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Entry into intestinal epithelial cells is an essential step in the pathogenesis of Salmonella infections. Our
laboratory has previously identified a genetic locus, inv, that is necessary for efficient entry of Salmonella
typhimurium into cultured epithelial cells. We have carried out a molecular and functional analysis of invB and
invC, two members of this locus. The nucleotide sequence of these genes indicated that invB and invC encode
polypeptides with molecular masses of 15 and 47 kDa, respectively. Polypeptides with the predicted sizes were
observed when these genes were expressed under the control of a T7 promoter. Strains carrying nonpolar
mutations in these genes were constructed, and their phenotypes were examined in a variety of assays. A
mutation in invC rendered S. typhimurium defective in their ability to enter cultured epithelial cells, while
mutations in invB did not. Comparison of the predicted sequences of InvB and InvC with translated sequences
in GenBank revealed that these polypeptides are similar to the Shigella spp. proteins Spal5 and Spa47, which
are involved in the surface presentation of the invasion protein antigens (Ipa) of these organisms. In addition,
InvC showed significant similarity to a protein family which shares sequence homology with the catalytic j
subunit of the F0F1 ATPase from a number of microorganisms. Consistent with this finding, purified
preparations of InvC showed significant ATPase activity. Site-directed mutagenesis of a residue essential for
the catalytical function of this family of proteins resulted in a protein devoid of ATPase activity and unable to
complement an invC mutant ofS. typhimurium. These results suggest that InvC may energize the protein export
apparatus encoded in the inv locus which is required for the surface presentation of determinants needed for
the entry of Salmonella species into mammalian cells. The role of InvB in this process remains uncertain.

Salmonella spp. have the ability to enter mammalian cells.
This process is essential for the pathogenicity of these organ-
isms, because it may allow them to reach deeper tissues or gain
access to a more permissive environment. The internalization
event is the outcome of an intimate interaction between the
bacterium and the host in which biochemical signals are
presumably exchanged. As a consequence of this biochemical
dialogue or cross-talk, novel structures are assembled on the
Salmonella surface, and, subsequently, a signaling cascade is
triggered in the host cell (25). This cascade involves tyrosine
phosphorylation of host proteins, phospholipase activity, cal-
cium mobilization, and cytoskeletal rearrangements, resulting
in membrane ruffling and, ultimately, the internalization of the
infecting organisms (22, 44).
A number of Salmonella genetic loci that allow these organ-

isms to enter cultured mammalian cells have been identified (4,
15, 17, 19, 20, 24, 35, 39, 53). We have previously isolated a
genetic locus, inv, on the Salmonella chromosome that is
essential for these organisms to efficiently enter into cultured
epithelial cells (19). This locus was originally identified by its
ability to complement a noninvasive strain of Salmonella
typhimurium. Mutations in inv rendered S. typhimurium defi-
cient for entry into cultured epithelial cells and also increased
the 50% lethal dose when the organisms were administered
orally into BALB/c mice (19). invB and invC were originally
identified as members of the invABC operon; however, their
molecular characterization has not been previously reported.
In this paper, we present a molecular and functional analysis of
these genes as well as an examination of their individual
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contributions to the ability of S. typhimurium to enter cultured
epithelial cells.

(This work was presented in part at the Annual Meeting of
the American Society for Microbiology, Atlanta, Ga., May
1993.)

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial
strains used in this study, including their sources, are listed in
Table 1. Bacterial strains were grown in L broth or on L agar
plates (36), and, when appropriate, antibiotics were added to
the growth medium at the following concentrations: kanamy-
cin, 50 ,ug/ml; ampicillin, 100 p,g/ml; chloramphenicol, 30
,ug/ml.
Recombinant DNA, genetic techniques, and nucleotide se-

quencing. Recombinant DNA techniques were carried out by
standard protocols (41). P22HTint transduction was carried
out as described previously (50). Transformation of circular
and linear DNA into Escherichia coli and Salmonella strains
was carried out as described elsewhere (40). Expression and
[35S]methionine labelling of plasmid-encoded polypeptides in
a bacteriophage T7 RNA polymerase expression system were
carried out as described by Tabor and Richardson (55).
Amplification of DNA fragments by the PCR was performed
using a commercial kit (GenAmp; Perkin-Elmer Cetus, Nor-
walk, Conn.), according to the instructions of the manufac-
turer. DNA sequencing of both strands was carried out by the
dideoxy chain termination method (47) using Sequenase (U.S.
Biochemical Corp., Cleveland, Ohio) according to the manu-
facturer's instructions. Unidirectional deletions of appropriate
plasmids for nucleotide sequence determinations were con-
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TABLE 1. Bacterial strains used in this study

Strain Genotype Reference or source

S. typhimurium
SL1344 Wild type 30
SB178 invB::aphT This study
SB566 invC::aphT This study
X3477 hsdL6 A(galE-uvrB)-1005 flaA66 rpsL120 xyl-404 lamB+ Derived from AS68 of T. Palva by S. Tinge and

(E. coli) A(zja::TnlO) hsdSA29 R. Curtiss (unpublished data); A(galE-uvrB)
obtained from SL5400 from B. D. L. Stocker

E. coli
x2991 A(ara-leu)7697 araD139 AlacX74 galE galK AphoA20 thi Derived by R. Goldschmidt from CC118 (42)

rpsE rpoB argE(Am) recAl
BL21 (DE3) F- ompT hsdS 54
D301 RP487 recD1903 A(lacIZYA-uI69) 46
SM1OX pir thi thr leu tonA lacY supE recA::RP4-2Tc::Mu X pir R6K 51

structed according to the method described by Henikoff (29).
Nucleotide sequence analysis was performed using the Genet-
ics Computer Group package from the University of Wisconsin
(version 7) (12).
Plasmid constructions. Plasmids carrying invB and invC

