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When enteropathogenigscherichia coli(EPEC) attach and infect host cells, they
induce a cytoskeletal rearrangement and the formation of cytoplasmic columns of
actin filaments called pedestals. The attached EPEC and pedestals move over the
surface of the host cell in an actin-dependent reaction [Sanger et al.,d€I9&/otil
Cytoskeletor34:279-287]. The discovery that EPEC inserts the protein, translocated
intimin receptor (Tir), into the membrane of host cells, where it binds the EPEC outer
membrane protein, intimin [Kenny et al., 1997l 91:511-520], suggests Tir serves

two functions: tethering the bacteria to the host cell and providing a direct connection
to the host’s cytoskeleton. The sequence of Tir predicts a protein of 56.8 kD with three
domains separated by two predicted trans-membrane spanning regions. A GST-fusion
protein of the N-terminal 233 amino acids of Tir (Tirl) binds to alpha-actinin, talin,
and vinculin from cell extracts. GST-Tirl also coprecipitates purified forms of
alpha-actinin, talin, and vinculin while GST alone does not bind these three focal
adhesion proteins. Biotinylated probes of these three proteins also bound Tirl cleaved
from GST. Similar associations of alpha-actinin, talin, and vinculin were also detected
with the C-terminus of Tir, i.e., Tir3, the last 217 amino acids. Antibody staining of
EPEC-infected cultured cells reveals the presence of focal adhesion proteins beneath
the attached bacteria. Our experiments support a model in which the cytoplasmic
domains of Tir recruit a number of focal adhesion proteins that can bind actin
filaments to form pedestals. Since pedestals also contain villin, tropomyosin and
myosin Il [Sanger et al., 199&ell Motil. Cytoskeletor84:279-287], the pedestals
appear to be a novel structure sharing properties of both focal adhesions and mi-
crovilli. Cell Motil. Cytoskeleton 47:307-318, 2000© 2000 Wiley-Liss, Inc.
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INTRODUCTION

Actin, and the proteins that interact with it, form an
indispensable network in cells. This dynamic filament
system is crucial for a number of cellular function§ontract grant sponsor: United States Department of Agriculture (Re-
including locomotion, cell division, shape changes iﬁearch Institute Competitive Grants Program of the USDA).
cells, an_d Va”ou,s_ forms of 'ntraceIIUI"_ir mOtIIIty. ContrOIA_bbreviations used: EPEG= enteropathogenicEscherichia coli;
C_)f the Slt(?'Spe_(?'f'C assembly_ and dlsasse_mt_)ly of acHMEC = enterohemorrhagiEscherichia coli; Tir = translocated
filaments is critical for directing these activities to théntimin receptor.
appropriate position in the cell. Microorganisms have
also been shown to trigger such rearrangements of %@rrespondence to: Dr. Joseph W. Sanger, Department of Cell and

ti toskelet = leisteri t evelopmental Biology, University of Pennsylvania School of Medicine,

actin cytoskeleton. For examplasteria monoCytogenes py, ye|nhia, PA 19104-6058. E-mail: sangerj@mail.med.upenn.edu
[Tilney and Portnoy, 1989] enters a living cell and uses

the actin and actin-related molecules to locomote in tlkeceived 23 June 2000; Accepted 23 August 2000
© 2000 Wiley-Liss, Inc.
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Fig. 1. Diagram summarizing the four
stages of EPEC attachmefit.Attachment of
EPEC to the host intestinal epitheliur@:
Effacement of the intestinal microvillg: Ad-
hesion of the infectious bacterium to the sur-
Tir ‘ Fiachin face of the host cell and (4) formation of a

' intimin pilus

complete actin bundle that emanates from the
externally attached EPEC, i.e., the pedestal.
Inset (bottom): Nomenclature key of proteins
depicted.

' G-actin

host cytoplasm [Dabiri et al., 1990; Sanger et al. 199X)undles extend from 1 to 10m above the cell, and the
exit and infect neighboring cell§higella, Rickettsiand bacteria and attached membrane move together with the
vaccinia viruses also shaidsteria’s modus operandi pedestal over the cell surface. Actin polymerization is
[Higley and Way, 1997]. required for the movement [Sanger et al., 1996], but it is
The gram-negative enteriescherichia colhas two not known how actin polymerization participates in the
subtypes that can induce remodeling of the actin cyeactions that produce the movement, nor which of the
toskeleton of eukaryotic cells: enteropathogeBiccoli other cytoskeletal proteins known to be present in ped-
(EPEC) and enterohemorrhagit. coli (EHEC). This estals are required for pedestal formation and/or motility.
organism attaches to the surface of intestinal cells aRdrthermore, mutants of EPEC that attach to the host but
induces the loss or effacement of the microvilli, leadindo not induce the formation of pedestals are not as
to diarrhea. Additionally, EHEC also produces toxinsjirulent as those that do [Donnenberg et al., 1997].
which can lead to death following consumption of food It is not clear how actin filaments form pedestals
contaminated with only a small number of these bacteriafter infection of cells with EPEC. Evidence to date
The basic manifestation of EPEC and EHEC colonizéndicates that the bacterial protein, Tir (previously called
tion of intestinal cells is an attachment of the bacteria t8p90), must be inserted into the host membrane, and
the extracellular surfaces of the cells accompanied by ttieen bound to the EPEC protein intimin, before pedestals
formation of a column of cytoplasmic actin filamentform underneath the EPEC attachment site at approxi-
under the attachment sites [Knutton et al., 1989; Domately 2—3 h post-infection (Fig. 1) [Rosenshine et al.,
nenberg et al.,, 1997]. The attachment sites resemi@92]. During infection of host cells, the EPEC Tir is
membrane-covered mounds and are called pedestals. &cosine phosphorylated and EHEC Tir is not; however,
tin-binding proteins, alpha-actinin, Arp2/3, ezrin, talininhibition of tyrosine phosphorylation in EPEC-infected
villin, and WASP have been localized directly beneattells inhibits pedestal formation [Kenny, 1999]. The
these EPEC attachments [Finlay et al., 1992; Kalman &mplete sequence of the Tir protein is available from
al., 1999; Sanger et al., 1996]. Genbank and shows little homology to known patho-
EPEC move, not inside the host cell cytoplasm likgenic bacterial proteins [Kenny et al., 1997]. From its
Listeria, but while remaining attached to the outside afequence, Tir has a predicted size of 56.8 kD but has an
the host cell membrane with the pedestal of actin fil&DS/PAGE gel mobility of 78 kD. There are two pre-
ments trailing behind (Fig. 1) [Sanger et al., 1996]. Theicted alpha-helical transmembrane domains that divide
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the protein into three discrete domains: the N-termin@ST Fusion Proteins.
domain of 233 amino acids (Tirl), the second domain of  Tjr1 and Tir3 domains were expressed as glutathi-

