Journal of Cell Science 108, 3817-3825 (1995)
Printed in Great Britain © The Company of Biologists Limited 1995
JCS1145

3817

Integrin signaling: roles for the cytoplasmic tails of ajbBsin the tyrosine

phosphorylation of pp125FAK

Lilley Leong?!, Paul E. Hughes?, Martin A. Schwartzl, Mark H. Ginsberg! and Sanford J. Shattill.2.*

Departments of vascular Biology and 2Molecular and Experimental Medicine, Scripps Research Institute, 10666 N. Torrey Pines

Rd, La Jolla, CA, USA

*Author for correspondence at address 1

SUMMARY

ppl125FAK (focal adhesion kinase) a protein tyrosine kinase
that may mediate cellular responses to adhesion, is
activated and tyrosine-phosphorylated when platelets
adhereto fibrinogen via the integrin, aipP3. To determine
whether either of the cytoplasmic tails of aj1p[33 regulates
FAK phosphorylation, CHO cells were stably transfected
with ajpBz or various cytoplasmic tail truncation mutants.
Célls expressing wild-type aipP3 or apP3 that lacked the
COOH-terminal 13 or 18 residuesof the 20 residueap tail
adhered to and spread on fibrinogen or on an anti-op
antibody, and FAK became tyrosine-phosphorylated. FAK
also became phosphorylated in adherent cells lacking the
COOH-terminal 35 or 39 residues of the 47 residue s tail,
although the extent of phosphorylation was reduced by
about 50% in the latter mutant. Little or no FAK phos-
phorylation was observed if 46 residues were deleted from
the (33 tail. None of these 33 truncation mutants spread on
the anti-aj1p antibody. When cells with wild-type a3 or

truncated 3 were detached from a surface, FAK became
rapidly dephosphorylated. In contrast, FAK remained
phosphorylated in the two a1 truncation mutants for up
to 90 minutes in suspension. This persistent phosphoryla-
tion was not dueto occupancy of a3 by adhesive ligands
because it was also observed with an ayp tail truncation
mutant that contained an additional mutation in the extra-
cellular portion of the receptor that prevents ligand
binding. These studies demonstrate that: (1) the 3 cyto-
plasmic tail, including the membrane-proximal portion, is
involved in initiation of FAK phosphorylation; (2) FAK
phosphorylation can be initiated by cell adhesion in the
absence of cell spreading; and (3) the membrane-distal
portion of the ayip cytoplasmic tail may normally function
to dampen FAK phosphorylation in hon-anchored cells.

Key words: integrin o 1pf33, focal adhesion kinase, tyrosine
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INTRODUCTION

Integrins are cell adhesion receptors, each composed of an o
and a 3 type | transmembrane subunit. The subunits have a
large extracellular domain, a single transmembrane domain,
and a short cytoplasmic tail generally consisting of 20-70
amino acids (Hynes, 1992; Sastry and Horwitz, 1993). The
platel et-specific integrin, aipBs3, mediates platelet aggregation
and spreading on extracellular matrices through interactions
with fibrinogen and von Willebrand factor (Weiss et al., 1989;
Haimovich et al., 1993). These interactions are regulated such
that high affinity binding of soluble ligands requires platelet
activation (Shattil, 1995). Similarly, resting platelets do not
adhere to immobilized von Willebrand factor and they adhere
only loosely to fibrinogen, whereas activated platelets adhere
tightly to both ligands (Haimovich et al., 1993). This mode of
regulation, referred to as inside-out signaling, may involve
interactions of the ayp, and/or B3 cytoplasmic tailswith as yet
uncharacterized intracellular mediators (Shattil, 1995; O’ Toole
et a., 1994).

