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ABSTRACT The expression of invasin, the product of the
Yersinia pseudotuberculosis inv gene, allows enteric bacteria to
enter cultured mammalian cells. The ability of invasin to bind
animal cells and the potential significance of this interaction in
the entry process were investigated. It was found that HEp-2
cells could attach to surfaces coated with bacterial membranes
containing invasin. By fractionating bacterial membrane pro-
teins on NaDodSO4/polyacrylamide gels and transferring the
protein to filters, we demonstrated that the cell-binding com-
ponent of the membranes comigrated with invasin. Mutations
that changed the electrophoretic mobility of the protein also
caused a corresponding shift in the migration ofthe cell-binding
activity, showing that the comigrating protein was indeed
invasin. Monoclonal antibodies directed against invasin that
blocked invasin-HEp-2 cell interaction also inhibited bacteria
from penetrating HEp-2 cells, indicating that interaction of this
protein with animal cells is critical for cellular penetration.

Many intracellular bacterial pathogens are able to penetrate
epithelial cells (1-3). For enteroinvasive microorganisms,
such as Salmonella and Yersinia, cellular invasion is the
initial step in an infectious process that ultimately results in
systemic illnesses (4, 5). These intracellular pathogens may
enter epithelial cells either to grow within this protective
niche or to pass through the cell to spread into other tissues.
The molecular bases of these important and common pro-
cesses are relatively obscure, although many studies have
been initiated that should allow dissection of intracellular
penetration and growth (6-10).

Yersinia pseudotuberculosis is a bacterium that is able to
enter cultured mammalian cells (5, 11). This in vitro property
is used as a model for invasive diseases caused by the
microorganism. To initiate analysis of cellular invasion,
molecular clones have been isolated from this organism that
allow the normally innocuous Escherichia coli K-12 strain to
penetrate mammalian cells (10). Such clones encode a single
Yersinia gene, called inv, which is sufficient to confer this
phenotype (12). The product of this locus, termed invasin, is
a 103-kDa protein exposed on the surface of the bacterium
(12) that is synthesized at low levels in both Y. pseudotuber-
culosis and E. coli strains harboring the inv gene (13).
To date, the mechanism of action of invasin has not been

elucidated. Bacteria encoding inv efficiently bind to the
surface of mammalian cells prior to internalization, and inv-
mutants are defective for this binding activity (12). This
indicates that expression of the inv gene must result in
synthesis ofa ligand, located on the surface of the bacterium,
that is recognized and bound by the host cell. There are two
simple models for how this cell-recognition structure could be
produced. Invasin could enzymatically synthesize the ligand,
which may be a small molecule such as a carbohydrate.

Alternatively, invasin itself could be the ligand, since it is
known that this protein is exposed on the surface of the
bacterial cell (12). In this communication, we tested the latter
model by investigating whether animal cells were able to bind
invasin and by evaluating whether cellular attachment to
invasin is important for the entry process.

MATERIALS AND METHODS
Bacterial Strains, Medium, and Growth Conditions. Bacte-

rial strains, described in Table 1, and HEp-2 cells were grown
and maintained as described (12, 14). The plasmid pRI253,
which contains the inv gene under the control ofthe phage T7
RNA polymerase promoter 410, was constructed by digest-
ing pT7-4 (15) with HindIII and EcoRI and inserting the
HindIII-EcoRI fragment that encompasses the inv gene from
plasmid pRI220A42-14 (12).
pJL213 is a plasmid in which the Cla I site internal to

invasin (Fig. 1) is fused to a translational start site, allowing
production of a protein missing the 131 amino-terminal
residues of invasin expressed under the control of the 410
promoter from the plasmid pT7-7 (15). Overproduction of
proteins encoded by pRI253 and its derivatives was accom-
plished by introducing the plasmids into a strain harboring
pGP1, a plasmid that encodes the phage T7 RNA polymerase
under thermoinducible control (15). Induction of expression
of the 410 promoter was performed in 2 x YT medium (17)
as described (15).