106 amino acids including one tyrosine (Tir2), and thgne S-transferase (GST) fusion proteins (Amersham
third domain of 165 amino acids containing three typharmacia Biotech, Piscataway, NJ). All expressed con-
rosines (Tir3) [Kenny et al., 1997]. The intracellular andtructs resulted from cloning polymerase chain reaction
extracellular membrane positions of the three prote{PCR) amplified products using E. coli (EPEC strain
domains with respect to the infected cell are well estaB2348/69) genomic DNA into the plasmid vector pGEX
lished. The first and third domains are cytoplasmic exT-1. pGST-Tirl expresses Tir amino acids 1 to 233 and
posed domains while the second domain remains extrasults from cloning a 706 base pair amplifidBdmHI/
cellular to the infected cell [Kenny, 1999; Hartland et alHindlll PCR fragment using the’$?CR primer TTGGG-
1999]. Since actin filaments usually do not appear @ATCC ATG CCT ATT GGT AAC CTT GG and the'3
interact with transmembrane proteins directly [Stossé?CR primer CCCCAAGCTT TTATTT AGG ATC TGA

1993], we assumed that Tir may be interacting with sonfeCG AAC G. pGST-Tir3 expresses Tir amino acids 333
cytoskeletal protein(s) that can then interact with actf® 550 and results from cloning a 517 bp PCR amplified

filaments. In this report, we demonstrate that the tw@@mHI/Hindlll fragment using the 3°CR primer AAT-
cytoplasmic domains of Tir interact with three proteins—TGGATCC ACG ACT GCG CTC CAT AGA CG and

alpha-actinin, talin, and vinculin—that are componenf§€ 3’ PCR primer GGGGAAGCTT TTA AAC GAA

of focal adhesions and that can bind actin filaments. ACC TAC TGG. Amplified products were gel purified

preliminary report of this work was presented at th@nd cloned into vector pET28a (Novagen, Madison, W1)

; : ; . and the inserts verified by restriction digest analysis. Tirl
gg;Lililren;iqegggeto;thelg/-;ngw]rerlcan Society for Cell BIOIand Tir3 fragments were subcloned vigamHI/Xhol
" ' restriction sites into pGEX 4T-1 and pGEX6p-1, trans-
formed into DH5a (Life Technologies, Inc., Grand
Island, NY) and the plasmid DNA's purified and
MATERIALS AND METHODS sequenced (CHOP, Philadelphia, PA). Following se-
Bacteria and Imaging quence verification, both GST-Tirl and GST-Tir3 fusion
_ ) ) constructs were transformed int&scherichia coli

_ Enteropathogeni&. coli (EPEC), the wild type p| .21(DE3)pLysS and induced with IPTG for protein
strain, E23348/69, and the JPN-15 strain lacking th&pression. GST fusion proteins were purified according
pilus genepfpA[Jerse et al., 1990] (gifts of Dr. J. Kaperto the manufacturer’s specifications (Amersham Pharma-
Department of Medicine, University of Maryland, Balti-cia Biotech, Piscateway, NJ). Additionally, Tirl was
more, MD) were used to infect cultured cells: Caco-Zloned into the pGEX6p-1 plasmid and the purified GST-
Hela, PtK2, and REF-52 [Sanger et al., 1996]. Cellsirl proteolysed using Prescission protease (Amersham
were infected for 4 h with bacteria from overnight culPharmacia Biotech, Piscateway, NJ) to prepare free Tirl.
tures grown in BHI (Beef Heart Infusion) or LB (Luria in Purificati Biotinvlati
broth) as described previously [Sanger et al., 199(5." otein urt ications, Biotinylation,

