JOURNAL OF BACTERIOLOGY, July 1992, p. 4338-4349
0021-9193/92/134338-12$02.00/0
Copyright © 1992, American Society for Microbiology

Vol. 174, No. 13

Molecular and Functional Characterization of the Salmonella

Invasion Gene invA: Homology of InvA to
Members of a New Protein Family

JORGE E. GALAN,* CHRISTINE GINOCCHIO, aND PAUL COSTEAS

Department of Microbiology, School of Medicine, State University of
New York at Stony Brook, Stony Brook, New York 11794

Received 10 February 1992/Accepted 22 April 1992

One of the earliest steps in the pathogenic cycle of the facultative intracellular pathogen Salmonella spp. is
the invasion of the cells of the intestinal epithelium. We have previously identified a genetic locus, inv, that
allows Salmonella spp. to enter cultured epithelial cells. invA4 is a member of this locus, and it is the first gene
of an operon consisting of at least two additional invasion genes. We have constructed strains carrying nonpolar
mutations in invA4 and examined the individual contribution of this gene to the invasion phenotype of Salmonella
typhimurium. Nonpolar S. typhimurium invA mutants were deficient in invasion of cultured epithelial cells
although they were fully capable of attaching to the same cells. In addition, unlike wild-type S. typhimurium,
invA mutants did not alter the normal architecture of the microvilli of polarized epithelial cells nor did they
cause any alterations in the distribution of actin microfilaments of infected cells. The invasion phenotype of
invA mutants was readily rescued by wild-type S. typhimurium when cultured epithelial cells were simulta-
neously infected with both strains. On the contrary, in a similar experiment, the adherent Escherichia coli
strain RDEC-1 was not internalized into cultured cells when coinfected with wild-type S. typhimurium. The
invA locus was found to be located at about 59 min on the Salmonella chromosome, 7% linked to mutS. The
nucleotide sequence of inv4 showed an open reading frame capable of encoding a polypeptide of 686 amino
acids with eight possible membrane-spanning regions and a predicted molecular weight of 75,974. A protein of
this size was visualized when inv4 was expressed in a bacteriophage T7 RNA polymerase-based expression
system. The predicted sequence of InvA was found to be homologous to Caulobacter crescentus FIbF, Yersinia
LerD, Shigella flexneri VirH, and E. coli FIhA proteins. These proteins may form part of a family of proteins
with a common function, quite possibly the translocation of specific proteins across the bacterial cell

membrane.

Invasion of eukaryotic cells is an essential step in the
pathogenic life cycle of a number of microbial pathogens
(48). It is now clear that different organisms have evolved
different strategies to enter and survive inside the eukaryotic
host cells (1, 5, 9, 11, 12, 18, 20, 29, 40, 47, 54, 68, 73).
Furthermore, evidence is beginning to accumulate suggest-
ing that a given organism may utilize more than one entry
pathway (9, 20, 28-30, 46, 54, 65).

Microbial invasion can be studied in vitro by using a
variety of cultured cell lines, and this has allowed the
identification of determinants involved in the entry process.
The best-characterized invasion determinant is invasin, a
Yersinia pseudotuberculosis protein that can direct the in-
ternalization of the normally noninvasive Escherichia coli
K-12 (30, 32). The host cell receptors for invasin have been
identified and found to be members of the B1 chain integrin
family of proteins (31). Other determinants of invasion so far
identified include the Ail protein of Yersinia enterocolitica
(46), internalin of Listeria monocytogenes (18), penetrin of
Trypanosoma cruzi (54), and the Ipa proteins of Shigella sp.
(63), but no eukaryotic cell receptors for these determinants
have been identified thus far.

Our laboratory is interested in understanding the molecu-
lar bases of the invasive phenotype of the facultative intra-
cellular pathogen Salmonella spp. There is a large number of
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Salmonella serotypes or species that can cause a variety of
diseases in different hosts. Some serotypes (i.e., Salmonella
typhi, Salmonella gallinarum) are host adapted, while others
(i.e., Salmonella typhimurium, Salmonella enteritidis) can
cause disease in a large variety of hosts (27). Nevertheless,
a common essential pathogenic feature of all of these organ-
isms is their ability to invade the cells of the intestinal
epithelium.

Transmission electron microscopic studies by Takeuchi
showed the sequence of events leading to bacterial internal-
ization in vivo (72). Upon reaching close proximity to the
brush border, S. typhimurium caused dramatic changes,
albeit transient, in the structure of the microvilli of the
intestinal epithelium. These changes were localized to the
point of bacterial contact. After bacterial internalization, the
brush border recovered the normal appearance, and the
organisms were seen in membrane-bound vesicles but never
free in the cytosol of the epithelial cells. Similar changes
have been observed in vitro when cultured polarized epithe-
lial cells were used (13, 25).

A number of laboratories have identified different Salmo-
nella genetic loci that are involved in conferring to these
organisms the invasion phenotype (9, 15, 17, 20, 21, 25, 38,
49). Elsinghorst et al. have identified an S. typhi genetic
locus that conferred invasive properties to the normally
noninvasive E. coli K-12 (9). This locus was mapped at
approximately 58 min on the Salmonella chromosome,
closely linked to the recA and sriC genes. We have previ-
ously identified four S. typhimurium genes (invA, -B, -C, and
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TABLE 1. Bacterial strains used in these studies

Strain Relevant genotype Description, reference, or source
S. typhimurium
SR11 Wild type 67
3477 hsdL6 A(galE-uvrB)1005 flaA66 rpsL120 xyl-404 Derived from AS68 of T. Palva by S. Tinge and
lamB* (E. coli) A(zja::Tnl0) hsdSA29 R. Curtiss (unpublished data); A(galE-uvrB)
obtained from SL5400 from B. D. L. Stocker
3642 invA::TnphoA-61 20; derived from SR11
$B109 (SR11) invE::aph 25
SB147 (SR11) invA::aphT P22HTint [,3477(pSB154)] = SR1 this study
SAS35 (LT2) serA13 rfa-3058 HfrKS 60
SB148 (LT2) serA13 rfa-3058 HfrKS invA::aphT P22HTint [SB147] = SA535 (this study)
E. coli
<6060 A(ara-leu)7697 araD139 AlacX74 galE galK Derived by R. Goldschmidt from CC118;
AphoA20 thi rpsE rpoB argE(Am) recAl reference 42
D301 RP487 recD1903 A(laclZYA-ul69) 58
RDEC-1 gyrA 4

-D) by virtue of their ability to complement an invasion-
defective mutant of S. typhimurium (20). A polar mutation in
invA, which also abolished the expression of downstream inv
genes, severely impeded the invasive phenotype of virulent
strains of S. typhimurium and caused a significant increase in
the 50% lethal doses when these organisms were adminis-
tered orally to BALB/c mice (20). Interestingly, this muta-
tion did not affect the virulence of S. zyphimurium when the
organisms were administered intraperitoneally, suggesting
that the inv genes are needed for the display of virulence by
S. typhimurium in the intestinal tract, presumably to gain
access to the intestinal epithelium. More recently, it was
found that the inv locus was present and functional in most,
if not all, Salmonella serotypes (22).

