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Calcium mobilization

We used a microtitre-plate-based calcium-mobilization FLIPR assay, as described
previously", for the functional identification of ligands that activate HEK-293 cells
expressing recombinant GPR14. Ligands we tested included micromolar concentrations of
all known mammalian neuropeptides and =10 M concentrations of all known steroid,
lipid and amine transmitters.

Radioligand binding

Membranes from HEK-293 cells stably transfected with human GPR14 were pre-coupled
to wheatgerm-agglutinin-coated SPA beads (Amersham). Using mono-iodinated goby U-
11 (**I-labelled Tyr', chloramine T, 2000 Ci mmol™’; 5mM MgCl,, 0.1% BSA, 20 mM
Tris-HCI pH 7.4, 25 pg protein; 25 °C), equilibrium binding was measured in 96-well
plates (Wallac) after 45 min'®. Non-specific binding, determined using 1 .M unlabelled U-
I1, was ~10% of total binding. There was no specific binding to mock-transfected HEK-
293 membranes. We determined protein using biochonic acid (Pierce). Kinetic analysis
was by nonlinear least square fitting (GraphPad).

Isolated blood vessel studies

Isolated arterial rings from male Sprague—Dawley rats (400 g) and cynomolgus monkeys
(Macaca fascicularis) (5kg) were suspended in organ baths containing Krebs (37 °C; 95%
0,3 5% CO,)". Changes in isometric force were recorded under optimal resting tension.
Cumulative agonist concentration—response curves were normalized to 60 mM KCl or

1 uM noradrenaline and fitted to a logistic equation'. Unless stated otherwise, responses
were measured in the presence of 10 M indomethacin using vessels denuded by rubbing
(confirmed as a loss of dilator response to 10 uM carbachol).

Haemodynamics and echocardiography

All procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (DHSS publication NIH 85-23). Adult male cynomolgus monkeys
(5-7 kg) were treated with atropine sulphate (25 wg kg™ subcutaneous) and anaesthetized
with ketamine (10 mgkg ™" intramuscular). After endotracheal intubation, anaesthesia was
maintained with 1-3% isoflurane. We prepared the animals for monitoring of systemic
haemodynamics. Echocardiography (Doppler, M-mode and 2-D, ATL5000) was carried
out at 2—3 min intervals. Vehicle administration (0.9% NaCl) was followed by the
cumulative administration of human U-II.

Statistics

Values are expressed as mean = s.e.m. 7 is the number of individual observations made in
a particular group. Statistical comparisons were made by one-way analysis of variance
(Fisher’s protected least-squares difference) and differences considered significant where
P <0.05.
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A fundamental question in cell biology is how membrane proteins
are sorted in the endocytic pathway. The sorting of internalized
32-adrenergic receptors between recycling endosomes and lyso-
somes is responsible for opposite effects on signal transduction
and is regulated by physiological stimuli">. Here we describe a
mechanism that controls this sorting operation, which is
mediated by a family of conserved protein-interaction modules
called PDZ domains®’. The phosphoprotein EBP50 (for ezrin—
radixin—moesin(ERM)-binding phosphoprotein-50)* binds to the
cytoplasmic tail of the 2-adrenergic receptor through a PDZ
domain and to the cortical actin cytoskeleton through an ERM-
binding domain. Disrupting the interaction of EBP50 with either
domain or depolymerization of the actin cytoskeleton itself causes
missorting of endocytosed (32-adrenergic receptors but does not
affect the recycling of transferrin receptors. A serine residue at
position 411 in the tail of the B2-adrenergic receptor is a substrate
for phosphorylation by GRK-5 (for G-protein-coupled-receptor
kinase-5) (ref. 5) and is required for interaction with EBP50 and
for proper recycling of the receptor. Our results identify a new
role for PDZ-domain-mediated protein interactions and for the
actin cytoskeleton in endocytic sorting, and suggest a mechanism
by which GRK-mediated phosphorylation could regulate mem-
brane trafficking of G-protein-coupled receptors after endo-
cytosis.

