possibility that the vpsC mutation had an
effect on S. flexneri membrane permeability or cell wall integrity. Assays used to detect potential defects included measuring penicillin sensitivity as an indicator of peptidoglycan function (43); analysis of expression and distribution of the major
membrane proteins by SDS-PAGE; analysis of LPS structure;
measurement of sensitivity to antibiotics, dyes, and detergents;
and screening for leakage of RNase I from the periplasm
(Table 3 and data not shown). The vpsC mutants were indis-

tinguishable from the wild type in all of these assays except
sensitivity to lysis by SDS (Table 3). The vps mutants were
more sensitive to SDS than the wild type (Fig. 5). This did not
reflect a general detergent sensitivity, since exposure to DOC
did not result in cell lysis or loss of viability (data not shown).
The increased SDS sensitivity of SA5122 was abrogated by
introduction of pMQC, which also complemented the other
phenotypes (Vps1), but not by pMQB, which failed to complement the other phenotypes (Vps2) (Fig. 5A). Increased
SDS sensitivity indicated that the vpsC mutation altered S.
flexneri membrane function but did not increase outer membrane permeability to the extent that antibiotics were able to
enter the cell more freely or that proteins of the size of RNase
I (31 kDa) (31) could leak out. Because the Ipa and IcsA
proteins are larger than RNase I, it is unlikely that the increased amount of these proteins in the supernatant was due to
increased leakage.
Effect of Congo red, DOC, and hemin on SDS sensitivity. It
was possible that the increased SDS sensitivity in the vps mutants was a direct result of hypersecretion of the Ipa proteins.
To determine this, the wild-type strain was tested for SDS
sensitivity following growth under conditions that enhance Ipa
secretion (Fig. 5B). SA100 was grown in the presence of DOC
(48), Congo red (44), or hemin prior to testing SDS sensitivity.
The result showed that growth in medium containing Congo
red or DOC (Fig. 5B) or hemin (data not shown) increased
SDS sensitivity of the wild-type strain. These data indicate that
enhancement of protein secretion by mechanisms other than
mutation of vpsC increased SDS sensitivity. However, the effects of these compounds were not as great as the effect of the
vpsC mutation in causing increased lysis by SDS (Fig. 5B), and
growth in the presence of Congo red further increased the SDS
sensitivity of the vpsC mutant (Fig. 5B). This suggested that the
mechanisms for the increase in SDS sensitivity by Congo red
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FIG. 5. Effect of vpsC and protein secretion on SDS sensitivity of S. flexneri. Bacteria were grown to early stationary phase in the absence of antibiotics. Congo red
dye or DOC was added to certain samples, as indicated below the graphs, at 1 h after inoculation. The cells were washed, and 0.1% SDS was added (T0). A595 was
determined at various time points. % Relative A595 5 A595 at Tn/A595 at T0. Three or more samples of each strain and each condition were tested, and the means of
the results were plotted. Standard deviations are #1.7%. The relative absorbance of the wild type, SA100, incubated in the absence of SDS is shown in each panel for
comparison. Results for the following strains are shown: (A) Wild type, SA100; vpsC mutant, SA5122; vpsC(pMQC), SA5122(pMQC); vpsC(pMQB), SA5122(pMQB);
(B) wild type, SA100; vpsC mutant, SA5122; wild type 1CR, SA100 grown with 0.01% Congo red; wild type 1DOC, SA100 grown with 0.1% DOC; vpsC 1CR, SA5122
grown with 0.01% Congo red; vpsC Crb2, SA5122W.
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The ispA mutant also was analyzed by indirect immunofluorescence for the presence and localization of IcsA on the cell
surface. The results showed that the ispA mutant SA2054 had
normal polar localization of IcsA, although the levels of fluorescence observed with SA2054 and SA2054(pML14) were
slightly less than that observed with the wild type (data not
shown).
Expression of vpsC and ispA under different environmental
conditions. Environmental conditions such as temperature and
osmolarity have been shown to influence the expression of S.
flexneri virulence genes (2, 30). To determine whether vpsC and
ispA might be regulated by some of these same conditions, the
vpsC::TnphoA and ispA::TnphoA fusions were used as reporter
genes to study the regulation of vpsC and ispA expression.