Analysis of Membrane Proteins. NaDodSO4/polyacryl-
amide gels were used to analyze protein preparations that had
been solubilized in standard NaDodSO4-containing loading
buffer (18). Immunoprecipitations of [35S]tnethionine-labeled
samples were performed by the procedure ofKumamoto and
Beckwith (16). Whole membranes were prepared by French
pressure cell lysis (19) and pelleted at 300,000 x g in a
Beckman TL100 ultracentrifuge. The insoluble material was
washed twice in 10 mM Hepes (pH 8.0), and final membrane
pellets were resuspended in 10 mM Tris1HCl (pH 8.0) at
protein concentrations of 5-10 mg/ml. If outer membranes
were to be isolated, freshly prepared washed insoluble
material was loaded directly onto a discontinuous sucrose
gradient and material of appropriate density was pooled and
prepared as described (19).

Cell Binding to Invasin-Coated Surfaces. Dilutions of mem-
brane preparations in isotonic phosphate-buffered saline
(PBS) were crosslinked to 96-well microtiter dishes (Flow
Laboratories) as described (20). To assay for cell attachment
to invasin, HEp-2 cells were dispersed from confluent mon-
olayers in trypsin, washed three times in soybean trypsin
inhibitor (21, 22), and resuspended at 106 cells per ml in RPMI
1640 medium containing 20 mM Hepes (pH 7.0) and 0.4%
bovine serum albumin. Aliquots (0.1 ml) of HEp-2 cells were
allowed to attach to the bottoms of microtiter wells (20) and

Abbreviation: mAb, monoclonal antibody.
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Table 1. Bacterial strains and plasmids
Relevant properties Ref. or source

Strains
E. coli K12
MC1000 F- A(ara-leu) A(lac)X74 rpsL galE galK 16
MC4100 F- araD A(lac) rpsL 16
SW5AA2Q F- htpRam supFts lon::miniTnlO 34

Y. pseudotuberculosis
YPIII(P + ) Virulent, pIB1, inv + 35
YP212 YPIII(P+) invl::kan 12

Plasmids
pGP1 pACYC177 kanR c1857 PL-2 15
pT7-4 ampR P010 15
pT7-7 ampR P,.i10 15
pRI253 pT7-4 inv+ This study
pJL213 pT7-7 inv Cla I-EcoRI* This study

*Deletion of first 450 base pairs of inv gene. This plasmid contains the coding sequence of invasin
beginning at the Cla I site fused to an ATG start codon and 410 promoter of plasmid pT7-7 (ref. 15
and Fig. 1).

the number ofattached cells was quantitated by the hexosam-
inidase assay (23).
To visualize attachment of HEp-2 cells to filter replicas of

polyacrylamide gels, proteins were fractionated electropho-
retically on NaDodSO4-containing gels (18) and electrotrans-
ferred in standard buffer (24) to either Immobilon (PVDF;
Millipore) or nitrocellulose (HATF; Millipore) filters. The
filters were incubated overnight in PBS containing 0.5%
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FIG. 1. Overproduction of invasin under the control of phage T7
RNA polymerase promoter. (A) Structure of pRI253, a plasmid that
places the inv gene under the control of the phage T7 410 promoter
(15). Denoted are restriction sites that were used for construction of
invasin derivatives. (B) SW5AA2Q(pGP1/pRI253) was aerated at
30°C in M9-glucose medium (14) containing complete amino acids
except methionine and cysteine. At a Klett reading of 40 (using a
green filter), the culture was either labeled with [35S]methionine (10
,uCi/ml; 1 Ci = 37 GBq) (lane - SHIFT), or shifted to 42°C for 30 min
and further aerated at 30°C for 30 min prior to labeling with
[355]methionine (10 ,Ci/ml) (lane + SHIFT). Labeling periods were
terminated by removing 1 ml of labeled cultures and adding it to 0.5
ml of 20% (wt/vol) ice-cold trichloroacetic acid. The protein pre-
cipitates were pelleted in a microcentrifuge and the trichloroacetic
acid-insoluble material was washed twice with ice-cold acetone
before solubilizing in NaDodSO4 and processing for immunoprecip-
itation with polyclonal anti-invasin antibody, as described (16).

bovine serum albumin, washed twice in PBS, and then
incubated with 1-2 x 107 live HEp-2 cells, freshly prepared
as described above. Cells were allowed to attach to the
protein on the filters, fixed in 3% (wt/vol) paraformaldehyde,
and stained with amido black to visualize bands of cell
attachment, as described (22, 25).