NATURE |VOL 40116 SEPTEMBER 1999 | www.nature.com




Surface-biotinylated =~ B2-adrenergic  receptors  ((32-ARs)
expressed in human embryonic kidney (HEK) 293 cells exhibited
no detectable degradation when incubated in the presence of the
agonist isoprenaline for 4h (Fig. 1a, f2-AR), consistent with the
rapid and efficient recycling of internalized B2-ARs to the plasma
membrane in this cell type®”. However, truncation of the distal
portion of the cytoplasmic tail caused pronounced, ligand-
induced degradation (Fig. la, B2-AR,). Addition of various
residues to the full-length tail, including a single alanine residue
(B2-AR-Ala) also caused ligand-induced degradation. The ¢, for
ligand-induced degradation of the wild-type receptor protein was
>9h. In contrast, all mutations of the distal B2-AR tail caused
ligand-induced degradation that was nearly complete (=75%)
within 4h (Fig. 1b).

To investigate the role of the distal tail in B2-AR trafficking, we
visualized the membrane trafficking of antibody-labelled
receptors’® using fluorescence microscopy. Both the wild-type
B2-AR and (2-AR-Ala endocytosed rapidly following activation
by isoprenaline, as indicated by the translocation of antibody-
labelled receptors from the plasma membrane to endocytic
vesicles (Fig. 2Aa and e). After removal of the agonist, wild-type
B2-AR recycled efficiently to the plasma membrane (Fig. 2Ab—d)
whereas 32-AR-Ala did not (Fig. 2Af-h). Quantification by
biotinylation (Fig. 2B) and flow cytometry (data not shown)
confirmed that wild-type B2-ARs recycled efficiently within =
30 min after agonist removal, whereas recycling of f2-AR-Ala was
significantly (=50%) inhibited.

Many vesicles containing internalized 2-AR-Ala colocalized
with membrane markers of late endosomes and lysosomes, as
seen by confocal microscopy (data not shown). The lysosomotropic
agents chloroquine and NH,CI, as well as the lysosomal protease
inhibitor leupeptin, significantly inhibit agonist-induced degrada-
tion of 32-AR-Ala (Fig. 2C). These results indicate that mutation of
the distal cytoplasmic tail inhibits efficient recycling and causes
missorting of internalized receptors to lysosomes.

To identify candidate proteins involved in this sorting operation,
we searched for proteins that bind to the cytoplasmic tail of the
wild-type 32-AR but not to 32-AR-Ala. A predominant immuno-
reactive protein present in HEK293 cell lysates that bound specifi-
cally to the wild-type 32-AR tail was EBP50, as identified using an
antibody recognizing members of the EBP50/NHERF/E3KARP
protein family* (Fig. 3A). EBP50 is a human homologue of rabbit
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Figure 1 32-AR mutants are degraded. a, Mutation of the 32-AR cytoplasmic tail results
in receptor degradation. The biotinylation assay of receptor degradation was used to
compare agonist-induced degradation of wild-type 2-AR (32-AR) and C-terminal
truncation (32-ARy) or addition (32-AR-EE and B2-AR-Ala) mutations. M, relative
molecular mass b, Quantification of receptor degradation by densitometric scanning of
streptavidin overlays. Bars indicate mean biotinylated receptor protein recovered 4 h after
biotinylation. Error bars represent s.d.
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NHERF® and a relative of E3KARP’. NHERF is a N*/H"-exchanger
regulator factor® that functions in B2-AR-mediated signal trans-
duction at the plasma membrane'®. NHERF and E3KARP bind to
the cytoplasmic tail of the B2-AR by an amino-terminal PDZ
domain". We confirmed, by affinity chromatography, that the
homologous PDZ domain from EBP50 bound to the cytoplasmic
tail of the B2-AR but not B2-AR-Ala (data not shown). Endogenous
EBP50 co-immunoprecipitated with full-length but not mutant 32-
ARs, indicating that this protein interaction may occur in vivo
(Fig. 3B).

EBP50 can link membrane proteins with the cortical actin
cytoskeleton through association with ERM proteins®. If such a
linker function is required for endocytic sorting of the B2-AR,
disruption of the EBP50—ERM interaction may have a similar
effect on sorting of the wild-type B2-AR to that of disruption of
the B2-AR-EBP50 interaction caused by mutation of the receptor
tail. We constructed a truncated mutant form of EBP50 (EBP50A)
that lacks the ERM-binding domain'? but retains the PDZ domain
that is required for specific interaction with the B2-AR. This was
confirmed by affinity chromatography, showing binding of
EBP50A to the cytoplasmic tail of the wild-type B2-AR but not
to the B2-AR-Ala (data not shown). Overexpression of EBP50A in
stably transfected cells caused missorting and enhanced lysosomal
degradation of the full-length wild-type B2-AR after agonist
stimulation (Fig. 3C). Overexpression of the wild-type EBP50
protein at similar levels (determined by immunoblotting) had a
much smaller effect on B2-AR degradation (Fig. 3C). In contrast,
neither EBP50A nor overexpressed wild-type EBP50 affected the
recycling of transferrin receptors analysed in the same cell extracts
(not shown). These results indicate that the proper sorting of
internalized 2-ARs requires EBP50 to interact, through distinct
domains, with both the B2-AR cytoplasmic tail and ERM
proteins.