were derived from pYA2220 (19) (Fig. 1). The EcoRV-PstI
fragment of pYA2220 was cloned into the HinclI and PstI sites
of pBluescript SKII (Stratagene), yielding plasmid pSB553.
This plasmid was used as a substrate for the exonuclease III
deletions constructed for sequence determinations. Plasmid
pSB555 was constructed by cloning the DraI-PstI fragment of
pYA2220 into the EcoRV and PstI sites of pBluescript SKII so
that the expression of both, invB and invC, was placed under
the control of a T7 promoter. To express invB under the
control of a bacteriophage T7 promoter, plasmid pSB560 was
constructed by cloning a 959-bp BamHI fragment from pSB555
into the BamHI site of pBluescript SKII. Plasmid pSB561 was
constructed by cloning a 959-bp BamHI fragment from pSB560
into the BamHI site of pUC18 (57).
For complementation studies of S. typhimurium mutants, the

invB and invC genes were cloned into the plasmid vector
pACYC184 (9) so that the expression of these genes was
placed under the control of the tet promoter present in this
vector. A 959-bp BamHI fragment from pSB561, containing
invB, was cloned into the vector pACYC184 that had been

invG invE invA invB invC

pYA2220

pSB555

pSB560/pSB561

pSB553

pSB554
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FIG. 1. Partial restriction endonuclease maps of the inserts of
relevant plasmids utilized in this study. The positions of relevant
restriction endonuclease sites are shown. The locations and directions
of transcription of the different inv genes are shown by the arrows. H,
HindIII; DI, DraI; B, BamHI; EV, EcoRV; El, EcoRI; SI, Sall; PI,
PstI.

digested with HindIII and BamHI, yielding plasmid pSB577. A
2,212-bp PvuII fragment of pSB553 containing invC was cloned
into the EcoRV and NruI sites of pACYC184, yielding plasmid
pSB558.

Site-directed mutagenesis. Site-directed mutagenesis of
InvC was carried out using the Alter Sites system of Promega
(Madison, Wis.). AXbaI-XbaI fragment from pSB573 contain-
ing invC was cloned into the XbaI site of the vector pALTER
(Promega), yielding plasmid pSB586. Site-directed mutagene-
sis was conducted with the mutagenic primer 5'-CATGGTCT
CACCGCATC-3' following the instructions of the manufac-
turer. The mutagenic primer was designed to change a lysine at
position 165 to glutamic acid by changing the codon AAG to
GAG. The mutation generated a diagnostic BsaI site that was
used to screen for the presence of the mutation. For comple-
mentation studies with the mutated allele of invC, plasmid
pSB589 was constructed by exchanging a BamHI fragment
containing the mutated codon for the equivalent fragment of
pSB553 which contains the wild-type codon.
High level of expression and purification of InvC and the

site-directed mutant K165E. Fusion proteins between InvC or
its site-directed mutant K165E and the glutathione S-trans-
ferase (GST) (52) were constructed for overexpression and
purification of these proteins. PCR was used to create a XbaI
restriction site at nucleotide 23 of the InvC coding sequence. A
degenerative primer (5'-GCTCTAGAATATCTGGCCTAC
CCAC-3') complementary to the 5' end of invC and the
universal reverse primer (5'-AACAGCTATGACCATG-3')
complementary to the cloning vector were used to amplify a
fragment of pSB553 which contains invC. The resulting ampli-
fied fragment was digested with XbaI and cloned into the XbaI
site of the cloning expression vector pGEX-2T (27), yielding
pSB573. For overexpression of the K165E mutant, the XbaI
fragment of pSB587 containing the mutated codon was ex-
changed for the equivalent fragment of pSB573, yielding
plasmid pSB588. Overexpression and purification of GST and
the fused protein were carried out as described elsewhere (27),
except that bacteria were grown and induced at 30°C. When
required, thrombin cleavage of the fused protein was carried
out as described elsewhere (27). The yields of the GST-InvC
and GST-K165EInvC fusion proteins were equivalent.
ATPase activity measurements. A modification of the mal-

achite green ATPase assay (38) was used to measure ATP
hydrolysis. A typical GST-InvC ATPase reaction mixture (900
,u) contained 15 ,ul (9 ,ug) of purified GST-InvC or GST-
K165EInvC proteins in dialysis buffer, 90 RI of 1ox reaction
buffer [500 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
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1 invA invB EcoRV 100
TCAGTGAAT.2TrATAAAAACAATATAAGGGCTrAATTAGWAAAGA2TTA7GCAACArrGGATATCGCTGAATrAGT0TGTTCCGCACTGGAAGTAAG
S V N V I K T I M Q H L D I A E L V R S A L E V S

101 200
IGGTOGCGATCCTTCATTAATTGGAGGAATAGATAGCCATACAAT?GTCIGGATTTATTTNCATTGCCAAGTATCTGTATCAGCGTCAAGGACGAT
G C D P S L I G G I D S H S T I V L D L F A L P S I C I S V K D D

201 300
GATGTA2GGATCTGGGCGCAATrGGG¶GCTGACAGCA1GGTGGTATTACAACAGCGGGCTTATGAAATCTTAA7GACCATAA7GGAAGGA2GCCATTTTG
D V W I W A Q L G A D S V V L QQ R A Y E I L M T I N E G C H F A

301 400
CCCGCGGGCAATTACTACIGGGGGAGCAGAATGGGGAGCTAACGCrTAAAGCCTrAGTGCATCcGGATTTITATC2GACGGTGAAAAGTTCTCTACTGC
R G Q L L L G E Q N G E L T L K A L V H P D F L S D G E K F S T A

401 invc 500
CT¶rGAA2GGGTrrrACAACTATC0GAAGTTTTTAGTGGTCGCTAA2GAGATGAAAACACCTCGTTrACTGCAATATCTGGCCTACCCACAAAAAATAA
L N G F Y N Y L E V F S R S L M R I'

M K T P R L L Q Y L A Y P Q K I T
501 600

CCGGCCCAATTGAGAGGCGGAATrGCGCGAIGIGCCATTGGCGAACTGTGG GAAACTACGCCGIGGCTGGCACCAAAAACAGGTGTTGCACGTGCGC
G P I I E A E L R D V A I G E L C E T T P W L A P K T G C C T C A

601 700
AGGIGG¶GCrACAGCGGGAACGCACCGTGC1GACGCTTATCGCAATCGCCAGGGGCGATGCGCGATGTGCTTTATCCCACTGGACG2C0cGTTA
G G W L T A G T H R A D A Y R N R Q G L S R D V V L Y P T G R A L