. nd Protein Overlays

Infected cells were prepared for immunofluorescence as - o ) ) .
previously described [Sanger et al., 1996]. Briefly, cells ~ Purified alpha-actinin, talin, and vinculin were pre-
were fixed in 4% paraformaldehyde, permeabilized af@red using standard techniques [Feramisco and Burr-
incubated with either vinculin, alpha-actinin, or talifd98; 1980; Hock et al., 1989; Danowski et al., 1992;

antibodies (Sigma, St. Louis, MO), followed by incuba>anger et al., 2000]. These three proteins were used in

tion with secondary fluorescein labeled anti-mouse |g§?‘”da’d coprecipitation assays and, ?‘d?*'“on?‘”% as bi-
glnylated probes in overlay assays. Biotinylation of the

antibodies  (Jackson -ImmunoResearch I‘abor"jltorié)rbteins was accomplished following the manufacturer’s
West Grove, PA). The cells were washed and countél- P 9

. , . -~ fecommendations (BiotinTAG; Sigma, St. Louis, MO).
stgmed with rhodamine labeled phalloidin (_Fluka C.hq5urified proteins V\Eere run on ggls and transferred )to
mie AbG’ Rlonkokoma, NY) ?:Id 'Sloulntbe‘]: '; N:IOW'OInitroceIIquse membranes. Membranes were incubated
[Ayoob et al., 2000]. Images of double-labeled cells wergiy, purified biotinylated proteins, washed, and binding

obtained as previously described [Ayoob et al., 200Q4g0cted using Extravidinperoxidase conjugate (Sigma,
Fluorescent images were obtained using a Nikon Diaphgt

: C h . Louis, MO) and visualized using chemiluminescence.
200 inverted fluorescence microscope and a Zeiss Con- S

focal microscope. Photographic images were assembfe@precipitations

using Metamorph (Universal Imaging Corp., West Ches-  Coprecipitation experiments were performed using

ter, PA) and Adobe Photoshop (San Jose, CA). either purified GST-Tirl, GST-Tir3, or GST proteins
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Fig. 2. A single time-point from a sequence showing a live PtK2 cell infected with EPEC. The phase
dense bacteria (arrowheads) are at the top of cellular extensions called pedastais), Bar= 1 pm.

combined with chicken gizzard extracts in a 1.5-ml mienomic DNA was then suspended in TE (10 mM Tris-
crofuge tube. Similar precipitation experiments were perCL, pH 8.0, 1 mM EDTA) and used for subsequent
formed with the three purified focal adhesion proteinBCR reactions. Plasmid DNA was routinely purified us-
using either GST-Tirl, GST-Tir3, or GST alone. Théng the Wizard®Plus Miniprep DNA purification system
mixtures were incubated fd. h on ice and then centri- (Promega, Madison, WI).
fuged 14,000dn an Eppendorf microfuge. Supernatants  Polyclonal antisera was generated by subcutaneous
were carefully removed and transferred to a clean niijection of New Zealand white rabbits with either GST-
crofuge tube with 3wl of a 50% glutathione bead slurryTirl or GST-Tir3 (Cocalico Biologicals, Reamstown,
(Pharmacia, Sweden) and incubated for 30 min on ideA). GST-Tirl/3 purified protein was separated on SDS/
The beads binding the protein samples were washBAGE and stained with Coomassie blue. Representative
twice in phosphate buffered saline (PBS), 1% triton-)}rotein bands were removed and used for rabbit inocu-
(Fisher Biochemicals) followed by a single wash in PB&tion. Animals were periodically boosted and the anti-
alone. These beads were suspended and boiled jd 30sera tested for immunfluorescence reactivity. Pre-im-
of SDS-sample buffer (Bio-Rad, Richmond, CA) and rumune sera was assayed and used as a negative control.
on 10% SDS gels. The proteins were transferred to  Preparation of gizzard extracts have been described
nitrocellulose membrane and treated as described abalsewhere [Sanger et al., 2000]. Briefly, frozen gizzards
(Pel-Freeze Biologicals, Rogers, AR) were thawed, ho-
Other Methods mogenized, and extracted Wwita 2 mM Tris, pH 9,
Genomic E2348/69 bacterial DNA was purified/ielding a protein extract enriched for alpha-actinin, vin-
using the CTAB (cetyltrimethylammonium bromide)ulin, actin, and talin. After titration to pH 7.2 and
protocol [Ausbel et al., 1998]. Briefly, overnight culturegentrifugation, the supernatant was aliquoted and stored
were grown in 1.5 ml Luria Broth (LB). The culture wasat —80°C in 1.0-ml aliquots.
pelleted and suspended in STET buffer with lysozyme
(50 pg/ml) and the mixture incubated briefly at room
temperature and then heated to 95°C. The suspensRESULTS
was centrifuged for 10 min at 14,000 rpm in an Eppery - . .
dorf microfuge and the viscous pellet removed with %ulb ceIIuIal\',!. ocal_llzs\t’l_orr‘\ E;EAgtm, Alpha-Actinin,
toothpick. To the remaining solution, CTAB was adde alin, and Vinculin Wit
and the mixture was centrifuged. The pellet was sus- When EPEC attach to the surface of host cells,
pended in 1.2 M NaCl and EtOH to precipitate the DNAactin filaments form beneath them in bundles that vary in
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Fig. 3. Summed Z-series image of an EPEC-infected cell obtainéalrowheads) that extend only 1 to 2m into the host cytoplasm
with confocal microscopy. Phalloidin stained bundles of actin afeeneath the perimeter of attached EPEC. The dark images of the EPEC
distributed along the shaft of the pedestair¢w). The surface at- can be observed in the middle of the actin filaments. These short actin
tached bacterium can be detected in the negative image at the top offilsenents are seen from a top view looking into the host cell.
pedestal. Longer pedestals (arrow) usually are positioned parallelBar = 1 pm.