Interaction with ERM-family proteins links EBP50 to the cortical
actin cytoskeleton®, indicating that the actin cytoskeleton may be
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Figure 2 Missorting of mutant 82-ARs to lysosomes. A, Recycling of B2-AR-Ala is
inhibited. Agonist-internalized 32-ARs present in endocytic vesicles (@) returned to

the plasma membrane following agonist removal (b—d), whereas internalized B2-AR-Ala
(e) remained in endocytic vesicles (f-h). B, Inefficient recycling of 32-AR-Ala measured
using a biotinylation recycling assay. Efficient recycling of wild-type 82-AR but not
B2-AR-Ala was observed by glutathione-resistance. G, Lysosomal degradation of
2-AR-Ala. Degradation of biotinylation B2-AR-Ala was significantly inhibited in cells
treated with leupeptin (Leu), chloroguine (CQ) or NH,CI. Ctl, control. Error bars represent
s.d.
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Figure 3 Role of EBP50 and actin in 2-AR sorting. A, EBP50 binds to the wild-type B2-
AR cytoplasmic tail. Binding of EBP50 from HEK293 extracts to wild-type but not 32-AR-
Ala tail fusion proteins. B, EBP50 associates with 32-AR in vivo. Anti-FLAG
immunoprecipitates from untransfected 293 cells (293) and cells expressing FLAG-
tagged B2-ARs (32-AR) or mutant B2-AR (32-AR-EE) were immunoblotted with anti-
EBP50. G, Disrupting EBP50—ERM interaction increases B2-AR degradation. Biotin
degradation assay of wild-type 32-ARs in cells expressing native EBP50 (control) or
overexpressing truncated EBP50 (EBP50A) or wild-type protein (WT EBP50). Error bars
represent s.e. (1 = 4) D, The actin cytoskeleton is required for 32-AR recycling.

Latrunculin B treatment inhibited recycling of B2-ARs (a—d) but not of transferrin
receptors (Tfn; e—h).
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essential in endocytic sorting of the B2-AR. To test this idea, we
examined endocytic sorting of wild-type B2-AR in cells pretreated
with latrunculin B, which depolymerizes actin®®. Latrunculin B
markedly inhibited recycling of wild-type B2-ARs and caused
internalized receptors to redistribute to perinuclear compartments
(Fig. 3Da—d). This manipulation specifically disrupted efficient
recycling of 32-ARs without causing detectable effects on recycling
of transferrin receptors in the same cells (indicated by the complete
disappearance of labelled transferrin from endocytic structures and
dissociation of apo-transferrin)™* (Fig. 3De-h), even though both
receptors recycle by a similar membrane pathway’. Efficient recy-
cling of transferrin receptors in the absence of an intact actin
cytoskeleton has been shown in previous studies'". These results
indicate that EBP50, ERM proteins and the actin cytoskeleton have
a specialized function in the endocytic sorting of a subset of
membrane proteins.

Serine 411 in the -2 position of the PDZ-binding domain (D
SLL) of the 32-AR tail is a potential site for regulatory phosphory-
lation by G-protein-coupled receptor kinases (GRKs)’. GRKs are a
family of protein kinases that phosphorylate ligand-activated [2-
ARs and play a key role in rapid desensitization of receptors by
promoting receptor—G-protein uncoupling'® and endocytosis of
receptors by clathrin-coated pits'”. Ser411 is phosphorylated in
vitro by GRK-5 but not GRK-2, even though other residues in the
cytoplasmic tail are phosphorylated by both kinases’ and both
kinases can promote uncoupling and endocytosis of the 32-AR'®.
Although the in vivo substrate specificities of GRK-2 and GRK-5
have not been established, precedent from studies of GRK-1-
mediated phosphorylation of rhodopsin indicate that kinase
specificity may be similar in vitro and in vivo™”. As HEK293
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Figure 4 Regulation of 32-AR sorting by GRK-5. a, GRK-5 inhibits recycling of 32-ARs.
Residual antibody-labelled B2-ARs (green) were observed following agonist removal in
endocytic vesicles of transiently transfected cells overexpressing GRK-5 (red) but not
adjacent cells not expressing GRK-5. b, Efficient recycling of antibody-labelled 32-ARs
(green) was observed in cells overexpressing GRK-2 (red). Lines superimposed on red
images indicate cell borders. ¢, S411D mutation disrupts B2-AR—EBP50 interaction.
EBP50 bound specifically to GST fusion proteins containing cytoplasmic tails from wild-
type B2-AR but not B2-AR-Ala or -S411D. d, Agonist-induced degradation of biotinylated
2-AR-S411D.

