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Induction of type lll secretion in Shigella flexneri is
associated with differential control of transcription
of genes encoding secreted proteins

Brigitte Demers’, Philippe J.Sansonetti and 1994; Sory and Cornelis, 1994; Woetlal,, 1996; Collazo

Claude Parsot and Galan, 1997) and that transcription of genes encoding
secreted proteins is controlled by secretion of regulatory

Unité de Pathogeie Microbienne Moleulaire and Unitd NSERM proteins (Hughest al, 1993; Petterssoat al., 1996).
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Members of the genushigellacause bacillary dysentery
. _ in humans by invading the colonic epithelial mucosa and
ecnigﬁsgggmgsa@;ﬂhoi . inducing a strong inflammatory response (LaBetcal,,
-matt pasteur. 1964). In vitro, cell invasion involves two steps: entry
and intercellular dissemination. Genes involved in both
steps are carried on a 200 kb virulence plasmid (reviewed
by Hale, 1991; Parsot, 1994). A 31 kb fragment of this
plasmid is necessary and apparently sufficient for entry
into epithelial cells (Maurellet al, 1985; Sasakawet al,,
1988). This fragment is organized in two divergently
transcribed regions which schematically encode secreted
proteins, the IpaA-D proteins and a type Il secretion
system, the Mxi—Spa secretion apparatus. The first region
contains eight genes, includingpaBCDA which are
transcribed from a promoter located upstream fiioaB.
The second region contains 20 genes, desigripteanxi
andspa which are clustered in large operons. Inactivation
of ipa, mxi andspagenes leads to a non-invasive pheno-
type, due to either loss of effector proteins (Sasakawa
et al, 1989; Mmard et al, 1993) or failure to secrete
them (Andrews and Maurelli, 1992; Venkatesah al.,
1992; Allaouiet al, 1993b; Sasakawet al, 1993).

Only a small proportion of IpaA-D proteins is secreted
by wild-type Shigellagrowing in laboratory media. Inac-

France

Shigella the etiological agent of human bacillary dysen-
tery, invades the colonic epithelium where it induces
an intense inflammatory response. Entry ofShigella
into epithelial cells involves a type Il secretion
machinery, encoded by themxi and spaoperons, and
the IpaA-D secreted proteins. In this study, we have
identified secreted proteins of 46 and 60 kDa as the
products of virA and ipaH9.8, respectively, the latter
being a member of theipaH multigene family. Inactiva-
tion of virA did not affect entry into epithelial cells.
Using lacZ transcriptional fusions, we found that tran-
scription of virA and four ipaH genes, but not that of
the ipaBCDA and mxi operons, was markedly increased
during growth in the presence of Congo red and in an
ipaD mutant, two conditions in which secretion through
the Mxi—-Spa machinery is enhanced. Transcription of
the virA and ipaH genes was also transiently activated
upon entry into epithelial cells. These results suggest
that transcription of the virA and ipaH genes is regu-
lated by the type Il secretion machinery and that a

regulatory cascade differentially controls transcription tivation of ipaD enhances secretion of IpaA, IpaB, IpaC
of genes encoding secreted proteins, some of which, and ~15 other proteins (Mardet al, 1994; Parsoét al,

like VirA, are not required for entry. 1995). These latter proteins are absent or barely detectable
Keywords intracellular/invasion/pathogenesis/regulation/ in the medium of the wild-type strain unless Congo red,
secretion a dye that induces secretion (Bahragti al, 1997), is

present in the culture medium (Parsttal,, 1995). In this
study, we have characterized secreted proteins of 46 and
. 60 kDa which are overproduced byAgpaBCDA mutant.
Introduction The 46 kDa protein was identified as the productioA,
Numerous Gram-negative bacteria that are pathogensa gene which previously had been characterized in an
for humans, animals or plants use homologous protein Shigella flexneri2a strain (Uchiyaet al, 1995). The
secretion machineries to secrete their virulence factors.60 kDa protein was identified as the productijmH9.8

The Sec-independent type Il secretion pathway is involved @ member of thépaH multigene family that comprises

in secretion ofYersiniaanti-host proteinsSalmonellaand five genes which are designated by the size ofHhwllI|
Shigellaspp. effectors of entry into epithelial cells, EPEC fragment on which they are carried by the virulence
signal transducing proteinsPseudomonas aeruginosa plasmid (Hartmaret al, 1990; Venkatesaet al., 1991).
toxins and virulence factors of many plant pathogens, as Using lacZ transcriptional fusions, we have investigated
well as in flagellum assembly of bacteria suchSadmon- transcription ofvirA, of four members of th@aH family

ella typhimuriumand Bacillus subtilis(reviewed in Van and of thepaBCDAandmxioperons. We present evidence
Gijsegemet al, 1993; Mecsas and Strauss, 1996; Alfano that transcription o¥irA and of fouripaH genes, but not
and Collmer, 1997). Possible characteristic features of that of theipaBCDA and mxi operons, is increased when
this secretion pathway include the fact that secretion is secretion through the type Il secretion machinery is
activated by contact of the bacterium with host cells enhanced in response to addition of Congo red to the
(Ménard et al, 1994; Wataraiet al, 1995; Zierler and  growth medium and to inactivation @baD. In addition,
Galan, 1995), that some of the secreted proteins are transcription ofvirA-acZ and ipaH-lacZ fusions was
delivered into the cytoplasm of host cells (Rosqestl,, activated during entry of bacteria into epithelial cells.
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Characterization of @irA mutant indicated that VirA, in
contrast to IpaB, IpaC and IpaD, is not required for entry
into epithelial cells, which suggests that the differential
expression of secreted proteins might reflect differences
in the function of these proteins during infection.