701 Ba&lf 800
TCGGCGGGTGGGATACTCQGTATTAGGcGcGGTGTTGGATcCGACAGGGAAAATcGTGAGcGTOTOACCCCTGAAGTGGcGCCGATTAGcGAAGAAC
S A W V G Y S V L G A V L D P T G K I V E R F T P E V A P I S E E R

801 900
GCGTTATTGATGTCGCACCGCCGTCTTACGCTTCACGCGTTGGCGTCCGTGAACCGC2GATTACCGGTGTGCGCGCGATTGACGGGTTAT0GACC1sGTGG
V I D V A P P S Y A S R V G V R E P L I T G V R A I D G L L T C G

901 Walker box A 1000
qGTAG 'GC;ATGQGCAT0?0TGCCTCCGCAGGATGCGGTAAGACCAI? 1CTATTATGC TGhTCGAGCAAACGQKGGCGATG CTr0 l 1
VG Q R N a I F A S a G C G I T M- L H M L I E Q T E A D V F pI|

1001 _ __QRKACO T H L ED1100
CGCTACI1, ATAAGAAAGAAAAATGCGTGCTGGTT TlCACTTCCG

1101

1201

1301

1401

1501

1601

1701

1801

ATTTCCCCTCGGTcGATCGCTGCAATGcGGCGCAACTGGCGACAACC3TAGCGGAATATTicGcGACCAGGGAAAACGGCGT0GITrmTTGA1CTGc
FPSV 0 C N A A IL 1- -A T T P A K I F NYUT-KKTL I

CATGACCCGTTATGCGCGTGCTTTGCGAGACGTGGCACTGGCGTCGGGAGAAGCGTCCGGCTCGTCGAGGTTATCCCGCCTCCGTA?CCGATAATT0GCCC
MTNY AR AL - ~IR OV L A -ER AI K KSKFA KSFSKLF-11.l TM T R YA R A L R D V A L A S G E R P A R R G Y P A S v F D N L P

CGCTTGCTGGAACGCCCAGe-GGCGACCAGCGAGOG AAGCATTACTGCCTT TTATACGGG OAGAGACCCGA7-,ACCGA7G
R L L E R P G A T S E G S I T A F Y T V L L E S E E E A D P H A D E

AAATTCGCTCTATCCTGACQGTCACCTGTATCTGAGCAGAAAGCTGGCCGGGCAGGGACATTACCCGGCAATCGATGTACTGAAAAGCGTAAGCCGCGT
I RSI LDGH L Y L S R K L A G Q G H Y P A I D V L SV RV

TrTTGG,ACAAGTCACGACGCCGA,CACATGCTGAACAGGCATCTGCCGTGCG'TAATrAATGACGCG7TTTGGAAGAGCTCCAGCTTTTCATTGACTTGGGA
F G Q V T T P T H A E Q A S A V R K L M T R L E E L Q L F I D L G

GAATA2CGTCCCTGTGCGAAAATATCGATAACGATCGGGCGATGCAGAIGCGGGGATAGCCTGAAAGCCTGGTTATGCCAGCCGGTAGCGCAGTAT0CAT

1300

1400

1500

1600

1700

E Y -R- -P C- -A -K-- S I T CGR C R---C-G--- S -L-KW L C Q P V A Q Y S S
1800

CCTTTGATGACACGTMAGCGGTATGAATGCATTCGCTGACCAGAATTAAAGTA?TGCAGCGGCGClITACGGTArCATOTACAGTGTGAGTCGATAT
F D D T L S G N N a F A D Q N *

PstI 1835
TACTTCGCTATCAGGATGAGGACCGCGGGC20CAG

FIG. 2. Nucleotide sequences of invB and invC. The sequence of the coding strand is shown with the deduced protein sequence. The end of
the upstream invA gene is indicated. The putative Shine-Dalgarno sequences upstream of the predicted ATG start codons are underlined. The
positions of relevant restriction sites, the Walker boxes A and B (59), and the DCCD-binding box (62) are indicated. The K residue subjected to
site-directed mutagenesis is indicated by a vertical arrow.

ethanesulfonic acid), 300 mM KCl, 300 mM NH4Cl, 10 mM
dithiothreitol, 50 mM Mg(acetate)2], 90 ,ul of bovine serum

albumin (5 mg/ml), 36 RI of freshly prepared ATP (0.1 M; pH
7.0; titrated with 1 M KOH), and 669 [lI of H20. The
components were mixed together on ice, and the samples were
incubated at 37°C. At various time points (1, 5, 10, 15, 20, 25,
and 30 min), 100 RI of the reaction mixture was withdrawn and
the reaction was stopped by adding 800 ,ul of freshly prepared
malachite green-ammonium molybdate reagent. This reagent
contained 3 volumes of 0.045% malachite green hydrochloride
(Sigma), 1 volume of ammonium molybdate (4.2% in 4 N
HCl), and 1/50 volume of 1% Triton X-100. After 1 min at
room temperature, 100 RA of 34% citric acid was added to stop
the color development. The samples were kept at room

temperature and measured photometrically within the next 2 h
at a fixed wavelength of 660 nm. To quantitate the amounts of
enzymatically released Pi, the samples (in triplicates) were

compared with a standard curve which was prepared with
dilutions of a standard solution (1 mM KH2PO4 in 0.01 N
H2SO4) over a range of 1 to 30 nM phosphate.

S. typhimurium adherence and invasion assay. S. typhi-
murium attachment to and entry into Henle-407 cells were

assayed as described elsewhere (21).
Fluorescence microscopy. Staining of S. typhimurium-in-

fected Henle-407 cells with rhodamine-labelled phalloidin was
carried out as described elsewhere (21).

Nucleotide sequence accession number. The nucleotide se-

quence published in this paper has been assigned GenBank
accession number U08279.