cells express relatively high levels of GRK-2 (ref. 18) but not
detectable GRK-5 (ref. 20), we examined the effects of over-
expressing GRK-5 on B2-AR trafficking. Recycling of wild-type
[32-AR was inhibited in transfected cells overexpressing GRK-5 but
not in adjacent nontransfected cells (Fig. 4a). In contrast, over-
expression of GRK-2 had no detectable effect on 32-AR recycling
(Fig. 4b).

Replacing Ser 411 with an acidic residue may mimic the effects
of protein phosphorylation and disrupts PDZ-mediated protein
interaction with NHERF and E3KARP (NHERF-2)". Replacement
of Ser411 with aspartic acid (S411D) blocked interaction of the
2-AR tail with EBP50 (Fig. 4c) and caused inefficient recycling
and ligand-induced degradation of receptors (Fig. 4d). Although
acidic substitution of Ser411 does not necessarily mimic the
effects of protein phosphorylation, crystallographic and muta-
tional studies indicate that PDZ-mediated protein interactions
involve hydrogen-bonding with the free hydroxyl group at the —2
position®"*%, Consistent with this, alanine mutation of Ser 411 also
blocked the interaction of EBP50 with the B2-AR tail and caused
missorting of mutant receptors to lysosomes (not shown). These
results indicate that Ser411 is critical for f2-AR interaction with
EBP50 and that GRK-mediated phosphorylation may disrupt this
interaction and thereby regulate the sorting of internalized 2-
ARs.

We conclude that sorting of internalized 32-ARs between recy-
cling and degradative endocytic pathways is controlled by a protein
interaction involving the distal carboxyl-terminal cytoplasmic
domain of the B2-AR. We propose that this sorting operation is
mediated by PDZ-mediated interaction of the 2-AR with EBP50/
NHERF family proteins. This sorting function also involves inter-
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action of EBP50 with ERM proteins and an intact actin cytoskele-
ton, indicating that EBP50 may link 32-ARs to the actin cytoske-
leton. The efficient recycling of transferrin receptors observed under
conditions that inhibit recycling of 32-ARs indicates that the PDZ-
mediated sorting mechanism may specifically control the mem-
brane trafficking of certain signalling receptors, in contrast to the
constitutive recycling of many other membrane proteins (including
the transferrin receptor) that occurs by ‘default’ membrane flow?.
Our data provide evidence for a role for PDZ domains and the
cortical cytoskeleton in regulating the sorting of receptors after
endocytosis. In addition, they suggest a new function for specific
GRK isoform(s) in regulating the membrane trafficking of G-
protein-coupled receptors after endocytosis. Recycling of interna-
lized B2-ARs back to the plasma membrane promotes dephosphor-
ylation and functional resensitization of receptors, whereas sorting
of internalized receptors to lysosomes promotes downregulation
of receptors and long-term desensitization of receptor-mediated
signal transduction®. Thus, the sorting mechanism identified here
may be fundamental in the physiological regulation of signal
transduction. O

Methods

Complementary cDNA constructs

N-terminally tagged (haemagglutinin (HA) and FLAG) human 2-ARs were
constructed as described’. 2-AR, was constructed by removing the coding sequence
for the C-terminal 48 residues. 32-AR-EE was constructed by appending cDNA
encoding the Glu-Glu epitope to the 3’ end of the full-length B2-AR coding sequence.
32-AR-Ala and S411D were constructed using the Quick-Change mutagenesis kit
(Stratagene). Wild-type EBP50 (accession no. AF015926) was C-terminally HA-tagged,
and EBP50A was generated by replacing the terminal 61 residues with an HA epitope.
All cDNAs were cloned into pcDNA 3.0 (Invitrogen) and verified by dideoxynucleotide
sequencing.