Among the environmental conditions tested were temperature
(37 versus 30°C), pH (pH 5.5 to 7.5), iron (iron rich or iron
depleted), DOC, O2 (aerobic versus anaerobic), osmolarity (0
to 10% sucrose), nutrients, reducing agents, and extracellular
versus intracellular environment. None of these conditions affected the expression of vpsC::TnphoA or ispA::TnphoA (data
not shown). Additionally, the vpsC and ispA mutants grew as
well as the wild type did under all the conditions tested, indicating that neither VpsC nor IspA was required for survival
under any of these conditions. It was reported that the ispA
mutant was defective in growth under reducing conditions in
ISM (27). We measured the MIC of the reducing reagent
2-mercaptoethanol for the wild-type and ispA mutant strains
grown in ISM and found that it was 50 mM for both strains.
DISCUSSION
In this study, we identified two S. flexneri chromosomal loci
involved in intercellular spread. A mutation in vpsC resulted in
reduced recovery of bacteria from infected tissue culture cells,
increased bacterial protein secretion, and increased sensitivity
to detergent lysis. These phenotypes have not been reported
for other Shigella virulence genes, suggesting that the vpsC
gene acts through a novel virulence mechanism. Another gene,
yciB, was required for normal septation inside tissue culture
cells and was found to be the same gene as ispA, which was
reported by Mac Sı́omóin et al. (27).
The vpsC mutant strains were as invasive as the wild type but
formed extremely small plaques. The number of vpsC CFU
recovered from infected tissue culture cells was only 1 to 10%
of those of the wild type, although the average number of
intracellular mutant bacteria observed by microscopy was
equivalent to the wild type. The vpsC mutant was probably not
defective in survival inside cells but was unable to survive
isolation from infected cells. Decreased viability of the vpsC
mutant could not be detected under any of the in vitro growth
conditions tested, suggesting that the effect was specific to
bacteria passaged through the cytoplasm of cultured cells. The
vpsC mutant, however, did show an altered colony morphology. On Congo red plates, the mutant colonies appeared rough
and wrinkled, as compared to the glossy and smooth wild-type
colonies. This rough colony morphology was similar to that of
the mutants lacking LPS O-antigen side chains, but the LPS
distribution pattern and serum resistance of the vpsC mutant
were normal.
The vpsC mutant secreted larger amounts of virulence proteins than the wild type did. The hypersecreted proteins include the Ipa proteins, which are exported via a type III secretory pathway, and IcsA, which is secreted through the
cytoplasmic membrane by the general secretory pathway (61).
Therefore, the vpsC mutation had a general effect on protein
translocation rather than a specific effect on a single secretory
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and the vpsC mutation are not identical, although there may be
some overlap in the targets or mechanisms through which the
vpsC mutation and Congo red induce SDS sensitivity.
Congo red or hemin binding (Crb1) is a characteristic of
virulent Shigella, and Crb2 strains are avirulent (9, 45). To test
whether the ability of S. flexneri to bind these compounds is
correlated with SDS sensitivity, a Crb2 virulence plasmid deletion derivative of the vpsC mutant was isolated and assayed.
The result showed that the Crb2 vpsC strain was more resistant
to SDS than the Crb1 vpsC strain, indicating that loss of Congo
red-binding ability suppressed the SDS sensitivity phenotype of
the vpsC mutant (Fig. 5B). This may reflect reduced virulence
protein secretion due to the deletion in the plasmid or other
changes in cell wall structure and function.
Isolation of a putative ispA mutant. SA2054, a second
TnphoA insertion mutant, invaded Henle cells but did not form
plaques (Table 2). This mutant appeared to multiply as well as
the wild type during the first 3 h postinfection, as determined
by counting bacteria in stained monolayers and by harvesting
and plating the intracellular bacteria (data not shown). Between 3 and 6 h postinfection, however, SA2054 formed long
filaments inside the Henle cells (data not shown), indicating
defective bacterial septation. After 6 h postinfection, bacteria
again appeared normal (data not shown), but invasion of adjacent cells did not occur (Table 2). The failure to form plaques
despite the apparent recovery of normal septation after 6 h
suggests that there may be cell changes in addition to the
septation defect that lead to the loss of intercellular spread.
The DNA sequence upstream of phoA in SA2054 has very
high homology to an E. coli K-12 ORF at 28 min, yciB (60)
(GenPept accession no. P21366) (Fig. 1B). A recombinant
plasmid carrying the wild-type E. coli yciC-tonB region,
pML14, restored the plaque-forming ability in the mutant (Fig.