We report here the molecular and functional characteriza-
tion of invA, the first gene in the invABC operon. We have
determined the location of the invA4 locus in the Salmonella
chromosome and constructed strains carrying nonpolar mu-
tations in invA to assess its individual contribution to the
invasive phenotype. We have also determined its nucleotide
sequence and found that the predicted translated product of
invA is homologous to Yersinia LcrD (56, 75), Caulobacter
crescentus FIbF (57), Shigella flexneri VirH (64), and E. coli
FIhA (44). These proteins may represent members of a new
family of proteins, quite possibly with a similar function. The
implications of these findings are discussed.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and growth conditions.
The bacterial strains used in this study and their sources are
listed in Table 1. The Hir strains of S. typhimurium have
been described elsewhere (60). Bacteriophage P22HTint was
used for transduction of markers into Salmonella strains
(66). The M13 derivative phage R408 (59) was used to rescue
single-stranded DNA from pBluescript IISK-derived plas-
mids (pSK) (Stratagene, La Jolla, Calif.). Strains were
grown in L broth or on L agar plates (37). When appropriate,
antibiotics were added to the growth medium at the follow-
ing concentrations: kanamycin, 30 pg/ml; ampicillin, 100
wng/ml; chloramphenicol, 30 pg/ml.

Recombinant DNA, genetic techniques, and nucleotide se-
quencing. Recombinant DNA techniques were performed by
standard procedures (41). P22HTint transduction was car-
ried out as described previously (66). Conjugation of Hfr
strains was carried out as described elsewhere (7). Transfor-

mation of circular DNA into E. coli and Salmonella strains
by electroporation was carried out as described elsewhere
(40) by using a Gene Pulser apparatus (Bio-Rad Laborato-
ries, Richmond, Calif.). Transformation of linear DNA was
performed by using a method described elsewhere for circu-
lar DNA (39). Expression and [>*S]methionine labelling of
plasmid-encoded polypeptides in a bacteriophage T7 RNA
polymerase expression system were carried out as described
by Tabor and Richardson (71). Polymerase chain reaction
amplification of DNA fragments was carried out by using a
commercial kit (GenAmp; Perkin-Elmer Cetus, Norwalk,
Conn.), following the instructions of the manufacturer. Nu-
cleotide sequence determination was carried out by the
dideoxy chain termination procedure (62) using Sequenase
according to the manufacturer’s instructions (U.S. Biochem-
ical Corp., Cleveland, Ohio). Both single- and double-
stranded DNA were used as templates, and both strands
were sequenced. Unidirectional deletions of pSKII-derived
plasmids were obtained by using the procedure described by
Henikoff (26). Single-stranded DNA templates from pSKII-
derived plasmids grown in the E. coli host L6060 were
obtained by using the helper phage RK408 (59). §equencing
of the fusion junctions of TnphoA insertions was performed
by using double-stranded templates and a primer derived
from the phoA region of TnphoA (5'-GCCCTGTTCTGG
AAAACCGG-3') (42). Nucleotide sequence analysis was
performed by using the GCG package from the University of
Wisconsin (version 7) (8).

Plasmid constructions. Plasmids carrying invA4 were de-
rived from pYA2220 (20) (Fig. 1). Deletions for nucleotide
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FIG. 1. Restriction endonuclease map of the invEABC region of
S. typhimurium. Positions of relevant restriction endonuclease sites
are shown. The location and direction of transcription of the
different inv genes are shown by the arrows. H, HindIII; N, Nrul; S,
Sall; V, EcoRV; P, Pstl.
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TABLE 2. Adherence and invasion of wild-type and invA4 S. typhimurium strains into cultured epithelial cells®

Henle-407 cells Polarized MDCK cells
Strain Relevant phenotype

% Adherence % Invasion % Adherence % Invasion
SR11 Inv* 39+1 36 2 9+ 0.7 16 = 1.7
3642 InvA~ (polar) 2 +1 0.1 = 0.01 ND? ND
x3642(pSB152) InvA~ (InvA™) 18 +2 0.1 +£0.2 ND ) ND
SB147 InvA~ (nonpolar) 24 +1 0.09 = 0.01 11 £ 0.9 0.02 = 0.006
SB147(pSB152) InvA~ (InvA*) 232 19+1 10 + 0.8 6 = 0.6

“ Values are means + standard deviations of triplicate samples. Similar results were observed in several repetitions of this experiment.

% ND, not done.