the surface of the cell. Actin filaments also form in shorter pedestals

length. Long bundles project from the host cell formingve have found that another attachment plaque compo-
pedestals with EPEC at the tips (Fig. 2). Measurementent, vinculin, can be found in pedestals associated with
of phalloidin-stained cells with confocal microscopy inEPEC (Fig. 6). In contrast to alpha-actinin and talin
dicate that the actin bundles are about 1 tould in localization, however, the vinculin localization was not
length (Fig. 3). An individual bacterium can induce always seen beneath all the attached EPEC on an infected
single pedestal or two pedestals (Fig. 4). Whereas pheéll. The same localization results were seen when PtK2
loidin and anti-alpha-actinin antibodies react along theells were transfected with either GFP-alpha-actinin or
length of the pedestals, antibodies directed against tB&P-vinculin and then infected with EPEC. In cells
two different cytoplasmic domains of Tir (Tirl and Tir3)transfected with GFP-vinculin, not all attached bacteria
detect the antigen only at the cell membrane directhad fluorescence concentrated beneath them, whereas in
beneath the externally attached EPEC (Fig. 5). cells transfected with GFP-alpha-actinin, all attached
A number of actin-associated proteins have be&PEC were associated with concentrations of alpha-ac-
localized to the EPEC pedestals by immunofluorescent@n (data not shown).
microscopy, including actin, alpha-actinin, Arp2/3, . . . . .
ERM, non-muscle myosin Il, talin, tropomyosin, viIIin,lr""| and Tir3 Associate With the Focal Adhesion
and VASP [Finlay et al., 1992; Kalman et al., 199gProteins, Talin, Alpha-Actinin, and Vinculin
Sanger et al., 1996]. Two of these proteins, alpha-actinin ~ As an approach to biochemically identify Tir-asso-
and talin, are also localized in attachment plaques, aoidted host proteins, we generated GST-fusion proteins to
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Fig. 4. Double immunofluorescence of (A,B) single and (C,D) double pedestals stained with rhodamine
phalloidin (B,D) and (A,C) an alpha-actinin antibodfrrows indicate co-localization of actin and
alpha-actinin in single pedestals, amtowheadsindicate co-localization in double pedestals. Bad pm.

the Tir intracellular domains, Tirl and Tir3 (Fig. 7A).were also found to interact with Tir3 (Fig. 8A-C, lanes 1,
Purified GST-Tir fusion proteins were used in coprecip, respectively), and, again, no significant coprecipitation
tation assays with protein extracts prepared from chickeras observed with GST alone (Fig. 8A-C, lanes 3).
gizzards, and analyzed by Western blot using antibodies To address the question of whether Tir directly
recognizing a variety of cytoskeletal proteins. Three pranteracts with talin, alpha-actinin, or vinculin, co-precip-
teins, talin, alpha-actinin, and vinculin, all major constititation experiments were done using purified prepara-
uents of focal adhesions were found to be associated wiibns of the individual proteins. Analysis of each of the
the intracellular domain of Tirl (Fig. 7B-D). The prepreparations with Coomassie blue stained SDS/PAGE
dicted molecular weight of each focal adhesion proteshowed each protein representing5% of visible bands
observed in the whole protein gizzard extract was idefdata not shown). Western blot analysis indicated a small
tical to the proteins coprecipitated with GST-Tirl (Figamount of alpha-actinin in the vinculin preparation (Fig.
7B-D, lanes 1 and 2, respectively). There was minim@A, lane 4), and a minor amount of vinculin in the talin
antibody signal detected with GST alone (Fig. 7B—preparation (Fig. 9C, lane 7), whereas the alpha-actinin
lanes 3). Coprecipitations with Tirl with gizzard extractpreparation showed no indication of talin or vinculin
also showed the presence of actin when incubated witfig. 9B, lane 5; Fig. 9C, lane 6). None of the three
an actin antibody (data not shown). These same Tiptotein preparations showed evidence of actin. All three
protein associations with talin, alpha-actinin, and vincyrotein preparations, talin, alpha-actinin, and vinculin,
lin, detected using chicken gizzards, were also observeaprecipitated with GST-Tirl and GST-Tir3, but not
using protein extracts made from either whole spleen @&ST alone, suggesting direct interaction of the proteins
human platelets (data not shown). To further assess haith the Tir domains (Fig. 9A, lanes 1 and 2; B, lanes 2
cytoskeletal protein interactions, similar coprecipitatioand 3; C, lanes 2 and 3). The small amount of other
experiments were done with gizzard extracts and the TipBoteins evidenced by Western blot analyses in the puri-
domain. As with Tirl, talin, alpha-actinin, and vinculinfied preparations were all below detectable levels in
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Fig. 5. Localization of Tirl (A) and Tir3 (B) beneath externallyC: Control infected cell(s) stained with the preimmune sera and

attached EPEC. (A) Tirl and (B) Tir&afrows) are only localized in secondary fluorescent antibody and (F) rhodamine phalloidin. Note

the surface attachment of the bacteria. Actin filameatsoivheads) that the preimmune sera (C) does not stain any region of the pedestal
are distributed all along the shafts of the pedestals (D,E, and F). Bar= 1 um.