Results

Some secreted proteins are overproduced by
constitutively secreting strains

Inactivation of eitheripaB or ipaD and deletion of the
ipaB, C, D and A genes lead to the secretion of ~15
proteins that associate in the extracellular medium (Parsot
et al, 1995). Aggregates containing proteins secreted by
the AipaBCDA mutant (SF635) were used to immunize
mice, and the resulting antiserum was tested by Western
blotting on extracts of whole cultures, bacterial pellets
and culture supernatants of M90T (wild-type), SF622
(ipaD), SF635 QipaBCDA), SF634 {paD mxiD) and
BS176 (a virulence plasmid-cured strain). The serum
reacted most strongly with a 46 kDa protein; this protein
was present in high amounts in extracts ipAD and
AipaBCDAstrains, was present in low amounts in extracts
of wild-type andipaD mxiD strains, and was not present
in extracts of the virulence plasmid-cured strain (Figure 1).
SDS-PAGE analysis and Coomassie Blue staining also
revealed that a protein, or possibly a mixture of proteins,
of ~60 kDa was present in higher amounts in extracts of
the ipaD and AipaBCDA strains than in extracts of the
wild-type andipaD mxiD strains (Figure 1). These results
suggested that production of 46 and 60 kDa secreted
proteins was increased in the constitutively secreipadp

and AipaBCDA strains compared with the wild-type and
secretion-deficienpaD mxiD strains.

Characterization of the gene encoding the 46 kDa
secreted protein
The 46 kDa protein secreted by tiAépaBCDA mutant
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Fig. 1. Secretion of proteins by varioushigellastrains. Cultures of

MOO0T (wild-type), BS176 (the virulence plasmid-cured strain) and the
ipaD (SF622),AipaBCDA (SF635) andpaD mxiD (SF634) mutants

were used to prepare either whole culture extracts, by adding Laemmli
sample buffer directly to the cultures, or bacterial pellets and culture
supernatants, by centrifugation of the cultures. Proteins present in
culture supernatants were concentrated 10 times by TCA precipitation.

was transferred onto a PVDF membrane and subjected toSamples were separated by SDS-PAGE and analyzed by either

Edman degradation and proteolysis by endolysin. The
N-terminal sequence of the protein was identified as M-Q-
T-S-N-I-T-N-H-E and those of two internal peptides as
[--T-F-G-I-Y-S-P-H-E-T-L-A and V-H-T-I-T-A-P-V-S-
G-N. Oligonucleotides based on the N-terminal sequence

Coomassie Blue staining or immunoblotting using an antiserum raised
against aggregates recovered from the medium ofAtheBCDA

mutant. Numbers indicate the position and the size (in kDa) of
standard proteins and arrows indicate the position of the 60 and

46 kDa proteins.

blotting, a set of overlapping cosmids representing the
entire virulence plasmid. Both probes hybridized to a
6.4 kbHindlll fragment of cosmid pCos3 (data not shown)
which was then cloned into pUC19 to give rise to pBD3
(Figure 2). Escherichia coliderivatives harboring this
plasmid produced a 46 kDa protein that was recognized
by the serum raised against the mixture of secreted protein
(data not shown), thereby indicating that the entire gene
had been cloned.

Subcloning experiments and Southern blot analysis of
recombinant plasmids using oligonucleotides as probes
allowed us to localize the gene encoding the 46 kDa
protein on a 3.2 kbHincll-Hindlll fragment located
upstream fromicsA (Bernardiniet al, 1989; Lettet al,

S

for the N-terminal end and the two internal peptides of
the secreted protein. These sequence data have been
submitted to the DDBJ/EMBL/GenBank databases under
the accession number AF047364. The deduced sequence
of the 46 kDa protein was identical to that of VirA, a
secreted protein encoded by the virulence plasmid of an
S.flexneristrain of serotype 2a (Uchiyet al., 1995) and,
therefore, the corresponding gene $fflexneri5 was
designatedirA. No other ORFs were detected immediatly
upstream or downstream fromirA. Restriction analysis

of overlapping cosmids indicated thairA was located

~10 kb downstream from thepa operon (Venkatesan

et al, 1992; Sasakawat al, 1993) on the virulence
plasmid pWR100.

1989). Sequence analysis revealed an open reading frameCharacterization of the gene encoding a 60 kDa

(ORF) starting 487 bp upstream from tlosA translation
start codon and oriented in the opposite direction. Amino

secreted protein
The 60 kDa proteins which were secreted in high amount

acid sequences deduced from positions 43-71, 159-200by the AipaBCDA strain were transferred onto a PVDF
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Fig. 2. Structure of plasmids carryingrA andipaH9.8 A schematic genetic map of a portion of the virulence plasmid pWR100 is shown in the
center, along with the position of some relevant restriction sites. Symbols used for restriction sitesBsgEIBC, Hincll; E, Ecarl; H, HindlIl;

N, Ndd; P, Hpal; S, SawBAl; T, Stu; V, Bbd; X, Xba. The DNA corresponding teirA andipaH9.8is shown by shaded bars and tlaeZ gene by

a solid bar. Arrows indicate the orientation of transcription of the genes. Restriction sites of the virulence plasmid that were used for cloning are
indicated in brackets.