sequencing were constructed in plasmid pSB002. This plas-
mid contains the HindIII-Pst] fragment of pYA2220 cloned
into the HindIII and Pistl sites of pSKII. For expression of
invA, plasmid pSB150 was constructed (Fig. 1). This plasmid
carries a Sall-EcoRV fragment from pYA2220 containing
invA plus 500 bp of nucleotide sequence upstream of the
beginning of the invA4 open reading frame (ORF). This
fragment was cloned into the Sal/l-EcoRYV site of pSKII so
that invA expression could be driven by the bacteriophage
T7 promoter present in this plasmid vector. For complemen-
tation studies, plasmid pSB152 was constructed as follows.
The Nrul-EcoRV fragment of pYA2220 containing the invA4
gene was cloned into the EcoRV site of pSKII, yielding
plasmid pSB151 (Fig. 1). A HindIII-EcoRV fragment from
pSB151 carrying the invA gene was then cloned into the
HindIII-EcoRV sites of pACYC184 (3), yielding plasmid
pSB152 (Fig. 1). For nucleotide sequencing, deletions of
both ends of invA in plasmids pSB002 and pSB150 were
constructed by following the protocol described by Henikoff
(26). Plasmid pSB315 carrying the aminoglycoside 3'-phos-
photransferase gene (aphT) (which encodes for kanamycin
resistance) devoid of its transcription terminator was con-
structed as follows. A degenerate primer derived from the
aph sequence (5'-ATACTGCAGATTAGAAAAACTCAT
CG-3') containing a newly-created Pstl site was used to
remove the transcription terminator from the aph gene (53).
This primer in conjunction with another primer (5'-GTTTTC
CCAGTCACGAC-3') derived from pUC4K (74) located 5’
from the beginning of the aph gene were used to amplify by
polymerase chain reaction a 1.2-kb DNA fragment from
pUCA4K containing the aph gene without its transcription
terminator. The amplified fragment was digested with PszI
and cloned into pSB314, yielding plasmid pSB315. Plasmid
pSB314 is a derivative of pUC4K in which the aph gene has
been removed by PstI digestion and religation. The aph gene
without its transcription terminator (aphT) can be retrieved
from pSB315 by using PstI, Hincll, Sall, or EcoRI.
Attachment and invasion assay. Attachment and invasion
assays of nonpolarized Henle-407 and Madin-Darby canine
kidney (MDCK) cells were performed as described else-
where (20). For experiments requiring polarized cells,
MDCK cells were grown in transparent collagen-treated
Transwell filters (Costar, Cambridge, Mass.) for at least 5
days before the assay to allow for proper polarization and
cell differentiation. The invasion and attachment assays
were then carried out as described for nonpolarized cells.
Scanning electron microscopy. Infection of polarized con-
fluent monolayers of MDCK cells and processing of samples
for scanning electron microscopy were carried out as de-
scribed elsewhere (25). Briefly, cells were infected with a
multiplicity of infection of 50 for different times (10, 30, 60,
and 120 min) as described above and then washed with

phosphate-buffered saline (PBS) and fixed in cold (4°C) 2.5%
glutaraldehyde in PBS for 1 h. Membranes were then re-
moved from Transwell holders, washed in PBS, and treated
with 2% OsO, in PBS for 30 min. Samples were then washed
in PBS, dehydrated in a series of alcohols from 35 to 100%,
critical point dried, sputter coated by gold evaporation, and
examined in a JEOL scanning electron microscope.

Fluorescent microscopy. Cells grown to 60% confluency on
glass coverslips were infected for 0, 15, 30, and 60 min with
wild-type or invA S. typhimurium with a multiplicity of
infection of 50. Coverslips were then washed in PBS, fixed in
3.7% formaldehyde in PBS, and treated with acetone for 5
min to permeabilize the cells. After washing with PBS,
coverslips were treated with rhodamine-labelled phalloidin
(Molecular Probes, Eugene, Oreg.), following the instruc-
tions of the manufacturer. Slides were then treated with
rabbit-anti-Salmonella antiserum (group B, factors 1, 4, 5,
and 12) (Difco Laboratories, Detroit, Mich.) and fluorescein
isothiocyanate-labelled anti-rabbit antibody (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.). Coverslips
were finally mounted in mounting medium (2 mg of p-phe-
nylenediamine per ml in equal volumes of PBS and glycerol)
and examined in a Zeiss RSIII fluorescent microscope.

Nucleotide sequence accession number. The nucleotide
sequence published in this article has been assigned Gen-
Bank accession number M90846.

RESULTS

Construction of nonpolar inv4 mutants of S. typhimurium.
invA is the first gene of an operon; therefore, polar mutations
in this gene affect the expression of additional downstream
genes also required for invasion (20). As shown in Table 2,
plasmid pSB152, which carries only the invA gene (Fig. 1),
failed to complement the invasion phenotype of S. typhimu-
rium 3642, which carries a polar mutation in inv4 (20).
There)t(ore, to study the individual contribution of invA4 to the
invasion phenotype, it was necessary to construct a nonpo-
lar invA mutant of S. typhimurium. A cassette containing a
modified aminoglycoside 3’-phosphotransferase (aphT)
gene, from which the transcription terminator had been
removed (see Materials and Methods), was introduced into
the BgllI site of plasmid pYA2222 (20), located 1,115 bp from
the beginning of the inv4 ORF (see below), yielding plasmid
pSB153. The inactivated invA4 gene was introduced into the
chromosome of wild-type S. typhimurium by following the
procedure described earlier (20) with some modifications.
Briefly, plasmid pSB153 was linearized and transformed into
the recD strain of E. coli D301 (58) carrying the plasmid
PYA2217 (20). The recD mutation in this E. coli strain allows
linear transformation without significantly affecting homolo-
gous recombination (58). Plasmid pYA2217 carries an insert
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FIG. 2. Southern hybridization analysis of nonpolar inv4 S.
typhimurium mutants. Total cell DNA was isolated from the differ-
ent strains and digested with HindIII which cuts the aphT cassette.
Fragments were separated by electrophoresis through a 0.7% agar-
ose gel and transferred to nylon membranes as described in Mate-
rials and Methods. Membranes were then hybridized to a
[3?P]dATP-labeled probe containing the inv4 gene. Lanes contain
DNA isolated from the following strains: A, SB147 (inv4 nonpolar
mutant); B, S. typhimurium SR-11.

of approximately 50 kb that contains the entire inv region of
S. typhimurium (20). Transformants that had undergone
recombination of the aphT gene into the invA locus present
in pYA2217 were identified by restriction analysis. One of
the resulting plasmids, pSB154, was transformed into S.
typhimurium 3477. The size of pSB154 exceeds the size of
a DNA fragment that can be packaged into phage P22 heads,
thereby allowing the mobilization by transduction of the
mutated invA allele into the chromosome of S. typhimurium
without mobilization of the entire plasmid. A P22HTint
lysate of one of the transformants was prepared and used to
transduce the invA::aphT allele into wild-type S. typhimu-
rium strains. Ampicillin-sensitive, kanamycin-resistant
transductants were examined by Southern hybridization for
the correct recombination of the mutated invA allele. One
such transductant was S. typhimurium SB147 (Fig. 2).