Preparation of Antisera and Monoclonal Antibodies. Mono-
clonal antibodies (mAbs) were raised by immunizing
RBF/DnJ mice with Triton/EDTA-insoluble debris from
MC1000 pGP1/pRI253 after overproduction of invasin, as
above. Spleen cells from immune mice were fused to the
FOX-NY myeloma cell line (26), and hybridomna superna-
tants were screened for anti-invasin antibody by the ELISA
(27) and immunoblotting techniques (24). Selected hybrid-
omas were cloned twice in soft agar (28).
One antibody, mAb lB10 (IgG2a), was purified by affinity

methods on a 3-ml protein A-Sepharose 4B column (Phar-
macia), as described (29). The purified antibody retained full
activity, and only heavy and light chains were apparent when
analyzed by gel electrophoresis. Concentrations of antibod-
ies were determined by protein assay (30) or indirect ELISA
assay (31).

Electron Microscopy of HEp-2 Cells Bound to Invasin.
Invasin, fractionated on an NaDodSO4/polyacrylamide gel,
was electrotransferred to Immobilon filters and probed with
HEp-2 cells, as above. The filters were fixed in a solution of
50 mM Pipes (pH 6.8), 1% glutaraldehyde, 150 mM KCI, and
2 mM MgCl2 for 30 min and washed three times in the
identical buffer without glutaraldehyde. The region of the
filter corresponding to invasin was cut out with a scalpel and
prepared for scanning or transmission electron microscopy as
described (32).

RESULTS
Construction and Analysis of an Invasin Overproducer. The

inv gene was fused to the phage T7 410 promoter and the
plasmid so constructed (Fig. LA, pRI253) was then intro-
duced into a strain encoding the phage T7 RNA polymerase
under thermoinducible control (15). Biosynthetically labeled
proteins produced by this strain were analyzed by immuno-
precipitation with polyclonal anti-invasin antibody to identify
the invasin-related polypeptide species that were produced
after induction. As can be seen in Fig. 1B, bacteria grown at
30°C expressed little [35S]methionine-labeled invasin (Fig.
1B, lane - SHIFT). In contrast, thermal induction ofT7 RNA
polymerase resulted in a large increase in synthesis of
invasin-related protein products immunoprecipitable by anti-
invasin antibody (Fig. 1B, lane + SHIFT).
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A family of invasin-related peptides was thermally induced
in the strains analyzed here (Fig. 1B). This phenomenon does
not appear to be unique to strains that overproduce this
protein, inasmuch as multiple species of invasin also have
been seen with strains that produce low levels of invasin (12),
with in vitro translation reactions driven by clones containing
inv (12), and with the wild-type Y. pseudotuberculosis strain
(see Fig. 4; R.R.I., unpublished data). This raises the possi-
bility that if invasin is able to attach to animal cells, then many
of these species may participate in the binding reaction. The
following experiments illustrate this point.
Animal Cells Attach to Invasin. To determine ifmammalian

cells could attach to a membrane component from the
invasin-overproducing strain, dispersed HEp-2 cells were
incubated in 96-well polystyrene dishes that had been coated
with membrane extracts from bacterial strains (20). The
mammalian cells were allowed to attach to the well bottoms,
and the number of bound cells was quantitated by assaying
for lysosomal hexosaminidase (Fig. 2). It is clear from Fig. 2
that the, HEp-2 cells were able to attach to membranes
prepared from a strain that overproduced invasin, with >50%
of the added cells binding to the bottom of the wells.
Membranes prepared from an isogenic E. coli strain that does
not contain the inv locus were unable to promote attachment
of the animal cells to the polystyrene wells; <0.5% of the
input cells attached to these wells over a wide range of
membrane concentrations (Fig. 2).
To determine if the mammalian cells had directly attached