RESULTS

Molecular characterization of the invB and invC genes. The
entire nucleotide sequences of both strands of the EcoRV-PstI

fragment immediately downstream of invA were determined,
and two open reading frames were identified (Fig. 2). The first
open reading frame, invB, starts 22 bp downstream of invA and
is capable of encoding a 134-amino-acid polypeptide with a
predicted molecular weight of 14,852. A good rRNA consen-
sus-binding site (AGGAA) is present at the appropriate
distance from the putative start codon. The second open
reading frame, invC, starts with an ATG codon that overlaps
the termination codon of invB and is capable of encoding a
432-amino-acid polypeptide with a predicted molecular weight
of 47,393. A weak rRNA consensus-binding site (CGGT) was
identified upstream of the putative ATG start codon. No appar-
ent transcription termination signals were identified upstream
or downstream of invB, confirming previous observations that
these genes are in the same transcriptional unit as invA (19).
DNA fragments carrying either or both of these genes were

cloned behind the T7 promoter present in the vector pBlue-
script SKII and plasmid-encoded polypeptides examined as
described in Materials and Methods. Cell lysates of E. coli
BL21 (DE3) carrying plasmid pSB560, which encodes invB, or
plasmid pSB553, which encodes invC, showed polypeptides
with molecular masses of 15,000 and 47,000 Da, respectively,
which were absent from lysates of cells carrying the plasmid
vector alone (Fig. 3). The sizes of the expressed polypeptides
are in complete agreement with the predicted sizes of the
encoded polypeptides. A polypeptide with a molecular mass of
31,000 Da corresponding to the product of the aphT gene was
observed in lysates of E. coli carrying plasmid pSB554. This
plasmid contains an insertion of a cassette carrying the aphT
gene in the EcoRI site of the invC open reading frame (Fig. 2).
Polypeptides with molecular masses of 14,000 and 47,000 Da
corresponding to InvB and InvC, respectively, were also ob-
served in lysates of E. coli BL21 (DE3) carrying pSB555 (Fig.

T E F V--R-Y L R A S H K K E K C V L V F A T S D
Walker Doz-B I1200

F P S V D R C N A A Q L A T T tV A E Y F g D 0 G K R-V V L F L-JL-JS
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FIG. 3. Expression of invB and invC. The expression of invB and
invC was placed under the control of the bacteriophage T7 promoter
present in pBluescript SKII and introduced 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 a
sodium dodecyl sulfate (SDS)-polyacrylamide gel as described in
Materials and Methods. Lanes: A, pBluescript SKII; B, pSB560 (invB);
C, pSB553 (invC); D, pSB555 (invB and invC); E, pSB554 (invC::
aphT). Arrows on the right indicate the positions of InvB (bottom) and
InvC (top), and numbers on the left indicate the positions of the
molecular weight standards.

3). This plasmid carries a DraI-PstI fragment encoding both
invB and invC. Interestingly, invB was expressed at significantly
higher levels than invC, most likely reflecting differences in the
translation efficiencies of these genes. The poor translation of
invC is consistent with the presence of an rRNA-binding site
(CGGT) that is significantly deviated from the canonical
consensus sequence.

Construction of nonpolar mutations in invB and invC. invB
and invC are part of a larger transcriptional unit. Therefore, in
order to examine their individual contributions to S. typhi-
murium internalization, nonpolar mutations in these genes
were constructed by two strategies. Mutations in invB were
constructed by inserting into the EcoRV site of pSB561 a
cassette containing a modified aminoglycoside 3'-phospho-
transferase (aphT) gene from which the transcription termina-
tor had been removed (4), yielding plasmid pSB575. A BamHI
fragment from pSB575 carrying the mutated invB gene and
flanking sequences was cloned into pKNG121 (33), an R6K-
derived replicon that cannot replicate in S. typhimurium in the
absence of the Pir protein, yielding pSB576. This plasmid was
then mobilized into S. typhimurium by conjugation. Transcon-
jugants were selected by the sucrose selection method as
described elsewhere (33). One transconjugant, strain SB178,
showed a Southern hybridization pattern consistent with the
presence of the aphT cassette in the proper location (Fig. 4).
This mutant strain was used in a variety of functional assays.
Mutations in invC were constructed as follows. The aphT
cassette was cloned into the EcoRI site of pSB553, yielding
plasmid pSB554. A PvuII fragment of this plasmid containing
the mutated allele of invC was cloned into the EcoRV and
NnuI sites of the plasmid vector pACYC184, yielding plasmid
pSB559. Subsequent introduction of the mutated allele of invC
into the S. typhimurium chromosome was carried out by a
combination of linear transformation and P22 transduction as
described elsewhere (21), yielding strain SB566. Southern
hybridization analysis confirmed the correct position of the
insertion mutation (Fig. 4).

A B C

12 -

FIG. 4. Southern hybridization analysis of invB and invC S. typhi-
munium mutants. Total-cell DNA was isolated from the different strains
and digested with HindIII, which cuts the aphT cassette. Fragments were
separated by electrophoresis through a 0.7% agarose gel and transferred
to nylon membranes as described in Materials and Methods. Membranes
were then hybridized to a [32P]dATP-labeled probe containing the
DraI-PstI fragment of pSB555 which contains the invB and invC genes.
Lanes contain DNAs isolated from the following strains: A, SL1344
(wild type); B, SB566 (invC::aphT); C, SB178 (invB::aphT).

Effect of nonpolar mutations in invB and invC on S. typhi-
murium entry into cultured epithelial cells. Strains SB178 and
SB566, carrying nonpolar mutations in invB and invC, respec-
tively, were tested for their ability to attach to and enter into
cultured Henle-407 cells. As shown in Table 2, a nonpolar
mutation in invC severely impeded the ability of S. typhi-
murium to enter into cultured cells, although this mutation did
not affect the ability of this organism to attach to these cells.
This is consistent with the finding that this mutant strain did
not cause cytoskeletal rearrangements in cultured Henle-407
cells (data not shown), an indication of their failure to trigger
the signal transduction pathway that leads to bacterial uptake
(44). Introduction of the plasmid pSB558, which carries a
wild-type copy of invC under the control of the tet promoter,
into strain SB566 restored the ability of this strain to enter into
cultured epithelial cells. These results indicate that invC is
required for the entry phenotype (Table 2). In contrast,
introduction of a nonpolar mutation in invB did not signifi-
cantly affect the ability of S. typhimurium to attach to or enter
into cultured epithelial cells (Table 2), indicating that, under
the assay conditions used, this gene does not contribute to the
entry phenotype.