coprecipitation experiments. These results provide tpedestal [Kenny et al., 1997]. Tir has 233 amino acids
first biochemical association of Tirl and Tir3 with hosfrom the amino terminus to the first predicted transmem-
cytoskeletal associated proteins. Supporting evidence foane domain and 217 amino acids from the second
this conclusion was provided by protein overlays of Titransmembrane domain to the C-terminus. The biochem-
domains with biotinylated alpha-actinin, talin, and vinical work in this report demonstrates that several proteins
culin. Each of the three proteins was biotinylated anfdund in focal adhesions, i.e., alpha-actinin, talin, and
reacted with blots of GST-Tirl, Tirl from which GSTvinculin, bind to the two cytoplasmic domains of Tir.
had been cleaved, GST-Tir3, and free GST. The biotifigure 10 summarizes the current status of the cy-
ylated proteins bound to the Tir peptides and not to thieskeletal proteins associated with the pedestals be-
free GST, indicating direct interaction of the Tir cytoneath EPEC.
plasmic domains and host cytoskeletal proteins (data not When EPEC attach to the cell membrane of in-
shown). fected host cells and induce a recruitment of host cell
actin to the attachment sites, a number of actin-associated
proteins are also recruited to the sites [Finlay et al., 1992;
DISCUSSION Kalman et al., 1999; Sanger et al., 1996]. The presence of
The attachment of EPEC to a host cell is achievedllin along the lengths of the pedestals, and non-muscle
by the binding of the bacterial surface protein, intimin, tenyosin myosin Il and tropomyosin at the base of the
Tir, a protein that is secreted into the host cell duringedestals, suggested that the pedestals resembled large
EPEC infection [Kenny et al., 1997]. Tir becomes inmicrovilli [Sanger et al., 1996]. However, the detection
serted into the host membrane with both ends in the hadtalpha-actinin, talin, and vinculin along the lengths of
cytoplasm and the intimin-binding domain extended outhe pedestals is inconsistent with this proposal since
side the host cell [Kenny, 1999]. Immunolocalization ofnicrovilli do not have these proteins distributed along
Tir shows it to be positioned at the site of attachment dtieir actin shafts. These three proteins are typical of focal
EPEC to the host membrane; it does not extend along th@hesions [Longhurst and Jennings, 1999], which do not
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Fig. 6. Immunofluorescent patterns of EPEC on PtK2 célisTalin  actinin, talin, and vinculin are co-localized in the cytoplasm beneath
staining of EPECB: Same cell stained with phalloidin-FITC. Stainingthe externally attached bacteria. D: Tagowheadsindicate the lo-

of the same infected PtK2 cells with antibodies directed againsélization of vinculin in focal adhesions. Scale bar in=B5 pm for

(C) alpha-actinin and (D) vinculininsets: Double pedestalarrow A-D, in inset (D)= 2.5 pm.

indicates the non-staining position of the bacterium. Note that alpha-

contain villin, tropomyosin, and myosin Il. Thus, thehat as infection proceeds, and the number of EPEC on
pedestals appear to be a novel structure sharing progée cells increases, the number of stress fibers decreases.
ties of both focal adhesions and microvilli (Fig. 10). Th&Ve suggest that these Tir molecules and pedestal actin
proteins detected in the pedestals may localize there duendles are recruiting the focal adhesion proteins and
to their ability to bind directly and indirectly the actinactin from the existing stress fibers, resulting in stress
filaments so abundant in the pedestals. We have obserfibdr disassembly.
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Fig. 7. A: lllustration of GST-Tir
fusion proteins. The 550 amino acid A

full-length Tir is depictedtop). The

three domains of Tir, Tirl (amino Tir
acids 1-233), Tir2 (amino acids

234-332), and Tir3 (amino acids aa 4 233 333 550
333-550) are indicated as tfight ~  p—————————— i
spotted box, white boxand dark N R Bt 2
spotted box, respectively. Diagrams

of the various GST-fusion proteins IEsT,t S
of the Tirl and Tir3 cytoplasmic

amino acid domains are indicated

beneathB-D: ~20 ug of total pro-

tein from chicken gizzard extracts

were combined with 5-1Q.g of ei-

ther GST-Tirl or GST, glutathione

sepharose beads, washed and pro-

teins separated on 10% SDS/PAGE.

Proteins were transferred to nitrocel-

lulose and probed with either (A)

polyclonal alpha-actinin antibody or

monoclonal (B) talin or (C) vinculin

antibody. Detection of alpha-actinin,

vinculin or talin was done using a B c D

goat anti-rabbit or anti-mouse horse- 1 2 3 1 2 3 1 2 3
radish peroxidase (HRP) conjugate -

and visualized by chemilumines- 20 — 20 — — -
cence.Lanes 1: ~1.5 pg of total g4 — .- = - 974 — 7.4 — .E -
chicken gizzard extract, alone. b

Lanes 2: Coprecipitation of GST- 88 — = = 68 — gy, & —

Tirl and chicken gizzard extract. ;5 — . 46 — 48 —

Lanes 3: Coprecipitation of GST 44 _ - — 30 —

and chicken gizzard extracirrow- '
headsindicate appropriate gel mo-
bilities of alpha-actinin, talin, or vin-
culin.