1B). Both sequence and phenotypic analyses suggested that
SA2054 was interrupted in ispA (defective intracellular septation), a gene described previously by Mac Sı́omóin et al. (27).
Sequence homology searches did not reveal any other genes
of known functions with strong homologies to ispA or the two
closely linked ORFs, yciA and yciC. ORFs homologous to
yciABC were found in Haemophilus influenzae. tonB is closely
linked to yci in E. coli and S. flexneri, but a tonB-homologous
ORF is not present in the same region of the H. influenzae
chromosome (15).
Localization of IspA. The putative location of IspA in the
bacterial cell was determined by detecting the IspA-PhoA fusion protein in immunoblots of cell fractions. A fusion protein
of the predicted size (56 kDa) was found in the S. flexneri
cytoplasmic membrane, with smaller amounts found in the
cytosol fraction (Fig. 3). Additional bands in the inner membrane and cytosol fractions may represent degradation products and cross-reacting proteins. The minor bands detected in
some outer membrane fractions with this monoclonal antibody
were not observed when polyclonal antiserum against PhoA
was used (data not shown), suggesting that these are not IspAPhoA fusion proteins (Fig. 3).
Effect of the ispA mutation on protein secretion and IcsA
localization. Protein secretion by the ispA mutant was studied
(Fig. 4A). The ispA mutant secreted slightly less protein than
the wild type (Fig. 4A, lanes 4 and 8), but the amount was
similar to that secreted by the ispA mutant containing pML14,
which has the wild-type ispA sequence (pIspA1) (Fig. 4A, lane
5). All of the membrane permeability assays described above
were performed on the ispA mutant, and they did not demonstrate any difference between the ispA mutant and the wildtype strain, suggesting normal membrane structure of the ispA
mutant (data not shown).
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wrinkled colonies on agar medium. Plasmids carrying vpsA
complemented the mutation, but it was noted that pMQG,
which encodes only VpsA and VpsB, complemented better
than pMQC, which encodes VpsA, -B, and -C. This supports
the idea that the relative amounts of these proteins, particularly VpsA and VpsC, were critical for efficient complementation. The VpsA protein sequence is homologous to a family of
ATP-binding transporters, and the predicted protein has a
highly conserved ATP-binding motif (68). The vpsB sequence
encodes a probable integral membrane protein because of its
predicted multiple membrane-spanning domains, while vpsC
was found in this study to encode a cytoplasmic membrane
protein. The three gene products may form a complex in the
cytoplasmic membrane and either export or import certain
molecules.
Sequences highly homologous to vpsA, -B, and -C were
found in both E. coli (yrbDEF) (GenBank accession no.
U18997) and H. influenzae (gene identification no. HI1085),
and the organization of the entire vpsA (yrbF)-murZ region is
conserved between E. coli and H. influenzae (15). In both E.
coli and H. influenzae, the location of yrb is upstream of murZ,
an essential gene involved in bacterial peptidoglycan synthesis
(6). The fact that the vpsC mutation in S. flexneri was not lethal
in vitro and that the downstream sequences were not required
for complementation of the mutation ruled out the possibility
that the vpsC mutation was polar on murZ. However, a subtle
change in peptidoglycan structure could explain the protein
hypersecretion phenotype, as it has been suggested that the
peptidoglycan layer can serve as a barrier for protein translocation (10). Although the carbenicillin sensitivity experiments
indicated that there was no major defect in the peptidoglycan
structure of the vpsC mutant in vitro, it is possible that there is
a defect that does not increase sensitivity to penicillins or that
vpsC had an altered peptidoglycan layer in vivo. Recent studies
by Quintela et al. (52) showed that the peptidoglycan structure
of S. typhimurium grown within tissue culture cells was changed
from that in vitro. Whether the cell wall structure of intracellular S. flexneri vpsC bacteria is different from extracellular
bacteria is a question that requires more study.
Taken together, the data suggest that vpsA, -B, and -C encode cytoplasmic membrane proteins whose normal function is
required for Shigella to progress from the initial step of invasion to infection of neighboring cells. Disruption of vpsA or
vpsC decreases the stability of the cytoplasmic membrane, as
measured by susceptibility to SDS lysis, and causes increased
secretion of virulence proteins. Failure to control the amount
and timing of secretion of these proteins could disrupt the
normal sequence of events involved in intracellular growth and
intercellular trafficking of the bacteria.