Cell culture

HEK293 cells were passaged and stably transfected as described’. Cells transiently
expressing GRK-2 or GRK-5 (gifts from J. Benovic) were analysed 48 h after
transfection.

Degradation of biotinylated receptors

Cells were surface biotinylated* with 300 pug ml™! sulfo-NHS-biotin (Pierce), left at 4°C to
determine total biotinylated proteins, or incubated with or without 10 uM isoprenaline
(RBI) for 4 h. Immunoprecipitation and detection of biotinylated receptors were done as
described™. Studies using lysosomal inhibitors (200 ug ml™ leupeptin (Sigma), 200 wM
chloroquine (Sigma) or 50 mM NH,CI (Fisher Scientific)) were performed by 90 min
preincubation before biotinylation, and inhibitors were present during all subsequent
manipulations.

Immunofluorescence recycling assay

HA-tagged B2-ARs were surface labelled with 30 ug ml™' HA.11 antibody and cells were
incubated with 10 wM isoprenaline for 15 min to drive agonist-induced internalization.
Residual agonist and antibody were removed, and coverslips were immediately fixed (to
determine total internalized receptors) or incubated with the antagonist alprenolol

(100 pM; Sigma) for 15, 30 or 60 min at 37 °C before fixation and processing for
fluorescence microscopy**. GRK-2 and -5 were detected in permeabilized specimens using
0.8 mgml™' rabbit anti-GRK serum (Santa Cruz Biotechnology).

For receptor recycling experiments in the presence of latrunculin B (Alexis Corpora-
tion), cells were labelled with HA.11 and 10 pg ml™ transferrin Texas Red (to label
transferrin receptors). Following endocytosis (induced as above), cells were incubated at
4°C with 10 pg ml™" latrunculin B for 1h, washed with PBS, warmed to 37 °C and
subjected to recycling conditions (as described above) in the presence of 200 pgml™
unlabelled holotransferrin (Sigma).

Recycling of biotinylated receptors

Cells were preincubated with 100 pgml™ leupeptin for 90 min before biotinylation
with sulpho-NHS-S-S-biotin*. Leupeptin was included in all subsequent steps to
inhibit lysosomal proteolysis of internalized receptors. Cells were incubated with

10 uM isoprenaline for 15min to drive endocytosis of biotinylated receptors, then
agonist was washed away and cells were incubated with 100 uM alprenolol for 0, 5, 15,
30 or 60min to block additional endocytosis and allow internalized receptors to
recycle. Surface-associated biotin was cleaved quantitatively by treatment of intact cells
with glutathione and residual biotinylated (internalized) receptors were detected as
described™.
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Affinity chromatography and western blotting

HEK293 cells were lysed (50 mM Tris, pH 7.4, 1 mM EDTA and protease inhibitors),
homeogenized and spun at 30,000g for 15 min. The supernatant was solubilized with 1%
CHAPS and 150 mM NaCl (final concentration) and re-spun. Extracts were incubated
with glutathione S-transferase fusion proteins containing wild-type (last 84 residues) or
mutant B2-AR cytoplasmic tails as described”. Beads were washed with the lysis buffer
including 1% CHAPS and 150 mM NaCl. Membranes were probed with a rabbit
polyclonal antibody (B61) recognizing EBP50/NHERF/E3KARP* family members.
Binding of *°S-methionine-labelled full-length EBP50 to receptor tails was performed as
described”.

Co-immunoprecipitation

Cells expressing comparable levels of B2-ARs were treated with dithiobis(succinimidyl-
propionate) (DSP) (Pierce), essentially as described®, and FLAG-tagged $2-ARs were
immunoprecipitated with M2-agarose (Sigma). The immunoprecipitates were washed'
without reducing agents, and bound proteins were extracted in SDS sample buffer with
100 mM DTT and 200 mM B-ME.
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The small guanine nucleotide (GTP)-binding protein Rac regu-
lates mitogen-induced cytoskeletal changes and c-Jun amino-
terminal kinase (JNK), and its activity is required for Ras-
mediated cell transformation'. Epistatic analysis placed Rac as a
key downstream target in Ras signalling’; however, the biochem-
ical mechanism regulating the cross-talk among these small GTP-
binding proteins remains to be elucidated. Eps8 (relative mole-
cular mass 97,000) is a substrate of receptors with tyrosine kinase
activity’ which binds, through its SH3 domain, to a protein
designated E3b1/Abi-1 (refs 4, 5). Here we show that Eps8 and
E3b1/Abi-1 participate in the transduction of signals from Ras to
Rac, by regulating Rac-specific guanine nucleotide exchange
factor (GEF) activities. We also show that Eps8, E3b1 and Sos-1
form a tri-complex in vivo that exhibits Rac-specific GEF activity
in vitro. We propose a model in which Eps8 mediates the transfer
of signals between Ras and Rac, by forming a complex with E3b1
and Sos-1.