1-650 aa

1-233 aa

333-660 aa

Blot: anti-alpha-actinin Blot: anti-talin Blot; anti-vinculin

A B Cc
1 2 3 1 2 3 1 2 3
o 230) =] - '
-

" = gra—
88 —

46 — 46 — 48 —

Blot: anti-alpha-actinin Blot: anti-talin Blot: anti-vinculin

Fig. 8. A-C: Co-precipitation of focal adhesion proteins alpha-actitalin or (C) vinculin antibody and detection visualized by chemilumi-
nin, talin, and vinculin with Tir3. Co-precipitations using20 ng of nescencelLanes 1: ~1.5 ug of total chicken gizzard extract, alone.
total chicken gizzard protein extracts were combined with 5xd®f Lanes 2: Coprecipitation of GST-Tir3 and chicken gizzard extract.
either GST-Tir3 or GST. Samples were prepared as described Lianes 3: Coprecipitation of GST and chicken gizzard extraatow-
Figure 7 and Material and Methods. Precipitated proteins were probleeldsindicate appropriate gel mobilities of alpha-actinin, talin, or
with either (A) polyclonal alpha-actinin antibody or monoclonal (B)vinculin.
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A 1999]. The beta-1 cytoplasmic domain of integrins binds the
4 5 6 7 focal adhesion proteins alpha-actinin, talin, tensin, and FAK
”~ [Longhurst and Jennings, 1999]. Vinculin does not bind
directly to the cytoplasmic domains of integrin, but its
- = — <« binding to alpha-actinin, talin, and tensin positions it close
974 — - to integrin in the focal adhesions. Comparison of the cyto-
66 — plasmic domains of Tir with the cytoplasmic domains of
% — integrins revealed no homologies.
Although vinculin co-precipitated with GST-Tirl
Blot: alpha-actinin and GST-Tir3, and biotinylated vinculin bound with
Tirl, GST-Tirl, and GST-Tir3 in gel overlays, the mi-
B croscopic localization of vinculin with EPEC attachment
1.2 3 4 5 6 7 sites was not consistently seen. This was observed in
0 — studies using both immunolocalization and GFP-vincu-
r ——— "" lin-expressing cells infected with EPEC. The variability
: in detection of vinculin underneath the attached EPEC
- — may be related to the episodic movements of the EPEC
— — attachments [Sanger et al., 1996]. Galbraith et al. [1999]
- have recently demonstrated that the localization of vin-
culin beneath external fibronectin-coated beads was a

s 3

Blot: talin function of movement. When these beads were station-
c ary, there was no vinculin localization beneath the beads,
1 2 3 4 5 B 7 and when the beads were pulled with laser tweezers,

vinculin localized beneath the beads. The ability of
EPEC Tir to bind vinculin is also shared by tBéigella
074 _; —_— - as — 4 surface protein Ipa [Bourdet-Sicard et al., 1999].
Sequence comparisons of the Tirl domain to other
— known proteins identified espin, a microvillus protein,
Blot: vinculin and talin, the focal adhesion protein currently discussed
in this manuscript, as two proteins sharing amino acid
Fig. 9. Invitro interaction of purified Tirl and purified alpha-actininsequence homologies (Fig. 11). Similarly, sequence com-
\t;llltlrr]l atjrlr%gijnc(xl)inélpﬁgffcczi rﬁnST(g)ir%;g;ir%ro(rc()ai;gﬁirr]e ?aTnbiT:Sfbarison with the Tir3 domain did not reveal any shared
Werepprepared, detzcted, andivisualize(’j as previously descAijad. homologies with other I.(now.n proteins. T'fl .am.mo QCIdS
rowsindicate correct gel mobilities of alpha-actinin, talin, or vinculin 161 t0 210 had a 34% identity and 54% similarity with a
A: Lane 1: Coprecipitation of GST-Tirl and alpha-actinitane 2: 60 amino acid region of talin that binds the head domain
coprecipitation of GST-Tir3 and alpha-actiniane 3: coprecipitation of vinculin (Fig_ 11)_ When vinculin is in a folded con-
i e et s e e Tguraton, tis headl domein binds to the vinculn C-
coparleci’pitation ?)f GST-Tirl and talintantg 3: coprecipitation of terminal ta”.domam and talin blndlng |s_reduced [JOh.n_
GST-Tir3 and talinfane 4: coprecipitation of GST and talidane 5: SON and Craig, 1994]. Thus, the physiological conformation
alpha-actinin;lane 6: vinculin; lane 7: talin. C: Lane 1: gizzard Of vinculin could dictate its interactions with Tir; the vin-
extract; lane 2: coprecipitation of GST-Tirl and vinculinane 3:  culin tail bound by the head could prevent the binding to
e e iy TIL Wher225 a extnded motfou peri bindingof
headsin’dicate appropri,ate gel mgbilities of alpha-actinin, talin, oi]:—wl to the head’ ‘f"”d actin binding by .the _extend_ed_tall.
vinculin. urthermore, talin itself may compete with Tir for binding
interactions with vinculin. It has recently been suggested
that vinculin heads can form dimers and trimers stabilized
The localization of Tir in the cell membrane with arby VASP with the vinculin tail domains extended to interact
extracellular binding domain and two cytoplasmic domainsith actin filaments [Huettelmaier et al., 1998]. It is of
that may bind to the actin cytoskeleton suggests a similarityterest to note that VASP has also been immunolocalized
with integrins. The integrins are concentrated at the fodal the pedestals (Fig. 10) [Kalman et al., 1999].
adhesions and are composed of two different polypeptide The other region of Tirl, amino acids 17-52, has
subunits (alpha and beta subunits) that form heterodimesignificant homology with another actin-binding protein,
Interactions with the cytoskeleton occur through the betspin. Espin, composed of 837 amino acids, binds and
subunits [Critchley et al., 1999; Longhurst and Jenningsundles actin, and is a major cytoskeletal protein (1
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Actin

C-actinin
Arp2/3
ERM
Talin
VASP
Villin
Vinculin
Fig. 10. Diagram showing the putative position of the WASP,
Tir binding proteins in the pedestal and their positio Myosin I
with respect to the F-actin core. The proteins listed o Tropomyosin
the left side of the pedestal have been reported to {
distributed all along the length of the pedestal whilg
those on the right have been detected at its base. Il
trated proteinsaA, alpha-actinin; A, actin; I, intimin; T,
talin; Tir, translocated intimin receptor; V, vinculin.