onpBs and other integrins also participate in outside-in

signaling whereby extracellular biochemical and mechanical
cues are transduced into the cell. One of the earliest detectable
integrin signaling events in platelets and other cells is protein
tyrosine phosphorylation (Clark and Brugge, 1995). Of partic-
ular interest in this regard, the protein tyrosine kinase,
pp125FAK (FAK), is localized to integrin-rich focal adhesions
in adherent cells and becomes activated and phosphorylated on
tyrosine residues following ligand-induced integrin clustering
(Hanks et al., 1992; Schaller and Parsons, 1994). Integrin
ligation also triggers cytoskeletal reorganization and can
influence programs of gene expression during cell growth,
differentiation and programmed death (Juliano and Haskill,
1993; Roskelley et al., 1994; Meredith et al., 1993). FAK may
function as a key mediator in these events by integrating
signals from integrins with those from receptor tyrosine
kinases and other plasma membrane receptors. Indeed, recent
studies have identified regions or specific residues within FAK
that target it to foca adhesions (Hildebrand et al., 1993;
Schaller et a., 1995) or are responsible for itsinteractions with
integrins (Schaller and Parsons, 1994), other kinases (Src, PI
3-kinase) (Cobb et a., 1994; Chen and Guan, 1994), and
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adaptor proteins (Grb2, paxillin) (Turner and Miller, 1994;
Schlaepfer et a., 1994).

Fibrinogen-dependent platelet adhesion and aggregation are
accompanied by the phosphorylation of specific proteins on
tyrosine residues (Ferrell and Martin, 1989; Golden et a.,
1990). Some of these substrates, including a protein tyrosine
kinase, pp729K, are phosphorylated within seconds of fibrino-
gen binding to a1pPB3 (Huang et a., 1993; Clark et al., 1994).
Others, including pp60S¢ and FAK, are phosphorylated later
during platelet aggregation or spreading (Huang et al., 1993;
Haimovich et a., 1993), eventsthat are associated with amajor
reorganization of the actin cytoskeleton (Hartwig, 1992; Fox
et a., 1993). While sequences within the cytoplasmic tails of
anp and Bz have been shown to influence certain aspects of
outside-in signaling, such as integrin recruitment to foca
adhesions (Ylanne et al., 1993, 1995), the function of the tails
in initiating the tyrosine phosphorylation cascade in platelets
has not been defined.

One approach to study the process of outside-in signaling
through a1p3 would be to delete portions of the cytoplasmic
tails by mutagenesis. While this cannot be done in platelets, it
can be done in Chinese hamster ovary (CHO) cells that have
been stably transfected with oyipB3 (O'Toole et a., 1994).
Therefore, to study the roles of the ajipand 3 cytoplasmic tails
in FAK phosphorylation, we have expressed o)ip3 mutants
containing partial or complete deletions of the cytoplasmic tails
in CHO cells. Tyrosine phosphorylation of FAK was examined
in response to cell adhesion to immobilized aipB3 ligands. The
results show that both the ayp and B3 cytoplasmic tails are
involved in the regulation of FAK. Furthermore, under certain
experimental conditions, FAK phosphorylation can occur in
the absence of cell spreading, suggesting that full reorganiza-
tion of the cytoskeleton is not required for initial activation of
FAK.

MATERIALS AND METHODS

Production and characterization of CHO cell lines
expressing human o33

CHO cells were stably-transfected with various a)ipB3 constructs and
grown in the presence of fetal calf serum as described (O’ Tooleet a.,
1990, 1991, 1994; Ylanne et a., 1993). Cell surface expression of
o11bP3 was quantitated by flow cytometry, using a murine monoclonal
antibody (Ab D57) specific for the a3z complex (O’ Toole et al.,
1994).

Studies of FAK phosphorylation in adherent and
suspended CHO cells
Tissue culture plates (100 mm; Falcon) were coated overnight at 4°C
with one of the following proteins in coating buffer (150 mM NaCl,
50 mM NaH2PO4, 50 mM NapHPO4, pH 8): 5 mg/ml bovine serum
albumin (BSA; fraction V, Sigma), 100 pg/ml purified human fib-
rinogen (Ugarova et a., 1993), 10 pg/ml murine myeloma protein
1gG1 (MOPC-21, Sigma), 10 pg/ml Ab PM1.1 (an anti-ojp mono-
clonal antibody; Ginsberg et al., 1986), 10 pg/ml Ab D57 (an anti-
onp monoclonal antibody), 10 ug/ml 7G7B6 (an anti-1L2 receptor
monoclona antibody; Chen et a., 1994), or 5 pg/ml poly-L-lysine
(Sigma). The plates were then washed twice with phosphate-buffered
saline (PBS), blocked for 2 hours at 37°C with 5 mg/ml BSA and then
washed twice more with PBS.