membrane and the lower part of the band was used for sequence analysis were identical to those of the N-terminal
N-terminal sequence determination and proteolysis by end and of the internal peptide of the 60 kDa secreted
endolysin. Analysis of the N-terminal sequence indicated protein. These sequence data have been submitted to the
that the sample contained two proteins; the sequence ofDDBJ/EMBL/GenBank databases under the accession
the major species was determined as M-L-P-I-N-N-N- number AF047365. ThépaH9.8 gene encodes a 545
F-S-L-P-Q. The sequence of an internal peptide was residue protein with a deduced,Mf 61 886. No ORFs
determined as Y-E-M-L-E-N-E-Y-P-Q-R-V-A-D-R, which  were identified upstream or downstream fropaH9.8
was almost identical to a fragment of the constant region Restriction analysis of overlapping cosmids indicated
of members of the IpaH family. IpaH proteins are charac- that ipaH9.8 was located 45 kb downstream from the
terized by a constant C-terminal region of ~300 residues spaoperon.
which is preceded by a variable N-terminal region
composed of repetitive motifs (Hartmaet al., 1990; Inactivation of ipaD increases transcription of virA
Venkatesaret al, 1991). The N-terminal sequence of the and ipaH genes
60 kDa secreted protein was different from those deduced Western blot analysis indicated that a higher amount of
from the B end ofipaH7.8 ipaH4.5 ipaH2.5andipaH1.4 VirA was produced by th@aD mutant than by the wild-
(Hartmanet al, 1990; Venkatesart al, 1991), which type strain (Figure 1). To investigaterA transcription,
suggested that this protein might correspond to the fifth we constructed avirA-lacZ transcriptional fusion by
IpaH protein, IpaH9.8, whose gene had not been cloning theicsA—virAintergenic region and the' part of
sequenced yet. virA upstream from théacZ gene in a suicide vector. The
Southern blot analysis using a probe derived from the recombinant plasmid pLAC4 (Figure 2) was integrated at
constant region oipaH genes indicated thapaH9.8was the virA locus of the virulence plasmid harbored by the
present in cosmid pCos87 (data not shown). Deletion wild-type andipaD strains to construct SF100¥ViA—
derivatives of pCos87 were constructed to give rise to lacZ ipaD") and SF1002 (rA-lacZ ipaD) (Table I).
pBD4 (Figure 2), whose 2.4 kb insert was entirely Expression of thevirA—lacZ fusion was 17 times higher
sequenced. The amino acid sequences deduced fronin the ipaD~ strain as compared with thipaD™ strain
positions 40-75 and 1477-1521 of the ORF identified by (Table Il), indicating that the increased production of VirA
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Table I. Shigellastrains

Strain Genotype Reference

M90T Wild type Sansonetét al. (1985)
M90T-Sm spontaneous $rderivative of MOOT Allaouiet al. (1992)
BS176  plasmidless derivative of MOOT Sansoretttil. (1985)
SF132  icsB-lacZin M90T-Sm Allaouiet al. (1992)
SF134  ipgD-lacZin M90OT-Sm Allaouiet al. (1993a)
SF401 mxiD Allaoui et al. (1993b)
SF403 mxiD-lacZin M90T-Sm Allaouiet al. (1993b)
SF622 ipaD Ménardet al. (1993)
SF623  ipaA-lacZin M9OT-Sm Manardet al. (1993)
SF624  ipaA-lacZin SF622 [paD) Ménardet al. (1993)
SF634  ipaD mxiD Ménardet al. (1994)
SF635  AipaBCDA Parsotet al. (1995)
SF803 icsB-lacZin SF622 [paD) this work

SF806 ipgD-lacZin SF622 {paD) this work

SF808 mxiD-lacZin SF622 {paD) this work

SF1001 virA-lacZin M9OT-Sm (irA™) this work

SF1002 virA-lacZin SF622 ¢irA™) this work

SF1003 virA—-lacZin M90OT-Sm irA~) this work

SF1004 virA-lacZin SF622 irA") this work

SF1005 ipaH9.8-lacZin M90T-Sm this work

SF1006 ipaH9.8-laczin SF622 {paD) this work

SF1007 ipaH7.8-lacZin M90T-Sm this work

SF1008 ipaH4.5-lacZin M90T-Sm this work

SF1009 ipaH4.5-laczZin SF622 {paD) this work

SF1010 ipaH1.4-lacZin M90OT-Sm this work

SF1011 ipaH1.4-lacZin SF622 {paD) this work

SF1012 virA-lacZin SF401 (xiD) this work

by theipaD mutant was due to an increased transcription
of virA. To determine whether VirA was involved in the
regulation of thevirA promoter, a DNA fragment internal
to virA was cloned upstream from thiacZ gene in

a suicide vector, and the recombinant plasmid pLAC5
(Figure 2) was integrated at tharA locus of the wild-
type andipaD strains to construct strains SF1008r{—
lacZ ipaD" virA~) and SF1004\irA—lacZ ipaD virA).
Inactivation ofvirA had no effect on transcription of the
virA-lacZfusion in either thépaD™ oripaD~ backgrounds
(data not shown), indicating thatirA was not auto-
regulated.

To analyze transcription of the varioysaH genes, the
constant region ofpaH9.8was cloned upstream from the
lacZ gene in a suicide plasmid, and the recombinant
plasmid pLACG6 (Figure 2) was transferred by conjugation
into the wild-type andpaD strains. Transconjugants were
screened by Southern blotting to identify thaH gene
into which the plasmid was integrated. This allowed us
to constructipaH9.8-lacZ ipaH4.5-lacZand ipaH1.4—
lacZ fusions in both the wild-type angpaD strains, as
well as anipaH7.8-lacZfusion in the wild-type strain.
Expression ofpaH9.8-lacZ ipaH4.5-lacZandipaH1.4—
lacZ fusions was low in derivatives of the wild-type strain
and was increased 5-20 times in derivatives ofiffa
mutant (Table II).