Sequence homologies of InvB and InvC. The predicted

TABLE 2. Adherence and invasion of wild-type and invB and invC
mutants of S. typhimurium into cultured Henle-407 cellse

Strain Relevant phenotype % Adherence % Invasion

SL1344 Wild type 78 ± 4 58 ± 2
SB178 InvB- 49 ± 3 43 ± 3
SB566 InvC- 23 ± 1 0.11 ± 0.01
SB566(pSB558) InvC- (InvC+) ND 5.13 ± 0.9

a Values are means ± standard deviations of triplicate samples and are the
percentages of the initial inoculum that survived gentamicin treatment for 2 h as
described in Materials and Methods. Similar results were observed in several
repetitions of this experiment. ND, not done.

J. BACTERIOL.
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InvB 1 MQHLDIAELVRSALEVSGCDPSLIGGIDSHSTIVLDLFALPSICISVKDD 50

Spa15 1 MSNINLVQLVRDSLFTIGCPPSIITDLDSHSAITISLDSMPAINIALVNE 50

InvB 51 DVWIWAQLGADSMVVLQQRAYEILMTIMEGCHFARGQLLLGEQNGE LTL 99

Spal5 51 QVMLWANFDAPSDVKLQSSAYNILNLMLMNFSYSINELVELHRSDEYLQL 100

InvB 100 KALVHPDFLSDGEKFSTALNGFYNYLEVFSRSL 132
:.::.1: 1. 1:11.:1::.

Spal5 101 RWIKDDYVHDGIVFAEILHEFYQRMEILNGVL 133

FIG. 5. Sequence alignment of S. typhimurium InvB and S. flexneri
Spal5. The alignments were constructed using the program Best Fit
from the Genetics Computer Group package from the University of
Wisconsin (12). Identical residues are indicated with vertical lines, and
conserved substitutions are indicated by periods or colons.

sequences of InvB and InvC were compared with translated
sequences in GenBank (release 78). InvB showed significant
similarity to Spal5, a Shigella spp. protein involved in the
surface presentation of the invasion protein antigens (Ipa) of
these organisms (Fig. 5) (56). In addition, InvB showed weak
similarity to FliH from enteric bacteria (58) and Bacillus
subtilis (1) (previously known as Orf3 of the fla operon of this
organism) (Table 3). These proteins are involved in the
assembly of flagella in these organisms. InvC showed signifi-
cant similarity to a number of proteins related to the catalytic
subunits of the FoF1 ATPases (Fig. 6). Members of this family
include the Spa47 protein from Shigella spp., involved in the
surface presentation of the Ipa proteins (56); YscN from
Yersinia spp., involved in the secretions of the Yops (60); Flil
proteins of enteric bacteria and B. subtilis (previously known as
the Orf4 of the fla operon), involved in flageilar assembly (1,
58); and HrpB6 (16) of several gram-negative bacterial plant
pathogens involved in the secretion of harpin, a protein respon-
sible for the induction of the hypersensitive response of plants to
these plant pathogens (28). Interestingly, the genetic organization
of invB and invC and their homologs in several microorganisms
is the same, suggesting evolutionary conservation and, perhaps,
a functional relationship between these two proteins.

Nucleotide binding motifs in InvC. Sequence comparison of
proteins that are known to bind ATP have determined that a

large proportion of these proteins share sequence motifs (59).
The functional significance of these motifs has been confirmed
by mutagenesis as well as by crystallographic datum analysis
(18). The best conserved of these motifs is a glycine-rich region
which forms a phosphate-binding, flexible loop between a beta
strand and an alpha helix. This sequence motif is generally
referred to as the Walker box A. An additional conserved
sequence among nucleotide binding proteins is the Walker box
B, which consists of a hydrophobic 13-sheet region with a con-
served aspartic acid residue. InvC has regions of significant
homology to both Walker boxes (Fig. 6). In addition, it presents
similarity to a region around a conserved glutamic acid residue

that has been shown, in other ATP-binding proteins, to react
with dicyclohexylcarbodiimide (DCCD) (62). This compound
is known to inhibit the function of a number of ATPases,
presumably because it modifies the active sites of these enzymes.
Complementation by a site-directed mutant of InvC. Several

members of the FOF1 ATPase family of proteins have been
subjected to site-directed mutational analysis (13, 45). In all
cases, a mutation that changes a Lys in the Walker motif A has
resulted in loss of function, indicating that this residue is critical
for the catalytic function of these proteins. We therefore carried
out a site-directed mutagenesis at the corresponding position
in InvC by changing Lys-165 to Glu. This substitution was

chosen because Glu has side chains with approximately the
same size but different charges. A similar mutation resulted in
loss of function of the highly related member of this family, FliI
(13). Plasmid pSB589, encoding K165EInvC, was introduced
into the S. typhimurium strain SB566, and the resulting strain
was tested for its ability to enter into cultured epithelial cells.
As shown in Table 4, pSB589 failed to complement the entry
phenotype of the invC strain of S. typhimurium. Introduction of
the same plasmid into the wild-type strain of S. typhimurium
SL1344 did not have any effect on the ability of this strain to
enter into cultured epithelial cells, indicating that the site-
directed mutant of InvC is not transdominant.
ATP hydrolysis by InvC. The observation that InvC shares

significant sequence homology with the FoF1 ATPase family of
proteins prompted us to investigate its ability to hydrolyze
ATP. InvC was purified to homogeneity using the GST expres-
sion purification system as described in Materials and Methods
(Fig. 7). The purified fusion protein was then tested for its
ability to hydrolyze ATP as described in Materials and Meth-
ods. As shown in Fig. 8, purified GST-InvC protein fusion
showed an ATPase activity of -250 pmol of phosphate per min
per ,ug of protein. Similar results were obtained with the
purified InvC protein after cleavage with thrombin (data not
shown). This activity is comparable to those of other ATPases,
including SecA, a component of the main secretory apparatus
of gram-positive and gram-negative bacteria (37). On the
contrary, purified GST-K165EInvC fusion protein did not
show any significant ATPase activity. These results are consis-
tent with the inability of this protein to complement an invC
mutant of S. typhimunrum and indicate that ATP hydrolysis is
required for InvC function.