to invasin in the above experiment, sucrose-gradientisolated
outer membrane material was fractionated on a polyacryl-
amide gel (18) and transferred to filters. The filters were then
incubated with live, dispersed HEp-2 cells. If the mammalian
cells were able to attach to invasin, then bands of cells,
revealed by histochemical staining, should form where the
protein has been transferred (20, 22). Such an experiment,
which is based on techniques devised by Pierschbacher,
Hayman, and coworkers (22), is displayed in Fig. 3. No
animal cells attached to lanes loaded with membranes from
an E. coli K12 strain (Fig. 3B, lanes pT7-4). In contrast, if
membrane extracts from the isogenic invasin-overproducing
strain were analyzed, animal cells formed four or five bands
that attached to components comigrating with the invasin
species (Fig. 3B, lane pR1253 at 25TC). Extracts solubilized
at 95TC, rather than at room temperature, were unable to
promote cell binding to the filter replicas (Fig. 3B). We
conclude, therefore, that animal cells were able to attach to
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FIG. 2. HEp-2 cells attach to surfaces coated with membrane
preparations containing invasin. Membranes were prepared from
either MC1000pGP1/pRI253 (m) or MC10OpGP1/pT7-4 (o), and
dilutions were used to coat 96-well microtiter dishes. Approximately
105 HEp-2 cells were allowed to incubate in the wells for 60 min at
37°C, and unattached cells were removed. The number of cells bound
was determined by assaying for lysosomal hexosaminidase. Dis-
played is the number of cells bound as a function of amount total
membrane proteins used to coat microtiter wells.
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FIG. 3. HEp-2 cells bind to invasin. (A) NaDodSO4/7.5%
polyacrylamide gel electrophoresis profile (18) of sucrose gradient-
purified outer membranes (19), stained with Coomassie blue. Lanes:
pT7-4, material from MC1000 pGP1/pT7-4; pRI253, material from
MC1000 pGP1/pRI253. INV, protein bands corresponding to invasin
that are specific for strains containing the pRI253 plasmid. (B)
Attachment of HEp-2 cells to proteins transferred to filters. Proteins
fractionated on NaDodSO4/7.5% polyacrylamide gel, as above, were
transferred to a nitrocellulose filter and then probed with live HEp-2
cells to detect attachment of cells to protein bands. Lanes: pRI253,
MC1000 pGP1/pRI253 membranes solubilized in NaDodSO4 loading
buffer (18) at 25°C or 95°C before loading on gel; pT74, MC1000
pGP1/pT7-4 solubilized in NaDodSO4 at 25°C or 95°C before loading
on gel.

several of the invasin species and that heat denaturation
destroyed the binding activity.
To eliminate the possibility that the mammalian cells do not

attach to invasin but merely bind to comigrating proteins,
deletion derivatives of the inv gene were isolated that
generated proteins migrating faster than invasin on
NaDodSO4/polyacrylamide gels. If invasin is able to bind
mammalian cells, then filter replicas of such proteins frac-
tionated on NaDodSO4/polyacrylamide gels should reveal
faster migrating cell-binding components. In one such dele-
tion derivative, pJL213, 131 amino acids were eliminated
from the amino-terminal end of invasin (Fig. 4A). The
cell-attachment activity showed a corresponding change in
electrophoretic migration (Fig. 4B). Therefore, the cell-
binding component appears to be bona fide invasin.
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FIG. 4. Animal cells bind to derivatives of invasin. Membrane
proteins were fractionated on NaDodSO4/polyacrylamide gels,
transferred to PVDF filters, and probed with either anti-invasin
mAbs or live HEp-2 cells, as described in Fig. 3. (A) Immunoblot of
10 ,ug ofmembrane proteins prepared from SW5AA2Q pGP1/pRI253
(lane 1) or SW5AA2Q pGP1/pJL213 (lane 2) and probed with a
mixture of anti-invasin mAbs. (B) Attachment of HEp-2 cells to
membranes (100 ,ug of crude protein) prepared from SW5AA2Q/
pRI253 (lane 1) or SW5AA2Q/pJL213 (lane 2). (C) Immunoblot of
100 ,ug of membrane proteins prepared from Y. pseudotuberculosis
strains YPIII(P+) (lane 1) and YP212, a Y. pseudotuberculosis inv-
strain (lane 2) probed with mAb lB10. (D) Attachment ofHEp-2 cells
to membranes (100 ,ug of crude protein) prepared from YPIII(P+)
(lane 1) or YP212 (lane 2).
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We analyzed the attachment activity of invasin expressed
in small amounts by the wild-type bacteria because it is
possible that overproduction of invasin may generate species
that have activities not normally exhibited by this protein. To
this end, membrane extracts were prepared from two Y.
pseudotuberculosis strains and subjected to the filter binding
assay, as above. HEp-2 cells were still able to attach to
proteins that comigrated with the invasin species produced
from the wild-type strain (Fig. 4 C and D). A mutant Y.
pseudotuberculosis strain harboring an insertion mutation in
the inv locus (ref. 12 and Fig. 4C), in contrast, showed no
such cell-binding components (Fig. 4D). Therefore, invasin
appears to possess a cell-attachment activity when expressed
in the parental pathogenic microorganism and binding is not
dependent on overproduction of the protein.
To establish that the bands observed on filters represented