Nonpolar invA mutants of S. typhimurium are deficient for
invasion of cultured epithelial cells. S. typhimurium SB147
carrying a nonpolar insertion mutation in inv4 was tested for
its ability to attach to and invade into polarized and nonpo-
larized cultured epithelial cells. As shown in Table 2, strain
SB147 was significantly defective in its ability to invade
cultured cells although it was not affected in its ability to
attach to the same cells. Introduction of plasmid pSB152,
which carries only the invA gene, restored the invasion
phenotype. These results demonstrated that invA4 is essential
for the efficient invasion by S. typhimurium of cultured cells.
In addition, these results showed that the aphT promoter can
successfully drive the expression of genes downstream of
invA.

invA mutants of S. typhimurium failed to trigger the forma-
tion of membrane blebs in cultured polarized MDCK cells. We
have previously observed that shortly after coming into
close contact with the surface of cultured epithelial cells, S.
typhimurium caused dramatic changes in the architecture of
the surface microvilli (25). These alterations were character-
ized by the formation of membrane blebs at the point of
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bacterial contact (25) (Fig. 3, panels 2 and 3). The blebs were
most often seen associated with one or more bacteria which
were located in the middle of these blebs. These changes
were transient, and after 2 h, the microvilli started to regain
their normal appearance. As shown in Fig. 3, the invA4
mutant of S. typhimurium SB147 failed to cause changes in
the microvilli of polarized MDCK cells even 2 h after
infection, despite the fact that numerous bacteria were
observed attached to the surface of the cultured cells (Fig. 3,
panel 4). Introduction of pSB152 carrying the invA gene into
SB147 rendered this strain capable of altering the architec-
ture of the microvilli (Fig. 3, panel 3).

S. typhimurium invA mutants did not alter the actin filament
distribution of Henle-407 cells. It has been shown that drugs
that affect the normal structure of the cytoskeleton prevent
Salmonella entry into cultured cells (2, 33). In addition, it
has been shown that there is an accumulation of microfila-
ments around invading Salmonella spp. (14, 25). To examine
the effect of invA mutations on the ability of Salmonella spp.
to cause cytoskeletal rearrangements, we used rhodamine-
labelled phalloidin and fluorescent microscopy. The fungal
compound phalloidin has the property of binding to polymer-
ized actin filaments (77). The inv4 mutant strain SB147 failed
to cause changes in the microfilament distribution of cul-
tured Henle-407 cells, despite the fact that a number of
organisms were seen associated with the monolayer by
fluorescein isothiocyanate-labelled anti-Salmonella antibod-
ies (Fig. 4, panels 3 and 4). On the contrary, as reported
before (14, 25), areas of condensed actin were readily
observed in association with wild-type organisms (Fig. 4,
panels 1 and 2).

Wild-type S. typhimurium can rescue the invasion phenotype
of invA mutants. Despite their inability to invade cultured
epithelial cells, invA mutants of S. typhimurium were fully
capable of attaching to the same cells. We have recently
reported that invasion-deficient, attachment-proficient invE
mutants of S. typhimurium could be internalized into Henle-
407 cells when coinfected with wild-type S. typhimurium
(25). To test the possibility that inv4 mutants could also be
rescued by wild-type S. typhimurium, cultured Henle-407
cells were infected with equal numbers of wild-type and invA4
mutants of S. typhimurium. The invasion-defective invA
mutant SB147 was readily internalized when simultaneously
infected with wild-type S. typhimurium (Table 3). On the
contrary, as previously reported (25), E. coli RDEC-1 was
not internalized into cultured epithelial cells when coinfected
with wild-type S. typhimurium, despite the fact that this
strain of E. coli readily attaches to cultured epithelial cells
(data not shown) (4). The possibility of phenotypic intercom-
plementation between invE and invA Salmonella mutants
was also tested. Henle-407 cells were simultaneously in-
fected with equal numbers of the invE mutant SB109 (25) and
the inv4 mutant SB147. As shown in Table 3, no phenotypic
complementation between these mutants was observed.

Nucleotide sequence of invA. The nucleotide sequence of
invA was determined on both strands as described in Mate-
rials and Methods. An ORF capable of encoding a 686-
amino-acid polypeptide with a predicted molecular weight of
75,974 was identified (Fig. 5). A potential TRNA binding site
(AGGAT) was found 7 nucleotides upstream from a GTG
codon. No Shine-Dalgarno sequences were found near the
next two ATG codons of the same ORF. The observed size
of the InvA polypeptide (see below) and the size of the
TnphoA productive fusion invA-61::TnphoA (20) suggest
that the GTG codon is the translation initiation site. Confir-
mation of this hypothesis awaits until amino-terminal se-
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FIG. 3. Scanning electron microscopy of polarized MDCK cells infected with wild-type and nonpolar invA mutants of S. typhimurium. (1)
Uninfected monolayer; (2) low magnification of a monolayer infected with wild-type S. typhimurium showing the formation of blebs (30 min
after infection); (3) higher magnification showing the membrane blebs associated with bacteria (60 min after infection); (4) monolayer infected
with the invA nonpolar mutant of S. typhimurium SB147 (2 h after infection).

quencing of InvA is performed. Putative promoter se-
quences were identified upstream of the predicted rRNA
binding site and GTG start codon.

Hydropathy analysis of the predicted polypeptide suggests
that InvA may be an integral membrane protein with eight
hydrophobic stretches of at least 20 amino acids that could
span a membrane. These proposed transmembrane domains
are located in the amino-terminal half of the protein (Fig. 6).
The carboxy-terminal half is hydrophilic, suggesting that it
may be located in the periplasm or in the cytoplasm.
Preliminary topological analysis indicates that the latter is
more likely because in-frame fusions of the C terminus of
InvA to PhoA (without its signal sequence) gave rise to a
fusion protein with no significant alkaline phosphatase activ-
ity (19).