DISCUSSION

The ability of Salmonella spp. to enter into mammalian cells
is an essential pathogenic feature of these organisms. We have
previously identified a genetic locus, inv, which is required for
Salmonella spp. to enter into cultured epithelial cells. In this
paper, we report the molecular and functional characterization

TABLE 3. Proteins with sequence homology to InvB and InvC

Protein (organism) Protein compared % Identity % Similarity Proposed function

FliH (E. coli and Salmonella spp.) InvB 22 43 Flagellar assembly
FliH (B. subtilis) InvB 23 54 Flagellar assembly
SpalS (Shigella spp.) InvB 33 59 Ipa secretion
Flil (E. coli and Salmonella spp.) InvC 38 60 Flagellar assembly
Fliu (B. subtilis) InvC 37 59 Flagellar assembly
Spa47 (Shigella spp.) InvC 51 68 Ipa secretion
YscN (Yersinia spp.) InvC 45 65 Yops secretion
HrpB6 (Xanthomonas spp.) InvC 42 51 Harpin secretion
1 subunit of FoF, ATPase InvC 29 52 Proton translocation
a subunit of FoF, ATPase InvC 24 51 Proton translocation

VOL. 176, 1994



4506 EICHELBERG ET AL.

Invc
Spa47
Yscn . . . MLSLDQI

Hrpb6 . . . MLAETPL
Orf4 ........ MQL
Flii MTTRLTRWLT

Atpaseb.

...... . . . ... M...... . . . . ... M
PHH IRHG IVG
LETTLERELA
NEDTESDRLY
A LDNF EA KMA
. . . . . . . . . .

KTPRLLQYL YPQK T PPIIs *AELRD A 31
SYTKLLT L FPNR S PI- *TSLSD S 31
S R L I Q . I . R V TQ T T L KAVVPG R 45
TLAVG.R YK KVVE V TMK KVAGVQ S 46
RMTDSYK Y VKVK R I L M S KG PAS S 43
.LLPAVR Y RLTRA T LV- UATGLQLP 49
...... . MAT K IVQ I AVV UVEFPQDA 24

Invc L EETTPWLA PKTGCCTCAG TAGTHRA D,Y RQ RDVVVY
Spa47 I UNIQAGIE SNEIVAR HDEKTI- SLI SR WQTL K ....

Yscn L Y L . R N P D NS L SLQ AQHQAL I L MY S N T E .....

. . LLQR .....

Orf4 L L I . YAKG QSGKVIK QEENIL
N YL AA A P G S I .....

Flii AT IIERQDG PETKEVE NGQRLFF M L VE L PGAR YARNG
Atpaseb R V DALEVGN GNERLVLEVG G_GGGIVRT I M S D R R G L D

Invc . . . P R AIS
Spa47 . . P QFUH
Yscn . SP_TM H Q

Hrpb6 . IG R P-A
Orf4 . . EA ES R
Flii HGDGLQSGKQ

Atpaseb . . K D L $ H P EtE

RFTPEVAPI S
KFAVTDNS EI
GGHLPE PAAW
GQGAIACDTW
ES FCRK VS P
GLPAPDTLET
MKGEIGEEER

EERVIDVA 124
L Y R P VD N A 124
Y PVYQD 134
V PIQAQa 135
V . STEQS 132
G . . ALITPF 147
..WAIHRAk 115

Invc S Y .A S V G R EH I AU

Spa47 L Y .S E A A E K L V

Yscn A .M S K L T T v-
Hrpb6 .MR RL E H_P I
Orf4 N MMKP P R EKG S
Flii N UL Q T P E H V D A

Atpaseb SYEFE L SN SQ E L E V

Invc
Spa47
Yscn

Hrpb6
Orf4
Flii

Atpaseb

Invc
Spa47
Yscn

Hrpb6
Orf4
Flii

Atpaseb

Invc
Spa47
Yscn

Hrpb6
Orf4
Flii

Atpaseb

Invc
Spa47
Yscn

Hrpb6
Orf4
Flii

Atpaseb

Invc
Spa47
Yscn

Hrpb6
Orf4
Flii

Atpaseb

EH G
IGS QVC

N I A I E H SGUY

V D C N_Q L
V D C N_Y I
M E AK FV
IE UA K_Y V
L M L K_Y T
L L MQGA Y
G N L RVL T G

II.

T M L
T Y L
R_ S D
a :L I
R_K D

x_N I
GN EM

KR V F,;
HEK A Ft

K R L

LR L

QN

14 14
IQH|LII
R D D FY N

A. .TSE_
K. L KA
QS.S K
MG. ES
AN. .EHU_
NG I HGG-
S TKT

R A S H
KNS E
E E
A D
K E
P D

TD S N

K_G QEH
QNQ IKQKAAAN
EAKNQ
A_NKfQ

*RiEAKH
QAJSL I

K T R L EL Q
E S E I EL R
R A K E V E
R A K N V E

S T Q S E
S Q R N R

S Q R-QML K

S_C TM H 173
S_ C T _N 173
A G T AS 183
III G 184

G T GA 181
G V G 196
G _ _;iV M 165

K K E X CU F _F 220
K S*C Y Y 220
LR AAF V_R_ 230
LA

U RB 231
LK S Q-A 228
RA S* A Va- sP 243

VI DKVS YGGM EUP 215

L_A_S_R-A 270
A 270
T 280
T 281
T 278
A 293

yL *~~S A LLR MS 265

L S E A I I 318
D FAA LV 319

^G- *MT_V T 328
A D T GGS IV 329

G- MN I V 326
TG- Q Q1 S A 343
aV A- I T SOA T T 313

.V T T P T A EQS A V 367
K.V DE K R I M A A F 368
K.I SK E K T W G H L 377

.I PY D S Q A G R L 378
N. ISTK L D A N K FE 375
'A LIT E Q YARVRLF 392
PLV-GQ E YDTURGVQ 363

P CAKISITIGR CUCGD SLKA_C 410
NUHN ASQ KIY NKIS VVES K 410

!K LDKEA Q_ EIMNGA IRG_C 419
IQ D A VA-E DKIDA I RD_S 420
R _S RSREI E QFYPQ.LIQ K 417
K D P M L K T L W P Q.L EAQ 434
E LKEEDKVVUR ANKIGRFLSG PFFVAEV TG 413

PVAQYSSFUFD SG3NRFAD
DYRLGFTYQ _EL 3: GETIR
GTHELSHFkE NL ETLTQ
PTDQLSAYKN EL TSVTD
GTDEPALL E SIAA TSLTG
GIFERADWUD SQADALIFP
SPGKYVSLKD XRG KGIME

QN.
. . . . . . . . .