The other mutant characterized in this study (SA2054) was
defective in bacterial septation in the intracellular environment. DNA sequence analysis indicated that the mutation was
in an ORF highly homologous to E. coli yciB (60), a gene that
is designated ispA in S. flexneri (27). A recombinant plasmid
that carried the wild-type E. coli yciB gene was shown to complement the plaque formation defect of SA2054. The amino
acid sequence analysis showed multiple potential membranespanning regions; thus, IspA was predicted to be a membrane
protein (27) (GenPept accession no. P21366). This study localized the IspA-PhoA fusion protein to the cytoplasmic membrane of SA2054, confirming the prediction. The phenotype of
the ispA mutant constructed in this study was slightly different
from the one reported by Mac Sı́omóin et al. (V3404) (27).
SA2054 failed to produce plaques and showed a shorter period
of defective septation, which was 3 to 6 h postinfection, as
compared to 2 to 8 h for V3404. The difference might be due
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pathway. This effect was probably different from the increased
protein secretion specifically through the type III secretory
pathway Mxi-Spa that has been observed in S. flexneri grown in
the presence of epithelial cells (34), fetal bovine serum (33),
Congo red (44), or bile salts (48). The increased protein secretion phenotype of the vpsC mutant was observed with bacteria grown in ISM, the medium mimicking the intracellular
condition, indicating that increased protein secretion also is
likely to occur during intracellular growth. Our previous studies (20) indicated that production of at least two virulence
proteins, IpaB and IpaC, was reduced during intracellular
growth of the wild-type strain, suggesting that synthesis or
secretion of the virulence proteins is regulated within the host
cell. Failure to control Ipa or IcsA secretion could result in
premature lysis of the host cell or otherwise reduce the efficiency of the spread of shigellae to adjacent cells.
The low recovery rate and the protein hypersecretion phenotypes of the vpsC mutant, along with its altered colony morphology, suggested that the defect could be in a bacterial surface structure. The increased sensitivity of the vpsC mutant to
SDS lysis also suggested a membrane defect, since increased
SDS sensitivity has been correlated with increased outer membrane permeability in other studies (58). However, the RNase
I leakage and the antibiotic sensitivity experiments did not
detect any difference between the vpsC mutant and the wild
type, indicating that the increased membrane permeability in
the vpsC mutant was not sufficient to cause leakage of proteins
of the size of RNase I or to allow increased entrance of antibiotics (31). This made it unlikely that Ipa and IcsA proteins
leaked out, because these proteins are larger than RNase I. In
addition, the amounts of both major outer membrane porins
OmpC and OmpF in the vpsC mutant and the wild type were
similar, suggesting that the increased outer membrane permeability of the vpsC mutant was not due to changes in the
amounts or ratio of porins.
Experiments to determine the effects of the vps mutations on
detergent sensitivity led to the observation that Congo red and
DOC, both of which enhanced Ipa secretion, increased sensitivity of wild-type S. flexneri to SDS lysis. This result indicated
that there is a correlation between enhancement of protein
secretion and increased sensitivity to detergents.
Complementation of the vpsC mutant with cloned wild-type
S. flexneri chromosomal regions showed that DNA sequences
downstream of vpsC were not required but that two upstream
genes, vpsA and vpsB, together with vpsC, were required for
complementation of the vpsC mutation. vpsABC are closely
linked, with only 7 bases between the stop codon of vpsA and
the start codon of vpsB and 4 bases between vpsB and vpsC.
These observations suggest that the three genes are likely to
form an operon, with transcription starting upstream of vpsA,
and that expression of vpsC may rely on upstream sequences.
However, pMQF, which contains only the vpsC ORF and did
not complement the vpsC mutation, does appear to produce
VpsC when analyzed by an in vitro transcription-translation
system. This suggested that the products of these genes might
function together and that the ratio of the VpsABC proteins is
important. Overproduction of VpsC from the plasmid relative
to the amounts of VpsA and VpsB produced from the chromosomal genes could be detrimental. If these genes do form an
operon and the gene products have a common function, we
anticipated that a mutant defective in vpsA would have the
same phenotype as a vpsC mutant. Although the vpsA mutant
has not been characterized as extensively as the vpsC mutant,
it appeared to have the same phenotype; it failed to form
plaques in Henle cell monolayers, it hypersecreted the virulence proteins, it was sensitive to SDS, and it produced rough,
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