To investigate transcription of genes of the entry region,
we usedlacZ transcriptional fusions iricsB and ipaA,
which are the first and last genes of ipaBCDAoperon,
respectively, and inpgD and mxiD, which are the first
and twelfth genes of themxi operon, respectively

Table Il. Expression ofacZ transcriptional fusions by bacteria
growing in vitro

Fusion B-Galactosidase activity (Miller unitd)

ipaD* ipaD~ Ratio P ipaD*+CR Ratio IF
virA—lacZ 16 280 17 280 17
virA-lacZ mxiD 17 NA NA 18 11
ipaH9.8—-lacZ 28 580 21 325 12
ipaH7.8-lacz 20 NA NA 235 12
ipaH4.5-lacz 31 360 12 110 3.5
ipaH1.4-lacZ 53 280 5.3 270 5.1
ipaA-lacz 485 510 1.1 390 0.8
icsB—lacZ 290 305 11 285 1.0
mxiD-lacZ 275 260 0.9 320 1.2
ipgD-lacz 450 400 0.9 475 1.1

3Activities are the means of at least three independent experiments.
Standard deviations are within 25% of the reported values.

bActivity present inipaD~ strains versus activity present iipaD*
strains.

CActivity present in derivatives of thgpaD™ strain grown in the
presence of Congo red versus activity present in the same strains
grown in the absence of Congo red.

NA: not applicable.

shown). For each fusion, similar amounts3afjalactosid-
ase were present in derivatives of the wild-type grab
strains, indicating that transcription of these genes was
not affected by inactivation apaD (Table II), which was
consistent with the observation that production of IpaB
and IpaC was not affected in dpaD mutant (Menard

et al, 1993, 1994).

Congo red increases transcription of virA and ipaH
genes

Secretion of IpaB and IpaC is enhanced when bacteria
grow in the presence of Congo red (Parsbial, 1995).

To investigate the effect of Congo redwinA transcription,

we assayed th@-galactosidase activity in strain SF1001
(virA—-lacZ ipaD*) after growth in the presence of various
concentrations of Congo red. Transcription of theA—
lacz fusion was low at concentrations of dye up to
20 pg/ml and then increased with the concentration of the
dye to reach a plateau at ~1Q@y/ml of Congo red
(Table IlI; data not shown). Likewise, ~3—12 times more
B-galactosidase activity was present in strains carrying
ipaH9.8~ ipaH7.8- ipaH4.5—and ipaH1.4—-lacZfusions
after growth in the presence of 1Q@/ml of Congo red
(Table 11). In contrast, transcription @afsB- ipaA— ipgD—
and mxiD—lacZfusions was not affected by the presence
of Congo red in the growth medium (Table 1), which was
consistent with the observation that the amount of IpaB
and IpaC was not affected by the presence of Congo red
in the growth medium (Parset al., 1995).

Secretion is required for activation of virA

transcription

To determine whether regulation ofirA transcription
was dependent on the type Il secretion machinery, we
compared the3-galactosidase activities produced by the

(Figure 2). These fusions were constructed in both the virA-lacZ fusion in derivatives of wild-type ananxiD

wild-type and ipaD strains. Integration of the suicide

strains during growth in the presence of Congo red and

plasmids used to construct these fusions did not affect thethe production of VirA inipaD and mxiD ipaD strains.
secretion phenotype of recombinant strains (data not The presence of Congo red in the growth medium of the
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Fig. 3. Transcription of thevirA—lacZ fusion upon addition of Congo
red to the growth medium. Congo red (1@6/ml) was added to the
growth medium during the exponential phase of growth of derivatives
of the wild-type (open symbols) amdixD (closed symbols) strains
carrying thevirA—lacZ fusion. Samples were then collected at 5 min
intervals and assayed f@rgalactosidase activity. For both strains, no
increase in3-galactosidase activity was detected in the absence of
Congo red.

derivative of themxiD strain carrying therirA—lacZfusion

did not lead to an increase if-galactosidase activity
(Table 1), and lesser amounts of VirA were present in the
ipaD mxiD strain as compared with thgaD strain
(Figure 1). This indicated that activation of therA

Table Ill. Expression ofacZ transcriptional fusions by intracellular
bacteria

Fusion B-Galactosidase activity (Miller unitd)
In vitro 60 min of Ratio P 150 min of Ratio If

infection infection
ipgD-lacz 450 490 1.1 465 11
virA—lacZ 16 280 18 49 5.7
ipaH9.8-lacz 28 350 13 49 7.1
ipaH7.8-lacz 20 590 30 150 3.9
ipaH4.5-lacz 31 280 9.0 21 13.3
ipaHl1.4-lacz 53 300 5.7 49 6.1

3Activities are the means of at least three independent experiments.
Standard deviations are within 25% of the reported values.

bActivity present after 60 min of infection versus activity present in
bacteria growrin vitro.

CActivity present after 60 min of infection versus activity present after
150 min of infection.

Transcription of virA- and ipaH-lacZ fusions upon
entry and during intracellular multiplication