. . . . . . . .

DA.
N EE.
TV.
GEYDHLPEGA

. . . . . . . . .

. . .

. .

. . .

.

. . . . . . .

F YM VG SI EE A

....... . . 432...... . . . 430....... . . . 439...... . 442...... . . . 440...... . . . 456

VEKAKKL 460

FIG. 6. Multiple sequence alignment of the InvC homologous proteins. The alignments were constructed using the program Pileup from the
Genetics Computer Group package from the University of Wisconsin (12). The output of this program was further processed for display using the
program Pretty Box of the same package.

of two members of this locus, invB and invC. We determined these genes were expressed in a T7 RNA polymerase expres-

their nucleotide sequences and examined their gene products. sion system. The nucleotide sequences suggested that these
invB and invC encode 134- and 432-amino-acid polypeptides, genes are in the same transcriptional unit as invA and down-
respectively, with predicted molecular weights of 14,852 and stream genes. Therefore, to investigate the individual contri-
47,393. Polypeptides with similar sizes were visualized when butions of invB and invC to the entry phenotype, we con-
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TABLE 4. Ability of K165EInvC to complement the entry
phenotype of the S. typhimurium invC mutanta

Relevant Plasmid-
Strain phent encoded % Invasionphenotype ~protein

SL1344 Wild type 88 + 4
SB566 InvC- 0.10 ± 0.03
SB566(pSB558) InvC- (InvC+) InvC 30 ± 2.1
SB566(pSB553) InvC- (InvC+) InvC 21 ± 1.6
SB566(pSB589) InvC (InvC-) K165EInvC 0.08 ± 0.04
SL1344(pSB553) Wild type (InvC+) InvC 46 ± 3.4
SL1344(pSB589) Wild type (InvC-) K165EInvC 38 ± 1.6

Values are means ± standard deviations of triplicate samples and are the
percentages of the initial inoculum that survived gentamicin treatment for 2 h as
described in Materials and Methods. Similar results were observed in several
repetitions of this experiment.

structed nonpolar mutations in each one of these genes by
inserting an aphT cassette from which the transcription termi-
nator had been removed. Insertion of this cassette allows
transcription of downstream genes from the aphT promoter.
This approach has been successfully used to construct nonpo-
lar mutations in invE and invA (21, 24).

S. typhimurium SB566 carrying a mutation in invC was
defective for entry into but not for attachment to cultured
Henle-407 cells. This observation was consistent with the fact
that this mutant strain was unable to induce cytoskeletal
rearrangements in infected cells, an indication of its inability to
trigger the host-cell signalling pathways that lead to bacterial
uptake (44). The phenotype of S. typhimurium SB566 was
complemented in trans by a plasmid carrying only invC,
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FIG. 7. SDS-polyacrylamide gel electrophoresis of purified InvC
and the site-directed mutant K165EInvC. Protein fusions between
InvC or the site-directed mutant K165EInvC and the GST were
constructed as described in Materials and Methods to facilitate their
expression and purification. Following induction, cells were disrupted
with a French press, and the cell lysates were run through a glutathione
column as indicated in Materials and Methods. Lanes contain samples
from the following preparations: A, whole-cell lysate of the E. coli
strain X2991 carrying pSB573 which encodes GST-InvC before induc-
tion with isopropyl-3-D-thiogalactopyranoside (IPTG); B, same as A,
after IPTG induction; C, purified GST-InvC; D, whole-cell lysate of
the E. coli strain X2991 carrying plasmid pSB588, which encodes
GST-K165EInvC before induction with IPTG; E, same as D after
IPTG induction; F, purified K165EInvC. Arrow to the right indicates
the position of the GST-InvC or GST-K165EInvC fusions, and Std
lane shows the molecular weight standards.
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FIG. 8. ATP hydrolysis by purified InvC and K165EInvC. Hydro-
lysis ofATP was measured by the malachite green method as described
in Materials and Methods. A, purified GST-InvC; 0, purified GST-
K165EInvC.

indicating that the defect in entry observed in this strain was
solely due to the mutated invC. Comparison of the translated
sequence of invC with translated sequences in GenBank
revealed that this protein is homologous to members of what is
becoming a new family of ATPases (13). Members of this
family include proteins required for the export of flagellar
proteins in enteric bacteria (58) and B. subtilis (Fliu) (1) and
proteins involved in conferring pathogenic properties to ani-
mal (Shigella spp. [Spa47] and Yersinia spp. [YscN]) (56, 60)
and plant (Xanthomonas campestris [HrpB6]) (16) pathogens.
This protein family is related to the catalytic a subunit of the
bacterial FoF1 proton-translocating ATPase and to equivalent
subunits of vacuolar and archaebacterial ATPases (11, 31).
The FoF1 ATPase is a multisubunit complex found in a large
variety of prokaryotic and eukaryotic cells (8). The enzyme
plays an important role in energy transduction in the final step
of oxidative phosphorylation. By using the electrochemical
potential over the membrane built up by the proton gradient,
the FoF1 ATP synthase catalyzes the formation of ATP from
ADP and Pi. The complex is composed of an integral mem-
brane proton channel (FO) and a membrane-associated cata-
lytic subunit (Fl). Solubilized F1 exhibits ATP-hydrolyzing
activity, which represents the reverse of its normal reaction
(14). The two major subunits of the F1 component, ot and P,
can both bind adenine nucleotides and are homologous to each
other (31). However, affinity labeling and chemical modifica-
tions showed that only the 1 subunit contributes to the catalytic
function (61, 63). As with other members of this protein family
(58), no other similarities between the members of the inv
locus and the other subunits of the FOF1 ATPase have been
identified.