mammalian cells, regions of the filter corresponding to the
amido black-staining bands were cut out and prepared for
electron microscopy. Fig. 5 A-C shows that HEp-2 cells were
tightly bound to this region of the filter and appeared to
spread out on this surface. In contrast, if a region of the filter
showing no histochemical staining was analyzed, then bound
cells were not found (Fig. SD). We conclude that the bands
seen on the filter replicas were indeed due to staining of
HEp-2 cells.

Invasin-Mediated Penetration of Animal Cells Requires Cell
Binding by Invasin. To test the model that the invasin-animal
cell interaction is necessary for cellular penetration, we
wanted to determine whether disruption of this binding
eliminated bacterial entry into HEp-2 cells. To this end, a
battery of hybridoma cell lines were derived that produced
mAbs directed against invasin. Two of the hybridoma cell
lines, called lB10 and 2G2, produced mAbs that recognized
invasin and prevented the binding of HEp-2 cells to invasin-
coated polystyrene dishes as well (data not shown). Inas-
much as these antibodies disrupted invasin-HEp-2 cell in-
teraction, we tested whether they were also able to block
inv+ bacteria from penetrating the mammalian cell line.

Dilutions of hybridoma supernatants were incubated with
an E. coli K12 inv + strain [MC4100(pRI203)], and the treated
bacteria were assayed for the ability to enter HEp-2 cells. The
addition of a saturating amount of mAb 2G2 to the bacteria
caused a 1000-times decrease in the number of bacteria that

HX

were able to penetrate the HEp-2 cells, with one-half maxi-
mal inhibition resulting from 20 ng of antibody added to 107
bacteria (Fig. 6A). In contrast, mAb 2B10, which is able to
recognize invasin but not disrupt binding of the HEp-2 cells
to invasin-coated polystyrene wells, had no effect on the
ability of bacteria to penetrate HEp-2 cells. As a further
control, bacteria were treated with an mAb isolated in our
screen that recognized an unidentified E. coli membrane
component. This mAb, 3C12, also had no effect on cellular
penetration (Fig. 6A). In fact, among 11 anti-invasin mAbs
that we have analyzed in this fashion, only antibodies that
disrupted invasin-host cell interaction in polystyrene dishes
could prevent entry of inv+ bacteria into animal cells (un-
published results).
To ensure that the actual blocking activity was due to the

mAb present in the hybridoma supernatants, and not some
serum component, another mAb that blocks cellular attach-
ment to invasin was affinity purified with protein A-
Sepharose 4B column chromatography. Addition of homo-
geneous preparations of this antibody, iB10, also prevented
cellular penetration by E. coli K12 inv+ bacteria (Fig. 6B),
with no effect on viability of the bacteria. Saturating amounts
of the mAb depressed entry into HEp-2 cells to a level similar
to the isogenic inv - strain, with one-half maximal inhibition
at 9 ng of antibody per 107 bacteria (-3700 antibody mole-
cules per bacterial cell; Fig. 6B). These antibody studies
indicate, therefore, that the binding of invasin to HEp-2 cells
is required for invasin-mediated entry into this cultured cell
line.