To investigatesirA andipaH transcription during infection

of epithelial cells, we measured tRegalactosidase activity
that was present in bacteria shortly after entry into epithe-
lial cells. Cells were infected for 30 min to allow entry
and then treated with gentamicin for 30 min to Kkill
extracellular bacteria. Infected cells were then washed to
remove killed bacteria and lysed, and intracellular bacteria
were recovered by centrifugation. The number of
intracellular bacteria was determined by plating, and the

promoter in response to Congo red and inactivation of B-galactosidase activity present in these bacteria was

ipaD required the integrity of the secretion machinery.
To investigate kinetics of activation of th@A promoter,
Congo red (10Qug/ml) was added to the growth medium
during the exponential phase of growth of derivatives of
the wild-type andmxiD strains carrying thevirA—lacZ

fusion. Samples were then collected at 5 min intervals

and assayed fop-galactosidase activity. An increase in

the B-galactosidase specific activity was detected 10 min

after addition of the dye to the medium of the derivative
of the wild-type strain, whereas no transcriptional activa-
tion of thevirA—lacZfusion was detected in the derivative
of the mxiD mutant (Figure 3). The 10 min lag time

observed between addition of Congo red and activation

of virA transcription in the derivative of the wild-type
strain was similar to that observed for induction of IpaB
and IpaC secretion by Congo red (Bahrahial., 1997).
These results differentiated thérA and ipaH genes,
the transcription of which was increased after growth in
the presence of Congo red or by inactivationipéD,

assayed by using 4-methyl-umbellifef§dp-galactoside
(MUG) as a substrate. The specific activity was first
expressed in units of fluorescence per bacterium and then
converted into Miller units. For the strain carrying the
ipgD—-lacZ fusion, chosen as a representative of genes
which were expressed constitutivéfyvitro, the3-galacto-
sidase activity present within intracellular bacteria
recovered after 60 min of infection was similar to that
found after growth in laboratory medium (Table IIl). This
confirmed that, following gentamicin treatment, washes of
infected cells were sufficient to remove killed extracellular
bacteria which, otherwise, could have contributed to the
total B-galactosidase activity without being numbered by
plating. For strains carrying theirA— and ipaH-lacz
fusions, the3-galactosidase activity was 6—30 times higher
in intracellular bacteria than in bacteria grovim vitro
(Table 1l1). This indicated that transcription ofirA,
ipaH9.8 ipaH7.8 ipaH4.5andipaH1.4had been induced
upon entry or shortly thereafter.

To investigatevirA transcription during growth in the

from the genes of the entry region, the transcription of jniracellular compartment, infected cells were lysed after
which apparently was constitutive with respect to these yarious periods of incubation in the presence of gentam-
parameters. Moreover, this suggested that transcription oficin, and intracellular bacteria were counted by plating
the virA andipaH genes was regulated by the Mxi-Spa and assayed fof-galactosidase activity. The number
secretion machinery, since (i) conditions leading to an of intracellular bacteria carrying theirA—lacZ fusion
enhanced transcription of these genes were the same agcreased with the time of incubation, which was consistent
those known to increase secretion through the Mxi—Spa with their intracellular multiplication (Figure 4). In con-
secretion machinery, and (ii) in these conditions, the trast, the specifi§-galactosidase activity present in these
secretion machinery was required for the enhanced tran-bacteria decreased steadily; the slope of the decrease in
scription of thevirA—-lacZ fusion and for the enhanced [-galactosidase specific activity was similar to that of the
production of the VirA protein. increase in the number of intracellular bacteria, suggesting
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ipaD mutants, and theirA mutant harboring plasmid pKvirA were
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Time of infection (min) and immunoblotting with antibodies raised against IcsA or aggregated
proteins from thehipaBCDA strain.

B-galactosidase activity (Miller units)

0 T T T T T 0
30 60 9 120 150 180 210

Fig. 4. Transcription of thevirA—lacZ fusion by intracellular bacteria.
Intracellular bacteria recovered after various times of infection of
HelLa cells by SF1001v{rA—lacZ) were counted by plating (open

symbols) and used to assBygalactosidase activity (closed symbols). secretion of IpaA-D proteins (data not Shown) nor the

efficiency of entry into epithelial cells, as estimated by

the gentamicin resistance assay after infection of HelLa
that the decrease in specific activity was due to bacterial cells, by the number of plaques formed after infection of
multiplication. Similarly, the3-galactosidase activity pre- Caco-2 cell monolayers and by the contact hemolytic
sent in bacteria carrying the varioygaH—-lacZ fusions activity on sheep erythrocytes (data not shown). In contrast,
was 6-13 times lower after 150 min of infection as thevirA mutant exhibited a reduced ability to disseminate
compared with the activity present after 60 min of infection from cell to cell: the plaques formed on a Caco-2 cell
(Table 1II). These results suggested that theA— and monolayer were three times smaller with the mutant than
ipaH-lacZ fusions had not been transcribed between 60 with the wild-type. Infected Hela cells were also analyzed
and 150 min of infection. In contrast, for the strain carrying by immunofluorescence microscopy, after labeling of
the ipgD-lacZfusion, similar amounts d8-galactosidase  F-actin and bacteria, and by electron microscopy: cells
were present after 60 and 150 min of infection (Table IIl), infected by the mutant had fewer protrusions and contained
suggesting that the intracellular compartment had no effectmore bacteria (data not shown). Immunofluorescence

on ipgD transcription. microscopy analysis using antibodies raised against ICSA,
the outer membrane protein required for the movement of
Phenotypic characterization of a virA mutant intracellular bacteria (Makineet al, 1986; Bernardini