Homology of invA to a new family of proteins. Comparison
of the InvA sequence with translated sequences in GenBank
(release 69) revealed significant homology to several proteins
(Fig. 6). The partially sequenced fifth ORF of the lcrE region
of Y. enterocolitica (75), more recently shown to correspond
to the lcrD gene of Yersinia pestis (56), showed significant
homology to InvA. The LcrD protein has been reported to
be a membrane-bound regulator of the Yersinia low-calcium
response (56). The C. crescentus FIbF protein also showed
homology to InvA (57). This protein is a cell-cycle-regulated
flagellar gene located at the top of the flagellar gene hierar-
chy of C. crescentus (50). In addition, recent communication

with C. Sasakawa (64) has revealed that VirH, an S. flexneri
protein involved in the secretion of the plasmid-encoded Ipa
proteins, shares homology with InvA. The Shigella Ipa
proteins, which lack a typical signal sequence, are essential
for the ability of this organism to enter cultured epithelial
cells. Furthermore, communication with P. Matsumura (44)
has established that InvA also shares substantial homology
with the E. coli protein FlhA. It has been suggested that
FIhA may be involved in the translocation through the
membrane of a number of signalless flagellar proteins (76).

The multiple alignment of these proteins is shown in Fig.
7. Proteins can be aligned over the entire length of the
sequence although homology is higher in the hydrophobic
amino-terminal half. Nevertheless, clusters of residues on
the carboxy-terminal half are also highly conserved and the
overall secondary structures of these proteins, as deter-
mined by the method of Kyte and Doolittle (35), show
significant similarity (Fig. 6).

Expression of invA in a bacteriophage T7 RNA polymerase
expression system. We had previously shown by in vitro
transcription-translation analysis of insertion and deletion
mutants of plasmid pYA2219 and pYA2220 that InvA had an
estimated molecular weight of 54,000. This is not consistent
with the predicted size of InvA based on the nucleotide
sequence. The Sall-EcoRV fragment of pYA2220 containing
invA was placed behind the T7 promoter of plasmid pBlue-
script SKII. The resulting plasmid, pSB151, was introduced
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FIG. 4. Actin filament distribution in Henle-407 cells infected with wild-type and nonpolar invA S. typhimurium strains. Microfilaments
were visualized by rhodamine-phalloidin staining (1 and 3) while bacteria were visualized by fluorescein isothiocyanate-labelled anti-
Salmonella antibodies (2 and 4). Cells were infected with wild-type (1 and 2) and invA (3 and 4) S. typhimurium strains.

into E. coli BL21 (DE3), a strain that carries the T7 RNA
polymerase gene under the control of plac (70). Upon
induction of the RNA polymerase gene, plasmid-encoded
polypeptides were selectively labelled with [>*S]methionine
as described in Materials and Methods. Cell lysates of
pSB151 and vector-containing strains were then lysed and
separated on a sodium dodecyl sulfate (SDS)-polyacryl-
amide gel. As shown in Fig. 8, a polypeptide with an
approximate molecular weight of 70,000 was observed in
lysates of strains carrying pSB151 but was absent from
strains carrying the vector alone. The misinterpretation of

TABLE 3. Invasion of inv4 mutants into cultured epithelial cells
when coinfected with wild-type or invE S. typhimurium®

Strain(s) (rele- Henle-407

vant phenotype) (% invasion)
SR11 (Wild type)...cciuiniiniiiiiiiiiiiiiiiiiiie e 351
SB147 (InvA™ Kan") ..cccccuviiuiiinniinieniiencinncnneen. 0.09 + 0.01
SB147 (InvA~ Kan") + SR11 (wild type) ............. 8 +2b
SB109 (InvE™) + SB147 (InVA™) cecevenieniinncnnnnee 0.07 = 0.01
RDEC-1 (Nal") + SR11 (wild type) ....c.cccceeuneeneee. 0.002 = 0.0001°¢

? Values are means + standard deviations of triplicate samples. Similar
results were observed in several repetitions of this experiment.

® Value is based on kanamycin-resistant colonies indicating invasion of
invA mutants.

€ Value is based on nalidixic acid-resistant colonies indicating invasion of E.
coli RDEC-1.

the previous data (20) was due to the presence of TnphoA-
encoded polypeptides that comigrated with proteins encoded
by pYA2219 and to the presence of the recently identified
gene invE immediately upstream of inv4 (25), which was
unknown to us at that time.

Mapping of invA-61::TnphoA within inv4. The insertion
mutant invA-61::TnphoA was originally used to define invA4
and to construct invA4 polar mutations in wild-type S. typhi-
murium (20). Therefore, it was important to determine the
localization of this insertion within the invA ORF. The
precise location of this insertion was determined as de-
scribed in Materials and Methods by sequencing the fusion
junction site in pYA2224 (20), a pYA2219 derivative carrying
invA-61::TnphoA. The insertion point of invA-61::TnphoA
was located at nucleotide 82 of the invA4 ORF (Fig. 6). This
location is in agreement with the size of the fusion protein
previously determined in an in vitro transcription-translation
system (20). In addition, the invA4-61::TnphoA insertion falls
within the first putative periplasmic domain of the predicted
structure of InvA, which is consistent with the observation
that this fusion exhibits significant alkaline phosphatase
activity (21). TnphoA insertions in the equivalent site of
LcrD have also been shown to yield fusions with alkaline
phosphatase activity (56).