InvB was found to be homologous to the Spal5 protein of
Shigella spp. This protein is part of a large operon that has
been implicated in the translocation and surface expression of
the Shigella Ipa proteins (56). In addition, InvB showed
similarity, although weak, to FliH, a protein involved in
flagellar assembly of enteric bacteria and B. subtilis (1, 58).
Interestingly, the proteins encoded by genes located immedi-
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ately upstream and downstream of FliH in these organisms,
FlhA and FliI (58), are highly homologous to InvA and InvC,
suggesting that the similarity between InvB and FliH may be
evolutionarily or perhaps functionally significant. However, S.
typhimurium SB178, carrying a mutation in invB, was not
affected in its ability to enter into or attach to cultured
Henle-407 cells, suggesting that this gene may not be required
for S. typhimurium entry into these cells or that it encodes a
redundant function. These results are consistent with the
observations of Sasakawa et al. (49), who found that mutations
in spalS, which encodes a protein homologous to InvB, did not
affect the ability of Shigella flexneri to enter into cultured
epithelial cells. Alternatively, the phenotype of the invB mu-
tant may not be apparent in the assay system used.

In addition to Salmonella spp., other members of the family
Enterobacteriaceae, such as enteroinvasive E. coli, Yersinia spp.,
and Shigella spp., are capable of entering mammalian cells.
Interestingly, it is becoming evident that the molecular bases of
the interaction of these microorganisms with host cells may
share more features than originally suspected. Of particular
interest is the remarkable similarity between Salmonella spp.
and Shigella spp. (and presumably enteroinvasive E. coli) genes
required for entry into mammalian cells. We have previously
reported the characterization of four members of the S.
typhimurium inv locus, invA (21), invE (24), invF, and invG
(32). The predicted sequences of InvA, InvE, InvF, and InvG
share extensive homology with the MxiA, MxiC, MxiE, and
MxiD protein sequences of Shigella spp., respectively, which
are required for the surface presentation of the Ipa proteins
and are located in the virulence-associated plasmids present in
these organisms (5, 48). We have not extended our molecular
analysis of this Salmonella locus and have found that the
similarities expand through a rather large region of the Shigella
virulence plasmid (10, 32). This region encompasses at least 12
genes of the mxi and spa loci, arranged in the same order and
presumably with the same transcriptional organization as the
Salmonella inv locus (2, 3, 5, 49, 56). Similar results have been
recently reported by Groissman and Ochman (26). This func-
tional similarity is further strengthened by the fact that muta-
tions in some of these genes (e.g., invA) can be complemented
by the cognate Shigella genes (e.g., mxiA) (23). It appears, then,
that Salmonella spp. and Shigella spp. share a similar translo-
cation system that has been adapted to assemble a supramo-
lecular structure (25) or to export proteins required for the
interaction of these organisms with mammalian cells (2, 3, 5,
49, 56). Since the interactions of these organisms with their
hosts appear to be significantly different, it is likely, then, that
each secretory system has been tailored to perform specific
functions in these two different pathogens. Alternatively, Shi-
gella spp. may also assemble a surface organelle similar to that
of Salmonella spp., and the differences between these two
organisms may reside on the effector molecules.

Consistent with the sequence homologies that suggest that
InvC may function as an ATPase, we showed that this protein,
purified under nondenaturing conditions, has ATP-hydrolyzing
activity. Under the assay conditions utilized, InvC had an
ATPase activity of -250 pmol of phosphate per min per ,u.g of
protein. This activity is equivalent to that observed in other
ATPases, including SecA, a component of the main secretory
pathway of gram-positive and gram-negative bacteria (43). It is
possible that under in vivo conditions, this activity is signifi-
cantly higher. For example, InvC may be part of a multisubunit
complex, and the presence of the other components may
enhance its activity. This has been shown to be the case for the
,B subunit of the FOF, ATPase complex whose ATP-hydrolyz-
ing activity is significantly enhanced in the presence of the

other components (11). Alternatively, consistent with the
protein-translocating function proposed for the homologs of
InvC, the ATP-hydrolyzing activity may be enhanced in the
presence of the translocation target(s). This has been observed
for SecA, a member of the general secretory pathway whose
ATPase activity increases dramatically in the presence of
translocation-competent preproteins and membranes (38).
Dreyfus et al. failed to demonstrate ATPase activity in purified
Fliu, a protein homologous to InvC involved in flagellar
assembly in enteric bacteria, despite the fact that Flil is capable
of binding ATP (13). As they suggested, this may have been
due to the purification protocol, which included guanidinium
hydrochloride and might have yielded denatured protein de-
void of enzymatic activity.

Consistent with the hypothesis that ATP hydrolysis is re-
quired for InvC function, a site-directed mutant of InvC in
which a Lys residue at position 165 was changed to a Glu,
failed not only to hydrolyze ATP but also to complement an
invC mutation of S. typhimunum. The Lys-165 residue resides
in the Walker box A and has been shown to be critical for the
catalytic activities of several members of this family of AT-
Pases (45).
What is the functional significance of the ATPase activity of

InvC? The similarity with proteins thought to be involved in
organelle assembly and/or protein secretion in other bacterial
systems strongly suggests a similar function for InvC in S.
typhimurium. This is consistent with the observation that invC
mutants failed to assemble the appendages observed on the
surface of S. typhimurium upon contact with cultured epithelial
cells (25). ATP hydrolysis has been shown to be a requirement
for the translocation of proteins across the membrane through
the general secretory pathway (37) or through other binding-
protein-dependent transport systems (6). InvC may therefore
couple ATP hydrolysis to the transport across the membranes
of proteins required for bacterial entry into host cells. A
number of the ATP-binding, protein-dependent transport sys-
tems have significant structural homology (7). They are usually
composed of membrane-associated, highly hydrophobic pro-
teins and peripherally associated proteins with ATP-binding
cassettes. These components are sometimes fused in multido-
main polypeptides. Although there is no evidence of an
equivalent system operating in the assembly of the entry
apparatus, examination of other inv gene products raises
interesting questions. For example, InvA, another member of
the inv locus, is an integral membrane protein with structural
features in its amino terminus (the presence of seven trans-
membrane domains) that resemble those of the membrane
domain of the HlyB family of proteins. InvC might interact
with the hydrophilic C terminus of InvA, and, as a consequence
of this interaction, it might transmit any conformational
changes that could result from ATP hydrolysis, aiding the
putative protein transport across the membrane. At this point,
we have no evidence of physical interaction between InvA and
InvC to support this hypothesis. Elucidating the function of
InvC and other proteins encoded in the inv locus will help us to
understand not only the way Salmonella spp. interact with host
cells but also the interactions of other plant and mammalian
pathogens with their hosts, since it is clear that this signal
sequence-independent protein secretion system is widespread
among other pathogens.
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