CHO cells were trypsinized, washed once and resuspended to
1x107/ml in an incubation buffer containing 137 mM NaCl, 2.7 mM

MgClz, 5.6 mM glucose, 3.3 mM NaH2PO4 and 20 mM Hepes, pH
7.4. Then 1 ml of cells was added to each protein-coated plate for 90
minutes at 37°C. Non-adherent cells were diluted 1:1 with PBS, sed-
imented at 100 g for 5 minutes, rinsed twice more with PBS, and lysed
with RIPA buffer (158 mM NaCl, 1 mM NaEGTA, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% SDS and 10 mM Tris-HCl, pH
7.2) containing 1 mM phenylmethylsulfonyl fluoride, 1 mM NagV O4
(Fisher), and 100 KIU/ml aprotinin (Boehringer-Mannheim).
Adherent cells were rinsed three times with PBS and either pho-
tographed by phase microscopy or scraped into RIPA buffer contain-
ing inhibitors. Lysates were clarified by centrifugation in a microfuge
at 14,000 rpm at 4°C for 30 minutes and protein content was deter-
mined with the BCA reagent (Pierce).

Immunoprecipitation and western blotting of pp125FAK
Equal amounts of protein from each lysate (250-500 pg, depending
on the experiment) were incubated overnight at 4°C with either an
affinity-purified rabbit polyclonal anti-phosphotyrosine antibody
(UP28) (a gift from Joan Brugge, Ariad Pharmaceuticals, Inc.,
Cambridge, MA) (Huang et al., 1993), a rabbit antiserum specific for
ppl125FAK (BC3, a gift from J. Thomas Parsons, University of
Virginia, Charlottesville, VA) (Lipfert et a., 1992), or an appropriate
control antibody. Immune complexes were precipitated at 4°C with
Protein A-Sepharose that had been previously blocked with 10 mg/ml
BSA for 10 minutes, followed by 3 washes in ice-cold RIPA buffer
containing 1 mM NagVOas. Immune complexes were extracted into
boiling Laemmli sample buffer containing 10% [B-mercaptoethanol
and subjected to SDS-PAGE on 7.5% polyacrylamide gels and elec-
trotransferred to nitrocellulose. Western blots were prepared and
analyzed for phosphotyrosine-containing proteins as described previ-
ously (Huang et al., 1993), using the anti-phosphotyrosine antibody
PY 72 (a gift from Bart Sefton, Salk Institute, La Jolla, CA).

RESULTS

Interaction of a3 with specific immobilized
ligands stimulates tyrosine phosphorylation of
pp125FAK in CHO cells

Adhesion of platelets to immobilized fibrinogen requires
surface expression of aipP3. Over the course of 15-90 minutes,
the adherent platelets spread and exhibit tyrosine phosphory-
lation of numerous proteins, including pp125FAK (Haimovich
et al., 1993). Aswith platelets, astable CHO cell line (A5) that
expresses human o and B3 adheres to and spreads on fib-
rinogen, whereas untransfected cells do not (Ylanne et d.,
1993). Therefore, to study the role of the cytoplasmic tails of
aip or B3 in the tyrosine phosphorylation of FAK, human ajin
and [33 containing specific truncations of the tails were stably
expressed in CHO cells.

First, it was necessary to prove that tyrosine phosphoryla-
tion of hamster FAK occurs in A5 cells in response to cell
adhesion to an apBs ligand. As expected, A5 cells attached to
and spread on a fibrinogen-coated surface, but they did not
adhere to a BSA-coated surface. Untransfected CHO cells did
not bind to either surface. To study protein tyrosine phospho-
rylation, A5 cell lysates were immunopreci pitated with an anti-
phosphotyrosine polyclona antibody to, in effect, concentrate
phosphotyrosine-containing proteins. The immunoprecipitates
were then probed on western blots with a monoclonal anti-
phosphotyrosine antibody. A5 cells suspended over BSA for
90 minutes at 37°C exhibited tyrosine phosphorylation of three
prominent bands at ~40-50 kDa, 70-80 kDa and 120-130 kDa.
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Fig. 1. Tyrosine phosphorylation of FAK and other substratesin
CHO cellstransfected with human ayipBs. (A) A5 cells stably-
transfected with o133 were added to plates coated with BSA or
fibrinogen (Fgn) as described in Materials and Methods. After 90
minutes at 37°C, lysates (500 pg) of cells that were adherent to
fibrinogen or not adherent to BSA were immunopreci pitated with
either UP28, arabbit antibody specific for phosphotyrosine, or
normal rabbit serum (C). Immunoprecipitates were immunobl otted
with antiphosphotyrosine antibody, PY 72. Thefilled arrow points to
the band at 120-130 kDa that increased in adherent cells, and the
open arrows point to bands that decreased. Not shown isthe fact that
non-transfected CHO cellsincubated over BSA or fibrinogen
remained in suspension and showed the same phosphotyrosine
profile as the A5 cellsin suspension over BSA. (B) A5 cellsor cells
transfected with aligand-binding defective form of the integrin,
anpB3(D119A), wereincubated for 90 minutes at 37°C in plates
coated with either BSA, Fgn, poly-L-lysine (PLL), mouse
monoclonal Ab PM1.1 (specific for ayp) or control mouse 1gG1
myeloma protein (Ab C). A5 cellsfailed to bind to BSA or Ab C but
bound to fibrinogen and Ab PM1.1; a1p33(D119A) cellsfailed to
bind to BSA or fibrinogen but bound to Ab PM1.1. Cell lysates were
immunoprecipitated with the anti-FAK antiserum, BC3, and
immunoblots were probed with PY 72. The bands represent
pP125FAK,