Rac proteins belong to the sub-family of Rho-GTPases that
become activated when bound GDP is exchanged for GTP.
Within this family, Rho regulates the assembly of stress fibres,
Rac controls membrane ruffling and lamellipodia and Cdc42
mediates the formation of filopodia. Rho-GTPases are organized
in hierarchical cascades, in which activated Ras or Cdc42 can
independently activate Rac"’. Phosphatidylinositol 3-phosphate
kinase (PI(3)K) is the immediate downstream effector of Ras®,
and might activate Rac through the products of its catalytic activity,
phosphoinositide phosphates (PtdInsPs), which can bind and
modulate the activity of GEFs for Rac, like Vav and h-Sos-1 (refs
7, 8). Initial results indicated that overexpression of Eps8 increased
JNK activity, leaving mitogen-activated protein kinase (MAPK)
unperturbed, leading to the testable hypothesis that Eps8 might be
involved in the regulation of Rac (G.S. and P.P.D.E, unpublished
observations).

We engineered an eps8 targeting vector (Fig. la) and used a
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targeted embryonic stem-cell clone (Fig. 1b) to derive mice hetero-
zygous and homozygous for the eps8 mutated allele. Eps8-null mice
displayed no obvious phenotype. We established Eps8 +/+, +/— and
—/— immortalized fibroblast-like cell lines that displayed the pre-
dicted expression of Eps8 (Fig. 1c) and comparable levels of the
epidermal growth factor receptor (EGFR) and platelet-derived
growth factor receptor (PDGFR) (see Supplementary Information).
PDGF induced actin reorganization and membrane ruffles in +/+
but not in —/— (Fig. 1d). Re-expression of Eps8 in —/— cells restored
ruffle formation (Fig. 1d). Similar results were obtained with EGF
(data not shown). 12-O-tetradecanoylphorbal-13-acetate (TPA),
which induces actin reorganization through mechanisms that are
different from those of growth factors’, induced ruffling in both —/—
and +/+ fibroblasts. Thus Eps8 acts specifically on growth-factor-
dependent actin remodelling.

Expression vectors encoding the activated versions of Ras, Rac,
Cdc42 and PI(3)K (RasV12, RacQL, Cdc42QL and rCD2pl10,
respectively) induced ruffling in +/+ cells (Fig. 2). In —/— cells,
RasV12 and CD2pl10 did not induce ruffles (Fig. 2), despite
readily detectable synthesis and intrinsic activity of both proteins
(see Supplementary Information). Microinjection of vectors for
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Figure 1 Disruption of eps8 locus abrogates PDGF-induced membrane ruffling.

a, Restriction map of the mouse eps8 locus and of the targeting construct. B, BarmHI; X,
Xhol; E, EcoRV; solid bars indicate the two exons encoding the SH3 domain. b, Southern
blot of BamHI-digested mouse tail DNAs from 2+/+, 2+/— and 2—/— mice, probed with
the 1-kb fragment indicated in a. ¢, Immunoblot, with the anti-Eps8 peptide serum (amino
acids 32—55) Eps8 antibody, of cellular lysates from eps8-+/+, +/— and —/— fibroblasts
(four independently derived clones in each case, of which two are shown). d, £ps8-+/+
(top) and —/— (middle and bottom) fibroblasts were treated as indicated and stained for
actin. In the bottom panels—/— cells were also microinjected with pCR3—eps8
(—/—(Eps8)). Results in this and all subsequent experiments are representative of
independently derived clones of +/+ and —/— fibroblasts (4 of each). Asterisks identify
microinjected cells; arrowheads point to ruffles. Bar represents 10 um.

/-

-/- (Eps8)
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