Mapping the invA locus in the Salmonella chromosome. The
location of the invA locus in the Salmonella chromosome
was determined by Hfr conjugation and phage P22 transduc-
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GATATTGCCTACAAGCATGAAATGGCAGAACAGCGTCGTACTATTGAAAAGCTGTCTTAATTTAATATTAACAGGATACCTATAGTGCTGCTTTCTCTAC
M L L S L L
101 J 200
TTAACAGTGCTCGTTTACGACCTGAATTACTGATTC TGGTACTAATGGTGATGATCATTTCTATGTTCGTCATTCCATTACCTACCTATCTGGTTGATTT
N s A RLRUPETULULTIULV VUL MVMITISMMT FUVIPLUPTV YULUVDTF
201 300
CCTGATCGCACTGAATATCGTACTGGCGATATTGGTGTTTATGGGGTCGTTC TACATTGACAGAATCCTCAGTTTTTCAACGTTTCCTGCGGTACTGTTA
L I A LNIUVLATITULU VT FMGS SV FYTIDUZ RILST FSTT FU&PAVILTL
301 400
ATTACCACGCTCTTTCGTCTGGCATTATCGATCAGTACCAGTCGTCTTATCTTGATTGAAGCCGATCCCGGTGAAATTATCGCCACGTTCGGGCAATTCG
I TTULV FRULALSTI STSURIULTITULTIEADAGTETITIA ATT FGU QT FV
401 500
TTATTGGCGATAGCCTGGCGGTGGGTTTTGTTGTCTTCTCTATTGTCACCGTGGTCCAGTTTATCGTTATTACCAAAGGTTCAGAACGTGTCGCGGAAGT
I 6D SL AV GV FVVF S IV TVVQ F I VITI K G SEIZRUVATEUV
501 600
CGCGGCCCGATTTTCTCTGGATGGTATGCCCGGTAAACAGATGAGTATTGATGCCGATTTGAAGGCCGGTATTAT TGATGCGGATGCCGCGCGCGAACGG
A ARVF S L DGMPGI K QMSTIDADTLI KA AGTITIDA ATDUA AA ATRER
601 700
CGAAGCGTACTGGAAAGGGAAAGCCAGCTTTACGGTTCCTTTGACGGTGCGATGAAGTTTATCAAAGGTGACGCTATTGCCGGCATCATTATTATCTTTG
R S VL ERE S QL Y G S FDGA AMZE KT TFTII K GDA ATIA AGTITITITIT FV
701 800
TGAACTTTATTGGCGGTATTTCGGTGGGGATGACTCGCCATGGTATGGATTTGTCCTCCGCCCTGTCTACTTATACCATGCTGACCATTGGTGATGGTCT
N F I GG I 8§$S VG MT T RUHGMDIUL S S AL S TVYTMULTTIGTUDSGTL
801 900
TGTCGCCCAGATCCCCGCATTGTTGATTGCGATTAGTGCCGGTTTTATCGTGACCCGCGTAAATGGCGATACGGATAATATGGGGCGGAATATCATGACG
V A Q I PAL LI ATI S AGV F I VTIRUVNGIUDTUDNMMGI RNIMT
901 1000
CAGCTGTTGAACAACCCATTTGTATTGGTTGTTACGGCTATTTTGACCATTTCAATGGGAACTCTGCCGGGATTCCCACTGCCGGTTTTTGTTATTTTAT
Q L L NNUPVFUVL VVTATIILTTIS SMGTULU®PSGT FUZPULU®PVF F UV IL S
1001 1100
CGGTGGTTTTAAGCGTACTCTTCTATTTTAAATTCCGTGAAGCAAAACGTAGCGCCGCCAAACCTAAAACCAGCAAAGGCGAGCAGCCGCTCAGTATTGA
vV VL §$ VL F YT FI KV FREAI KT R SA AAIKUTPI KT S K GEIZ GQUZPTULSTIE
1101 1200
GGAAAAAGAAGGGTCGTCGTTAGGACTGATTGGCGATCTCGATAAAGTCTCTACAGAGACCGTACCGTTGATATTACTTGTGCCGAAGAGCCGGCGTGAA
E K EG §$§ s L 6L I GGDULDIKV SsSTETUVUPILTIULIULVUPIKSIRT RE
1201 BglII i 1300
GATCTGGAAAAAGCTCAACTTGCGGAGCGTCTACGTAGTCAGTTCTTTATTGATTATGGCGTGCGCCTGCCGGAAGTATTGTTACGAGATGGCGAGGGCC
DL EI KA QLA AERTILUR RSO QTFF FTIDYGVU RILUPEVILILUZRUDSGTETGTL
1301 1400
TGGACGATAACAGCATCGTATTGTTGATTAATGAGATCCGTGTTGAACAATTTACGGTCTATTTTGATTTGATGCGAGTGGTAAATTATTCCGATGAAGT
D DN SI VL L INJETIIRVEZ QTFTUVYFDILMPRUVYVVNYSDTEUV
1401 1500
CGTGTCCTTTGGTATTAATCCAACAATCCATCAGCAAGGTAGCAGTCAGTATTTCTGGGTAACGCATGAAGAGGGGGAGAAACTCCGGGAGCTTGGCTAT
V S F G I NP TTIH QI QG S S Q Y FWUVTHEESGTEIZ KILRZ RETLGY
1501 1600
GTGTTGCGGAACGCGCTTGATGAGCTTTACCACTGTCTGGCGGTGACCGTGGCGCGCAACGTCAATGAATATTTCGGTATTCAGGAAACAAAACATATGC
V L R NAL DU EULYHT CLA AUV T VA ARNUVNETYT FGTIOGQETI KHMML
1601 1700
TGGACCAACTGGAAGCGAAATTTCCTGATTTACTTAAAGAAGTGCTCAGACATGCCACGGTACAACGTATATCTGAAGTTTTGCAGCGTTTGTTAAGCGA
D QL E A KVFPUDULULI KEV VI LRHATUVA QI RTI SEVILI QI RIULIULSE
1701 1800
ACGTGTTTCCGTGCGTAATATGAAGTTAATTATGGAAGCGCTCGCATTGTGGGCGCCAAGAGAAAAAGATGTCATTAACCTTGTGGAGCATATTCGTGGA
R V s V R NM KL I MEAULA ALWAUPIREIZI KDV VINILUVEUHTIT RSG
1801 1900
GCAATGGCGCGTTATATTTGTCATAAATTCGCCAATGGCGGCGAATTACGAGCAGTAATGGTATCTGCTGAAGTTGAGGATGTTATTCGCAAAGGGATCC
A M AR Y I CHI KV FANGSGTETLUZ RAVMUVYV S AEVETDUVTIR RIEKTGTIHR
1901 2000
GTCAGACCTCTGGCAGTACCTTCCTCAGCCTTGACCCGGAAGCCTCCGCTAATTTGATGGATCTCATTACACTTAAGTTGGATGATTTATTGATTGCACA
Q T S G S T F UL S L DUPUEA ASANTULMMDIULTITULI KTULUD DT LTULTIAH
2001 2100
TAAAGATCTTGTCCTCCTTACGTCTGTCGATGTCCGTCGATTTATTAAGAAAATGATTGAAGGTCGTTTTCCGGATCTGGAGGTTTTATCTTTCGGTGAG
K DL VL L TS VDUV RI RIT FTIIZKI KMMMTIESGR RV FU&PUDILEUVIL S F G E
2101 2177

ATAGCAGATAGCAAGTCAGTGAATGTTATAAAAACAATATAAGGGCTTAATTAAGGAAAAGATCTATGCAACATTT
I A D S K S VNV II KTTI

FIG. 5. Nucleotide sequence of invA. The sequence of the coding strand is shown with the deduced protein sequence. The end of the
upstream invE gene is indicated. The putative Shine-Delgarno sequence is underlined. The position of the invA4-61::TnphoA insertion (20) is
indicated by an arrow. The location of the Bg/II site where the aphT cassette was inserted is also shown.

tion as described in Materials and Methods. The invA4::aph
allele was recombined by P22HTin¢ into the chromosome of
several Salmonella Hfr strains with different origins of
transfer (60). The Hfr strain SB148, with clockwise origin of
transfer at 43 min, was shown to transfer the invA::aph allele
at high frequency after short mating times. On the basis of
this information, a series of transposon Tn10 insertions from

the Kukral collection (34) located downstream from the
origin of transfer of SB148 was introduced into this strain
and the frequency of cotransfer of both markers was deter-
mined (61). By using this methodology, it was possible to
place the invA gene at approximately 58 min on the Salmo-
nella chromosome. P22HTint-mediated transduction was
then used to establish linkage to markers in this area of the



VoL. 174, 1992

.