Tirl: 17 PPAPPLESQTDGRARGGTGHLISSTGALGSRSLFSP 52
PPAPPLP + GAA G SSTG+ S ++ SP
Espin: 598 PPAPPLPIEGAGARA-CGQRRSSSSTGSTKSFNMMSE 632

Tirl: 161 [EBESGHPMVTVASDIAEARTEILAKLDPDNHGGROPKDVDTRSVGVGSASE 210
GGSEG P++ A +A A +++L P + RQ ++ + VG ASG
Talin: 602 |GGHGBPLLQMKGL_AGAVSELLRSAQPASAEPRD--NLLQMGMQABG 649

Fig. 11. Sequence comparisons of the Tirl domain with regions of espin and talin. The Tir amino acid
sequence was analyzed using the standard the National Center for Biotechnology Information (NIH)
QBLAST program. Two proteins sharing amino acid sequence homology to the Tirl domain were talin,
amino acids 602—649 and espin, amino acids 598—-632. Amino acid identity is indicated in shaded areas
and similarity as+.

espin/20 actin monomers) in the Sertoli cells of the testatached bacteria [Kenny, 1999]. Intimin mutants also as-
[Chen et al., 1999]. A smaller espin, lacking the first 48dociate with host cells, but do not induce pedestal formation
amino acids of the N-terminus of the larger form, i§Kenny, 1999] and are not as virulent as with wildtype
present in brush borders (1 small espin/130 actin monBPEC [Donnenberg et al., 1993]. Hecht [1999] reviews how
mers) [Chen et al., 1999]. Both espins contain a region thfe “. . .flushing action of secretory diarrhea is a host de-
34 amino acids that has 50% identity and 61% similarifignse mechanism against enteric pathogens.” Thus, the Tir
with amino acids 17-52 of Tirl (Fig. 7). This espinrmolecules in the pedestals with their ability to bind alpha-
region has not been implicated in any known functionagtinin, vinculin, and talin, may confer an evolutionary
including binding or bundling actin filaments [Chen ehdvantage in enabling the EPEC to be held on the surfaces
al., 1999]. But given the shared sequence homologietinfected cells and to resist the flushing action of the
with Tirl, these sequences may prove important f@ifected host animal.
microvillar association.

Whether the association of actin and actin-associated
proteins beneath the attached EPEC plays a role in (R kNOWLEDGMENTS
pathology of EPEC infection is an open question. Mutants
lacking Tir are able to associate with the surfaces of host  This work was supported by grants from the United
cells, but phalloidin staining of these infected cells reveaBtates Department of Agriculture (Research Institute Com-
unorganized F-actin in the regions below the extracellulanbetitive Grants Program of the USDA) to J.M.S. and J.W.S.



318 Freeman et al.

NOTE ADDED IN PROOF Higley S, Way M. 1997. Actin and cell pathogenesis. Curr Opin Cell
Biol 9:62—69.

Goosney et al., [2000, Current Biology 10:735+Hock RS, Sanger JM, Sanger JW. 1989. Talin dynamics in living micro-
738] report that the Tirl domain interacts directly with injected nonmuscle cells. Cell Motil Cytoskeleton 14:271-287.
alpha-actinin. Huettelmaier S, O Mayboroda B Harbeck T Jarchau B M Jockusch M

Rudiger 1998. The interaction of the cell-contact proteins
VASP and vinculin is regulated by phosphatidylinositol-4-5-
REFERENCES biphosphate. Curr Biol 8:479—-488.
] ] Jerse AE, Yu J, Tall BD, Kaper JB. 1990. A genetic locus of entero-
Ayoob JC, Turnacioglu KK, Mittal B, Sanger JM, Sanger JW. 2000. pathogenic E. coli necessary for the prodeuction of attaching

Targeting of titin fragments coupled to green fluorescent pro- g effacing lesions on tissue culture cells. Proc Natl Acad Sci
teins to Z-bands in living muscle and non-muscle cells. Cell USA 87:7839-7843.
Motil Cytoskeleton 45:67-82. Johnson RP, Craig SW. 1994. An intramolecular association between

Bourdet-Sicard R, Rudiger M, Jockusch BM, Gounon P, Sansonetti PJ,  the head and tail domains of vinculin modulates talin binding.
Van Nhieu GT. 1999. Binding of the Shigella protein IpaA to J Biol Chem 269:12611-12619.

vinculin induces F-actin depolymerization. EMBO J 18:5853% 5iman D. Weiner OD Goosney DL, Sedat JW, Finlay BB, Abo A

h 586.2‘ h | ) Bishop JM. 1999. Enteropathogenic E. coli acts through WASP
Chen B, Li A Wang D Wang M Z. eng L‘. Ba.”.es JIR. 19.99' ESp'_n and Arp2/3 complex to form actin pedestals. Nature Cell Biol
contains an additional actin-binding site in its N terminus and is 1:389-391

a tma{or a_ctin—bur?d:ingt_prot_ein th thle ISertoIi '(\:Aelll—sg_erlmgtil enny B. 1999. Phosphorylation of tyrosine 474 of EPEC Tir receptor

ig,gg;;iﬂgszpec'a lzation junctional plaque. Mol biol L€ molecule is essential for actin nucleating activity and is preceded
Critchley DR, Holt MR, Barry ST, Priddle H, Hemmings L, Norman tl)gﬁddltlonal host modifications. Mol Microbiology 31:1229—