The presence ofvirA on the virulence plasmid, the et al, 1989), indicated that both the number of labeled
regulation of its transcription by the type Il secretion bacteria and the intensity of the IcsA labeling were
machinery, and previous results obtained withvigA decreased in theirA mutant as compared with the wild-
mutant of S.flexneri2a (Uchiyaet al, 1995) suggested type (data not shown). Western blot analysis of whole cell
that VirA might be involved inShigella virulence. To extracts and culture supernatants of wild-type aimé
investigate the role of VirA, theirA gene of the wild- strains indicated that the amounts of both IcsA and tcsA
type strain was inactivated by integration of a suicide the secreted form of IcsA, were markedly decreased in
plasmid containing avirA internal fragment (Figure 2). the virA mutant as compared with the wild-type strain
Phenotypic characterization of thrA mutant was per-  (Figure 5). Introduction of the plasmid pKvirA into the
formed using both animal models of infection and cultured virA mutant did not complement the mutant for the
cell lines. Infection of rabbit ligated ileal loops revealed production of IcsA nor for the phenotype observed in the
no difference between the mutant and the wild-type strains plaque assay, although this strain produced an amount of
using such criteria as the volume of exudate, the intensitiesVirA similar to that of the wild-type (Figure 5). Uchiya
of ulceration and destruction of the villi, and the number et al. (1995) had observed that insertion of a transposon
of polymorphonuclear neutrophils accumulating in the into the virA gene of anS.flexneri2a strain led to a
mucosa (data not shown). In contrast, inoculation of guinea decrease inicsAtranscription and that this effect was not
pig conjunctival sac (Sereny test) revealed an attenuationcomplemented by a plasmid carrying a wild-type copy of
of the virulence of theirA mutant; whereas the wild-type  virA. This suggests that inactivation @fA by integration
strain provoked a frank keratoconjunctivitis within 48 h of a suicide plasmid or a transposon hassaacting effect
of infection, thevirA mutant elicited a mild keratoconjunti-  on theicsA promoter.
vitis that was detectable only after 72 h of infection. The
phenotype of thevirA mutant harboring the plasmid
pKvirA (Figure 2) was similar to that of the wild-type
strain, which indicated that the attenuation of the virulence Production of most bacterial virulence factors is tightly
observed with theirA mutant was indeed due to the lack regulated in response to environmental signals. Both the
of VirA. temperature and the osmolarity of the growth medium
Inactivation ofvirA affected neither the production and modulate transcription of genes involved in entry of

Discussion
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Shigella into epithelial cells (Maurelliet al, 1984;
Bernardiniet al, 1990). In addition, contact dbhigella
with epithelial cells (Meard et al, 1994; Wataraet al,

cytoplasm of HeLa cells. Alternatively, signals other than
secretion might affect transcription of thirA andipaH
genes negatively in the intracellular compartment.

1995) and exposure of bacteria to Congo red (Sankaran The mechanism involved in the transcriptional control

et al, 1989; Parsott al, 1995; Bahranget al, 1997) or
bile salts (Popeet al, 1995) activate secretion of IpaB

of thevirA andipaH genes in response to active secretion
is not known yet. The low transcription ofirA by the

and IpaC. In the present study, we have identified a setvirA mutant indicates that virA is not autoregulated and

of genes, includingvirA and four members of thigpaH
family, the transcription of which appears to be activated

the low production of VirA by theipaD mxiD mutant
suggests that IpaD is not the effector of the regulation of

in response to an increased secretion through the type llithevirA promoter. When the secretion apparatus is inactive,

secretion machinery.
We usedlacZ fusions to investigate transcription of
VirA, ipaH9.8 ipaH7.8 ipaH4.5andipaH1.4, as well as

a negative regulator might accumulate in the cytoplasm
and repressirA andipaH transcription. Secretion of this
regulator, due to the lack of IpaD or in response to external

that of operons located in the entry region. Transcription inducers, would decrease its cytoplasmic concentration,
of genes of the entry region was high in derivatives of thereby leading to the transcriptional activation of its

the wild-type strain and was not increased in derivatives target promoters. Secretion of a negative regulator as a
of the ipaD mutant or after growth in the presence of mechanism for the control of gene expression has been

Congo red. These results indicate that: (i) the increaseddocumented irsalmonelleandYersinia In S.typhimurium

secretion observed with the wild-type strain growing in
the presence of Congo red and with tip@D mutant is
not due to an increased transcription of tin&i operon;

(ii) transcription ofmxi andipaBCDAoperons is the same
whether the secretion machinery is poorly active (in the
wild-type strain) or deregulated (by addition of Congo red
or inactivation ofipaD). This transcriptional analysis and
previous Western blot analysis, which indicated that similar
amounts of IpaB and IpaC were present in wild-type,
ipaD and mxiD strains (Allaouiet al, 1993b; Meard

transcription of the flagellin gene by an RNA polymerase
containing the alternate sigma factor® requires the
integrity of the basal-hook body complex which constitutes
an export apparatus related to type Ill secretion machiner-
ies. Secretion of the anti-sigma factor FIgM allows tran-
scription of the flagellin gene by a?8-containing RNA
polymerase, thus coupling flagellin expression to flagellar
assembly (Hughest al, 1993; Kutsukakeet al., 1994).

In Yersinig expression of thgopgenes is down-regulated
when Yop secretion is compromised (Corneés al,

et al, 1993), suggest that expression of genes of the entry1987), and secretion of LcrQ via the type Ill secretion

region is not controlled by the secretion machinery. In
contrast, transcription of thérA andipaH genes was low

in derivatives of the wild-type strain and was increased
during growth in the presence of Congo red and in
derivatives of theipaD mutant. These results, together
with the low production of VirA in thépaD mxiD mutant
and the low transcription of/irA in the mxiD mutant
growing in the presence of Congo red, indicate that the
secretion machinery is involved in the control mechanism
of thevirA promoter and suggest that transcriptiorvisA

and of four copies of th@paH family is enhanced in
response to an active secretion through the type Il
apparatus. Activation of the transcription of thieA—lacZ
fusion in response to addition of Congo red to the growth
medium occurred within 10 min, which was consistent
with the kinetics of secretion of IpaB and IpaC in response
to Congo red (Bahraret al,, 1997).