DISCUSSION
We have demonstrated that invasin immobilized on solid
matrices was able to recognize and bind HEp-2 cells. By
using our assay conditions, the attachment of cells to this
protein resulted in the formation of monolayers, in which
individual cells spread across invasin-coated surfaces a few
minutes after attachment (Fig. 5). This allowed us to utilize
assays identical to those employed in the analysis of mam-
malian cell adhesion proteins, such as fibronectin and vitro-
nectin (33), which interact with cultured cells in a similar
fashion (20, 22). In spite of this similarity, it should be
emphasized that the protein sequence of invasin (12) does not

M FIG. 5. Analysis of mammalian cell
attachment to invasin-coated filters.
Membrane proteins from the invasin-

K overproducing strain MC1000 pGP1/
* pRI253 were fractionated on two lanes of
* a polyacrylamide gel (18) and transferred
* to Immobilon filters. The filters were

probed with freshly prepared HEp-2
cells, washed three times in PBS, and
fixed in glutaraldehyde. One-half of the
filter, corresponding to one of the lanes
transferred from the gel, was stained with
amido black to localize the region of cell
binding on the filter. By using the stained

- filter as a guide, the region of the un-
stained filter corresponding to the cell
bands was cut out and processed for
electron microscopy. (A and B) Scanning
electron microscopy of region of filter
corresponding to amido black-staining
bands. (C) Transmission electron micros-
copy of a thin section corresponding to
amido black-staining band. (D) Thin sec-

2 tion of region where no staining was
evident. F, Filter; H, HEp-2 cell.
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FIG. 6. Anti-invasin antibody blocks invasin-mediated cellular
penetration. (A) Approximately 107 MC1000(pRI203 inv+) were

incubated for 30 min at 370C in RPMI 1640 medium with various
dilutions ofmAbs from hybridoma cell line culture supernatants. The
adsorbed bacteria were allowed to bind to HEp-2 cell monolayers for
90 min on ice and then assayed for the ability to penetrate HEp-2 cells
during a 1-hr incubation at 370C (10). The quantity of bacteria that
entered the HEp-2 cells was determined by using resistance to
gentamicin killing, as described (10), and is plotted as a function of
the amount of added mAb. The 100% entry was determined to be 8.1
x 101 bacteria surviving gentamicin treatment. o, Bacteria incubated
with mAb 2B10, a mAb that recognizes invasin but does not block
cellular attachment; A, bacteria treated with 3C12, a mAb that
recognizes an unidentified E. coli membrane protein; m, bacteria
treated with 2G2, a mAb that recognizes invasin and blocks attach-
ment of HEp-2 cells to invasin-coated surfaces. (B) MC4100
(pRI203inv+) or MC4100(inv-) were incubated, as above, with
affinity-purified mAb lB10 and assayed for the ability to penetrate
HEp-2 cells. oi, MC4100 (pRI203) incubated with dilutions of mAB
lB10; A, MC4100 treated with dilutions of mAb lB10.

contain the cell-binding tripeptide Arg-Gly-Asp present in
most ofthe characterized cell adhesion proteins (33). It seems
likely that the unidentified receptor for invasin either has not
been implicated in cellular adhesion or is able to recognize
more than one protein sequence.
The attachment of invasin to the animal cell surface is

essential for cellular penetration by E. coli strains producing
this protein. This was demonstrated by incubating bacterial
strains encoding invasin with mAbs that recognized invasin
as well as disrupted invasin-HEp-2 cell binding. This treat-
ment prevented bacteria from entering the animal cells and
rendered E. coli strains encoding invasin indistinguishable
from inv - bacteria. Bacterial penetration could only be
blocked by mAbs that disrupted cell binding, as a battery of
mAbs that recognized invasin but did not block cell binding
had no effect on the entry process (Fig. 6 and unpublished
data). This indicates that a specific region of invasin, only
recognized by some ofthese mAbs, is critical for both binding
and penetration of animal cells by Y. pseudotuberculosis.
Our results indicate that a specific surface-exposed region

of invasin is recognized and bound by animal cells that
subsequently internalize the bacterial cell. It is clear that the
binding event promoted by this domain is critical for pene-
tration by the bacterium, although the actual endocytic
process may require other bacterial proteins, or parts of
invasin other than the cell-binding domain. The elucidation of
the nature of this cell-binding domain, and the receptor that
binds this structure, should allow the further dissection ofthis
process and identification of the ligand mimicked by invasin.
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