J. 1999. Integrin-mediated cell adhesion: the cytoskeletal coR-enny B beVinney RD, Stein M, Reinscheid DJ, Frey EA, Finlay

nection. Biochem Soc Symp 65:79-99. : ;
Dabiri GA, Sanger JM, Portnoy DA, Southwick FS. 1990. Listeria BB. (1997).' EnteropathogenE. _coll (EPEC) t_ransfers Its re- .
ceptor for intimate adherence into mammalian cells. Cell 91:

monocytogenes moves rapidly through the host cell cytoplasm 511-520.

by inducing directional actin assembly. Proc Natl Acad S¢i .\ "< “Baigwin T, Wiliams PH, McNeish AS. 1989. Role of

USA 87:6068-6072. plasmid-encoded adherence factors in adhesion and enteropatho-
Danowski BA, Imanaka-Yoshida K, Sanger JM, Sanger JW. 1992. genicEscherichia colito Hep-2 cells. Infect Immun 55:78—85.

Costameres are sites of force transmission to the substratum in . . ; .
adult rat cardiomyocytes. J Cell Biol 118:1411-1420. onghu_rst CM, Jennln_gs LK_. 1999. Integrin-mediated signal transduc-
Donnenberg MS, Kaper JB, Finlay BB. 1997. Interactions between t'zn' Cell Mol Life Sci 54:514-526. - ol
enteropathogeni&scherichia coliand host epithelial cells. Rosenshine IMS,’ Donnenberg MS, Kaper JB, Finlay B?" 1_992' S_lgna
Trends Microbiol 5:109—114. transduction between enteropathogeniescherichia coli

Donnenberg MS, Tacket SCO, James SP, Losonsky G, Nataro JP, (EPEC) and epithelial cells: EPEC induces tyrosine phosphor-
Wasserman SS, Kaper JB, Levine MM. 1993. Role of the eaeA ylation of host cell proteins to initiate cytoskeletal rearrange-

gene in experimental enteropathogeBicherichia coliinfec- ment and bacterial uptake. EMBO J 11:3551-3500.
tion. J Clin Invest 92:1412—-1417. Sanger JM, Sanger JW, Southwick FS. 1992. Host cell actin assembly

Feramisco JR, Burridge K. 1980. A rapid purification of alpha-actin- is necessary for and likely to provide the propulsive force for
in,filamin and a 130,000 dalton protein from smooth muscle the intracellular movement dfisteria monocytogenes. Infect
cells. J Biol Chem 255:1194-1199. Immun 60:3609-3619.

Finlay BB, Rosenshine IMS, Donnenberg MS, Kaper JB. 1992. Cyanger JM, Chang R, Ashton F, Kaper JB, Sanger JW. 1996. Novel
toskeletal composition of attaching and effacing lesions asso- form of actin-based motility transports bacteria on the surfaces
ciated with enteropathogeniEscherichia coliadherence to of infected cells. Cell Motil Cytoskeleton 34:279-287.

Hela cells. Infect Immun 60:2541-2543. Sanger JM, Danowski BA, Sanger JW. 2000. Microinjection of fluo-

Freeman N, Zurawski DV, Chowrashi P, Louw A, Ayoob JC, Sanger rescently labeled alpha-actinin into living cells. In: Tuan RS,
JW, Sanger JM. 1999. Interaction of the EPEC protein Tir with Lo CW, editors. Methods in molecular biology: developmental
focal adhesion proteins. Mol Biol Cell 10:355a. biology protocaols, vol lll. Totowa, NJ: Humana Press, p 449—456.
Galbraith CG, Elbaum M, Riveline D, Bershadsky AD, Geiger BStossel T. 1993. On the crawling of animal cells. Science 260:1086—
Sheetz MP. 1999. Concentration of vinculin at small fibronectin 1094.
beads requires force. Mol Biol Cell 10:65a. Tilney LD, Portnoy DA. 1989. Actin filaments and the growth, move-
Hartland EL, Batchelor M, Delahay RM, Hale C, Matthews S, Dougan ment and spread of the intracellular bacterial pardsgeeria
G, Knutton S, Connerton |, Frankel G. 1999. Binding of intimin monocytogenes. J Cell Biol 109:1597-1608.
from enteropathogeni€scherichia colito Tir and to host cells. Wilson K. 1998. Preparation of genomic DNA from bacteria. In:
Mol Microbiol 32:151-158. Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG,
Hecht G. 1999. Innate mechanisms of epithelial host defense: spotlight ~ Smith JA, Struhl K, editors. Current protocols in molecular
on intestine. Am J Physiol 277: C351-C358. biology. New York: John Wiley & Sons, Inc. p 2.4.1-2.4.2.



	INTRODUCTION
	Fig. 1.

	MATERIALS AND METHODS
	Fig. 2.

	RESULTS
	Fig. 3.
	Fig. 4.
	Fig. 5.

	DISCUSSION
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.
	Fig. 11.

	ACKNOWLEDGMENTS
	NOTE ADDED IN PROOF
	REFERENCES