Similar amounts off3-galactosidase were present in
bacteria carrying th@gD-lacZ fusion prior to and after
60 min of infection. In contrast, the amount®fjalactosid-
ase present in bacteria carryivigA andipaH-lacZfusions
was ~10 times higher after 60 min of infection than prior
to infection. Due to the period of incubation in the presence
of gentamicin which is required to eliminate extracellular
bacteria, we could not investigate whetlw#A andipaH
transcription was activated upon contact with or shortly
after entry into epithelial cells. Only low amounts of
B-galactosidase were present in bacteria carryiimg—
andipaH-acZ fusions after 150 min of infection, which
suggests that theirA and ipaH genes had not been
transcribed between 60 and 150 min of infection. Since
there is a correlation betweetrA andipaH transcription

apparatus has been proposed to lead to the transcriptional
activation ofyop promoters by a mechanism which has
not yet been characterized (Petterssbml, 1996).

The phenotype of avirA mutant in the Sereny test
indicated that VirA is involved in virulence but its specific
role could not be identified usinig vitro tests. VirA does
not appear to be required for entry, which is consistent
with the fact thatvirA is located outside the entry region
and that it is weakly expressed prior to infection of target
cells. Uchiyaet al. (1995) reported that inactivation of
virA in S.flexneri2a resulted in a 5-fold decrease in the
ability to enter epithelial cells. This discrepancy might
result from differences in the cell lines used for the assay
or in the Shigella strains studied. In both casegirA
mutants produced a decreased amount of IcsA (VirG),
which might be responsible for the reduced abilility of
the mutants to spread from cell to cell. However, the
reduced amount of IcsA does not appear to be responsible
for the phenotype of theirA mutant in the Sereny test
since the virulence of the mutant was restored by a
recombinant plasmid.

Clues to the role of VirA and IpaH proteins might be
found in the timing of their expression, in the fact that
they are secreted by a type Il secretion machinery and
in sequence similarities between these and other proteins.
YopM is a 41 kDa protein oifersiniathat is secreted by
a type Il secretion machinery (Leung and Straley, 1989),
translocated into target cells (Bolaret al, 1996) and
whose expression is regulated by the secretion machinery
(Petterssomt al,, 1996). In addition to the repeated motifs
that constitute the greater part of YopM (Leung and
Straley, 1989) and the N-terminal half of IpaH proteins

and active secretion, these results suggest that secretiorfVenkatesanet al, 1991), the N-terminal regions of

might not be active when bacteria are multiplying in the

2900

YopM and IpaH9.8 share extensive sequence similarities



Gene regulation and type lll secretion

Signal for secretion
YopM : MFINPRNVSNTFLQEPLRHSSNLTEMPVEAENVKSKTE
IpaH9.8: MLPINNNFSLPQNSFYNTISGTYAD

(38)
(25)

Signal for translocation

YopM YYNAWSEWERNAPPGNGEQREMAVSRLRDCLDRQAHELELNNLG (82)
IpaH9.8: YFSAWDKWEKQALP--GEERDEAVSRLKECLINNSDELRLDRLN (67)
First repeated motifs

YopM LSSLPELPPHLESLVASCNS- LTELPELPQSLKSLLVDNNN (122)
IpaH9.8: LSSLPDNLPAQITLLNVSYKQ LTNLPELPVTLKKLYSASNK (108)

Fig. 6. Comparison of the N-terminal sequences of IpaH9.8 and YopM. The regions of YopM that have been proposed as signals for secretion and
translocation (Bolanet al, 1996) are indicated above the alignment of the N-terminal sequences of YopM (Leung and Straley, 1989) and IpaH9.8
(this work). Conserved amino acid residues are indicated in bold. Only the first two repeated motifs of YopM and IpaH9.8, which contain 13 and

five repeated motifs, respectively, are shown.

(Figure 6). The N-terminal region of YopM has been

proposed to carry the signals which are responsible for

secretion and translocation of the protein (Bolaidal,

and the PCR product was cloned betweenKlpal and Xbad sites that
are located upstream from tha&cZ gene in the suicide vector pLAC2
(Allaoui et al, 1993a) to construct pLAC6 (Figure 2). pLAC6 was then
transferred by conjugation into M90T-Sm (wild-type) and SFGRAD).

1996). These sequence similarities suggest that IpaH9.8since pLAC6 carried the constant region ipH, integration of the

might be translocated byghigella into epithelial cells,
as described for YopM byrersinia Differences in the
transcriptional regulation of genes encoding proteins
secreted by the type Il secretion machinerySifigella
are likely to reflect differences in the functional role of
these secreted proteins during infection.

Materials and methods

Bacterial strains and growth media

All S.flexneristrains used in this study (Table I) are derivatives of the
wild-type strain MO0T (Sansonettt al, 1982). Bacteria were grown in
Luria—Bertani (LB) medium or tryptic soy (TCS) broth. Antibiotics were
used at the following concentrations: ampicillin 1A8/ml; kanamycin

30 pg/ml; and streptomycin 10Qg/ml. Congo red (Serva, Heidelberg,
Germany) was used to induce secretion by bacteria growing in LB
medium.

Construction of plasmids and strains
DNA analysis, polymerase chain reaction (PCR), plasmid construction
and transformation ofEscherichia coliand S.flexneristrains were

suicide plasmid could occur into any of the fiiaH genes carried on
the virulence plasmid. In each case, theZ reporter gene is placed
under the control of the promoter of thipaH gene into which the
plasmid is integrated. Transconjugants were screened by Southern blot
analysis of their virulence plasmid digested Hindlll using a probe
from the ipaH constant region. The strains were designated SF1005
(ipaH9.8-lacz ipaD), SF1006 ipaH9.8-lacZz ipaD), SF1007
(ipaH7.8-lacz ipaD’), SF1008 ipaH4.5-lacz ipaD), SF1009
(ipaH4.5-lacZ ipaD), SF1010 ipaHl.4-lacZ ipaD’) and SF1011
(ipaH1.4-lacZ ipaD). TheipaH2.5-lacZfusion in the wild-type back-
ground as well as th@aH7.8-lacZand ipaH2.5—lacZfusions in the
ipaD background were not obtained.