3 -

4 -
3
2
1 -
0 -
R
-2 -
.3

100

200 300 400 500 600 700

invA OF S. TYPHIMURIUM

4345

VirH
100 200 300 400 500 600
4 - 4
3 - 3
2 2
1 1
0 - 0
-1 - -1
2 1 2
100 200 300 400 500 600
FibF
100 200 300 400 500 600 700
LALLILALAN LA LALLY LARLERAR] LALALAAA LA AARAY LALLLAALS LALLI LALL)
4 4 - -4
3 34 - 3
2 2 4 - 2
114 - 1
0 0~ - o
-1 -1 L-l
22 4 - -2
-3-3 - -3
soantasnslonsatanandansatansaloanatonnslonnntannslasnntanselonantegns
100 200 300 400 500 600 700

FIG. 6. Hydropathy analysis of the predicted amino acid sequences of InvA, LcrD, FIbF, and VirH. The method of Kyte and Doolittle
(35) with a span of 11 residues was used to calculate the hydropathy index. Positive values indicate hydrophobic regions; negative values

indicate hydrophilic regions.

Salmonella chromosome. It was found that the invA locus is
7% linked to mutS, placing invA at approximately 59 min on
the Salmonella chromosome (Fig. 9) (61). An S. typhi
invasion locus has been mapped immediately adjacent to
sriC and recA, which map at about 58 min on the Salmonella
chromosome (9). The invA locus was not linked by P22
transduction to either of these markers, indicating that even
though invA is located near the S. #yphi invasion locus, it is
separate from these genes.

DISCUSSION

We have reported here the functional and molecular
characterization of invA, an S. typhimurium gene that is
required for the ability of this organism to invade cultured
epithelial cells. invA is the first gene of an operon containing
three or possibly more genes arranged in the same transcrip-
tional unit (20). These genes have been shown to be present
and functional in most (if not all) Salmonella serotypes (22).
We constructed S. typhimurium strains carrying nonpolar
mutations in invA4 by interrupting the inv4 ORF by inserting
an aphT gene cassette in which the transcription terminator
had been removed to allow transcriptional read-through of
downstream genes. This allowed us to assess the individual
contribution of invA to the invasion phenotype. Nonpolar
invA mutants were significantly impeded in their ability to
enter cultured epithelial cells and were readily complement-
able in trans by a plasmid carrying only inv4 (Table 2).
These results established that invA is essential for the
invasion phenotype of S. typhimurium.

The invasion process can be conceptualized as at least a
two-step event. First, the organisms must come into close
proximity to the target cell, and second, they must trigger
intracellular signals that lead to bacterial internalization.
Part of this sequence of events are the remarkable changes
that occurred in the morphology of the microvilli of the
intestinal epithelial cell surface upon bacterial contact.
Takeuchi, in pioneering electron microscopic studies,

showed that subsequent to Salmonella spp. coming into
close proximity to the brush border, a localized degeneration
of the microvilli took place (72). After internalization, the
microvilli recovered the original architecture, an indication
of the transient nature of these changes. We and others have
observed similar changes in cultured polarized epithelial
cells infected with S. zyphimurium (13, 25). Shortly after
infection, the formation of membrane blebs in close apposi-
tion to the bacteria was readily apparent. Those alterations
in the architecture of the microvilli were accompanied by
profound changes in the cytoskeleton of the host cell,
characterized by the accumulation of polymerized actin and
other cytoskeletal components at the point of bacterial entry
(14, 25). In addition, we have found that intracellular free
Ca®* ([Ca®*];) plays an important role in bacterial internal-
ization. In work to be published elsewhere, we showed that
a rapid increase in [Ca2*]; levels followed shortly after the
exposure of cultured epithelial cells to S. typhimurium (55).
These changes were not simply a consequence of bacterial
entry since wild-type S. typhimurium was able to trigger this
increase in cytochalasin-treated cells (55).

We report here that despite the fact that inv4A mutants
were fully capable of attaching to cultured epithelial cells,
they failed to trigger changes in the morphology of the
microvilli of polarized cells (Fig. 4) as well as changes in the
actin filament distribution of infected epithelial cells (Fig. 5).
In addition, inv4 mutants failed to cause an increase in the
[Ca®*]); levels of infected Henle-407 cells (55). These results
suggest that inv4 may be involved in triggering the signal
transduction pathway that leads to endocytosis of the micro-
organisms. This is consistent with the observation that the
invasion phenotype of inv4 mutants can be efficiently res-
cued by wild-type S. typhimurium in simultaneous challenge
of Henle-407 cells (Table 3). This rescue was specific for the
S. typhimurium invA mutant since the adherent E. coli strain
RDEC-1 was not internalized in a similar experiment (Table
3).
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FIG. 7. Alignment of S. typhimurium InvA, Y. pestis LcrD, C. crescentus FIbF, and S. flexneri VirH. Proteins were aligned by using the
program Pileup from GCG (8). A vertical dash indicates identical amino acids, two dots indicates conservative substitutions, and one dot

indicates no similarity.