Protein analysis

Aggregated proteins were collected from the culture medium of SF635
(Aipa) and solubilized in 0.1% SDS. Mice were injected twice with this
preparation, with a 1 week interval. Sera were collected on the fourth
week, pooled and absorbed on sonicated extracts of BS176.

Bacteria in the exponential phase of growth were harvested by
centrifugation at 14 00@ for 10 min. Crude extracts were obtained
from the bacterial pellet, and proteins present in the culture supernatant
were precipitated by the addition of 1/10 (v/v) trichloracetic acid
(TCA). Electrophoresis in 10% SDS—-PAGE was performed as described

performed according to standard methods. Nucleotide sequences werg(Laemmli, 1970). After electrophoresis, proteins were either stained with

determined by the dideoxy chain termination procedure on alkaline-
denaturated plasmid DNA.

Coomassie Brilliant Blue or transferred to a nitrocellulose membrane.
Immunoblotting procedures were carried out with mouse polyclonal anti-

Overlapping cosmids representing the entire virulence plasmid pre- filaments antibodies, mouse monoclonal anti-lpaB antibodi€sz(Ba

viously were constructed by inserting 40 kb fragments of pWR2100 into
the vector pJB8 (Maureliet al., 1985).

Plasmid pLAC4 (Figure 2) was constructed by cloning a 1.5kbl—
EcoRI fragment, containing the’part oficsA theicsA-virAintergenic
region and the 5part of virA, into the Sma site located upstream from
the lacZ reporter gene in the suicide plasmid pLAC1 that confers
resistance to ampicillin (Allaowt al,, 1992). pLAC4 was then transferred
by conjugation into M90T-Sm and SF62p&D2). Since pLAC4 does
not replicate inS.flexneri the Ag clones arose through homologous

et al, 1993) and rabbit polyclonal anti-lcsA antibodies (Goldberal.,
1993). Horseradish peroxidase-labeled goat anti-mouse or goat anti-
rabbit antibodies were used as secondary antibodies and visualized by
enhanced chemiluminescence. The N-terminal sequence of VirA and
IpaH9.8 and that of internal peptides, which were obtained by endolysin
digestion and purified by chromatography, were determined by the
Edman degradation procedure. Labeling of bacteria growmitro to
early—-mid exponential phase was performed as previously described
(Goldberg et al, 1993), using a rabbit polyclonal antiserum raised

recombination between the identical sequences carried by the virulenceagainst IcsA.

plasmid pWR100 and the recombinant plasmid pLAC4. The recombinant

strains, in which théacZ reporter gene was placed under the control of
the virA promoter, contained a wild-type copy of thi#A gene located
downstream from the integrated plasmid. Plasmid pLACS (Figure 2)
was constructed by deletingddd—EcaRl fragment from pLAC4 and
thus contains a 380 bp fragment, internal to Wi gene. Integration
of pLACS into thevirA locus of pWR100 also placed tHacZ gene
under the control of theirA promoter but, unlike that of pLAC4, led
to the disruption of thevirA gene. Southern analysis confirmed the
structure of the pWR100 derivatives carrying thieA—lacZ transcrip-
tional fusion; the strains were designated SF100itA¢lacZ virA"
ipaD*), SF1002 YirA-lacZ virAtipaD~), SF1003 YirA-lacZ virA”
ipaD™) and SF1004 \irA-lacZ virA ipaD”). SF1003 constituted the
VirA mutant strain used for phenotypic evaluation. The plasmid pKvirA
(Figure 2) was obtained by cloningBsfEI-Bbv fragment that contains
the entirevirA gene into pK19 (Pridmore, 1987).

The constant region gdaH9.8was amplified using the PCR technique,

p-Galactosidase assays

The B-galactosidase activity present in bacteria growing in laboratory
media was assayed by using the substoatérophenyl-p-galactopyr-
anoside (ONPG) as described (Plattal, 1972). Thep-galactosidase
activity present in intracellular bacteria was assayed by using the
substrate MUG as described (Klarsfedtlal,, 1994). Fluorescence was
measured by using a Dynatec apparatus, with 365 nm excitation and
450 nm emission wavelengths. Activities were computed as fluorescence
units per h per bacterium; four fluorescence units were equivalent to
one Miller unit and all results are presented in Miller units.

Cell culture and virulence assays

Culture and infection of HeLa and Caco-2 cells were performed as
previously described (Sansoneéti al, 1986; Mounieret al., 1992).
Zones of F-actin accumulation within HelLa cells were visualized by
fluorescence microscopy after staining cells with 7-nitrobenz-2-oxy-1,3-
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diazole (NBD)—phalloidin (Molecular Probes, Junction City, OR) for

20 min. For transmission electron microscopy, infected cells were treated
as described (Tilney and Portnoy, 1989) and observed using a Phillips

CM12 electron microscope. Intercellular dissemination capacity was
evaluated using the plaque assay on Caco-2 cells (@tlad. 1985).
Contact hemolytic activity was detected as previously described
(Sansonettet al,, 1986).In vivo evaluation of the virulence was done
using the Sereny test (Sereny, 1957) and rabbit ileal loop infection
(Sansonettet al,, 1995). Animal experiments were performed according
to the recommendations of the Servic&&maire de la Santet de la
Protection Animales of the Ministe de I'Agriculture et de la Féte
(authorization 01754).
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