Nucleotide sequence analysis of inv4 showed a single
ORF capable of encoding a protein of 686 amino acids with
a predicted molecular weight of 75,974 (Fig. 5). A protein of
this size was observed when inv4A was expressed in a
bacteriophage T7 RNA polymerase expression system (Fig.
8). The predicted protein displays the characteristics of an
integral membrane protein. The amino terminus is largely
hydrophobic, with eight potential transmembrane domains,
while the carboxy-terminal end is hydrophilic and most
likely located in the cytoplasm (Fig. 6). This topology is
supported by the location of the invA4-61::TnphoA produc-
tive fusion (Fig. 5) and also by the fact that a signalless PhoA
fusion to the carboxy terminus yielded a hybrid protein with
no significant enzymatic activity (19).

InvA shows significant similarity to a new family of
bacterial proteins (Fig. 6 and 7). This family includes C.
crescentus FIbF (57), Yersinia sp. LerD (56, 75), Shigella

VirH (64), and E. coli FIhA (44) proteins. The precise
function of these proteins is not known, but there are
well-defined phenotypes associated with mutations in these
genes. Mutations in fIbF prevent the expression of a large
number of C. crescentus flagellar genes (50, 57). Expression
of these flagellar genes is coordinately regulated in a com-
plex hierarchy in which fIbF is at or very near the top (51). It
has been suggested that FIbF may play a role in the signal
transduction across the bacterial membrane that leads to
transcriptional activation of other fla genes (57). lcrD is
involved in the low-Ca®*-response phenotype of Yersinia
species (56). This phenotype is characterized by the Ca?*-
dependent growth and expression of a number of outer
membrane proteins (Yops). Mutations in lerD renders Y.
pestis Ca®* independent and affects the expression of genes
encoding a number of Yops, which are essential for the
display of virulence and host invasion by this organism (56,
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FIG. 8. Expression of invA. The invA gene was placed down-
stream from the bacteriophage T7 promoter of pSKII and intro-
duced into E. coli BL21 (DE3) that carries a bacteriophage T7 RNA
polymerase gene under the control of plac. After induction, whole-
cell lysates were separated on an SDS-polyacrylamide gel as de-
scribed in Materials and Methods. Lanes: A, pSB151 (carrying
invA); B, pSKII (vector). The arrow on the right indicates the
position of InvA, and arrows on the left indicate the positions of the
molecular weight standards.

69). It has been recently hypothesized that LcrD may be
involved in the sensing and/or transmembrane signalling of
the environmental cues of Ca?* (56). The virH gene of S.
flexneri has been shown to be involved in the translocation of
the Ipa proteins which are essential for the ability of this
organism to penetrate intestinal epithelial cells (64). The Ipa
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FIG. 9. Localization of the inv locus on the Salmonella chromo-
some.
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proteins are surface located although they lack a typical
signal sequence. Mutations in virH prevent the membrane
localization of the Ipa polypeptides although they do not
alter the expression levels of the ipa genes (64). These
results indicate that VirH plays a role in the translocation
apparatus of the Shigella invasion proteins. Similarly, mu-
tations in flhA4 affect the translocation of a number of E. coli
flagellar proteins which are believed to be exported by a
specific mechanism, since these proteins also lack a typical
signal peptide (44, 76). Therefore, it appears that the func-
tion of this new family of proteins may involve either the
regulation of expression of other genes (FIbF, LcrD) or the
translocation of other proteins through the membrane (FIhA
and VirH). It should be noted that the latter function could
also account for the phenotype observed in fibF and lcrD
mutations. If, for example, FIbF or LcrD are involved in the
translocation of a sensory protein(s), their mutations would
be expected to have pleiotropic effects, similar to those
observed in fibF and lcrD mutants (56, 57).

Currently we have no evidence for the involvement of
InvA in the regulation of expression of other genes. It is
known, however, that invA expression is regulated by
changes in the level of DNA supercoiling as a consequence
of a variety of stimuli such as osmolarity and oxygen tension
(21). It is also known that conditions that alter the level of
DNA supercoiling have a profound effect on the ability of
Salmonella spp. to invade cultured epithelial cells (10, 21,
36). One may speculate that perhaps invA4 is involved in
sensing the environmental cues that lead to changes in the
level of DNA supercoiling, although we have been unable to
detect any differences between the levels of DNA superhe-
licity of S. typhimurium invA mutants and those of the wild
type (6).

We have reported elsewhere that InvE is homologous to
the Yersinia YopN (LcrE) protein (25). We have not yet
determined the cellular location of InvE, but it is noteworthy
that YopN is found under certain growth conditions in the
membrane and culture supernatants despite the fact that
YopN, like InvE, lacks a typical signal sequence (16). The
phenotype of invA mutants is almost identical to that of the
invE mutants of S. typhimurium. The relationship between
these two genes is not clear at the moment, but most likely
both genes are part of the same entry pathway. This is
suggested not only by their location immediately adjacent to
each other but also by the fact that invA strains could not be
rescued by invE mutants in simultaneous infection of cul-
tured epithelial cells, despite the fact that either mutant
could be rescued by wild-type S. typhimurium (Table 3).
Therefore, it is tempting to speculate that InvA may be
involved in the translocation of InvE. The possible involve-
ment of InvA in the translocation of InvE is currently under
intense investigation in our laboratory.

Besides invA, other Salmonella genes located in the same
locus have been shown to be similar to other Yersinia
virulence-plasmid genes. We have recently reported that
invE is homologous to lcrE (yopN) (25), and we have also
found that invG, a recently identified member of the Salmo-
nella inv locus (23), is homologous to YcsA, a Y. enteroco-
litica protein involved in the secretion of Yops (45). In
addition, the GC content of the inv genes so far sequenced is
45%, a value significantly different from the 52% reported for
Salmonella DNA (43). This has led us to propose that
perhaps Salmonella spp. may have acquired the inv genes
from a different organism, quite possibly Yersinia spp., since
its reported GC content is 46% (25, 43). In fact, phylogenetic
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analysis of the InvA family of proteins strongly supports this
hypothesis (24).

In summary, we have constructed nonpolar invA4 mutants
of S. typhimurium and examined their phenotypes. We have
presented evidence suggesting that inv4 may be involved in
triggering the internalization of S. typhimurium into cultured
epithelial cells. In addition, nucleotide sequence analysis has
shown that InvA belongs to a new family of proteins from a
wide variety of organisms. The possible functions of these
proteins, derived from analysis of the mutant phenotypes,
include signal transduction, transcription regulation, and
protein translocation. Further studies are under way to
define the precise mechanisms by which InvA exerts its
function. This information will help in understanding the role
of this new family of proteins.
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