In contrast, when the cells were allowed to attach to and spread
on fibrinogen for 90 minutes, there was a marked decrease in
intensity of the 40-50 kDa and 70-80 kDa bands and an
increasein intensity of the 120-130 kDaband (Fig. 1A). Thus,
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adhesion of CHO cells via o133 can exert differential effects
on tyrosine kinase substrates, increasing the state of phospho-
rylation of some and decreasing others.

To establish if one of the tyrosine-phosphorylated proteins
in the 120-130 kDa region of the blot shown in Fig. 1 repre-
sented FAK, paralel cel lysates were immunoprecipitated
with a polyclonal anti-FAK antibody and western blots were
probed with a monoclona anti-phosphotyrosine antibody. No
FAK phosphorylation was observed in A5 cells maintained in
suspension for 90 minutes over a BSA-coated surface. In
contrast, FAK became phosphorylated during cell adhesion
and spreading on fibrinogen (Fig. 1B). Tyrosine phosphoryla-
tion was detectable at the earliest time point studied (15
minutes), was maximal by 60 minutes and remained steady for
up to 90 minutes. Re-probing the blots with a monoclonal anti-
FAK antibody showed that equal amounts of this protein had
been immunoprecipitated from each sample, indicating that
cell adhesion had increased the extent of FAK phosphorylation
(not shown).

FAK phosphorylationin A5 cells required the specific inter-
action of aipB3 with fibrinogen because: (1) A5 cells adherent
to anon-specific substrate, poly-L-lysine, exhibited no tyrosine
phosphorylation of FAK; (2) cells expressing a point mutation
in the extracellular portion of the B3 subunit (D119A) that
abolishes ligand binding (Loftus et a., 1990) failed to adhere
to fibrinogen or exhibit FAK phosphorylation; and (3) FAK
became phosphorylated in cells expressing either ajipP3 or
anbP3(D119A) when they were allowed to attach to Ab PM 1.1,
a non-function-blocking antibody against ap (Fig. 1B). Thus,
the adhesion of CHO cellsto fibrinogen is dependent on a1b33
and leads to tyrosine phosphorylation of FAK.

Effect of truncations of the 33 cytoplasmic tail on
FAK phosphorylation

Clustering of B1, B3 or Bs integrin cytoplasmic tail chimerasin
fibroblasts is sufficient to cause tyrosine phosphorylation of
FAK (Akiyama et al., 1994; Lukashev et al., 1994). To
examine the requirement for the B3 tail in the context of an
intact integrin, wild-type ap was stably expressed in CHO
cells along with one of three truncated forms of [33: 33A728,
B3A724 or B3A717. B3A728 lacks the COOH-termina 35
residues of the 47 residue (33 tail, B3A724 lacks the COOH-
terminal 39 residues and B3A717 lacks the COOH-terminal 46
residues (Table 1). All variants of opP3 were expressed on the
surface of the CHO cells, athough expression of ap33A728
was typically somewhat greater and o 1p33A717 typicaly less
than that of anpfs (Fig. 2). Unlike A5 cells, anPB3A728 and
anbP3A724 cells failed to spread (Fig. 3) or to form foca

Table 1. Sequences of the cytoplasmic tails of allb, 3 and truncation mutants

b 989KVGFFKRNRPPL EEDDEEGE*

anpA996 989KVVGFFKR

a1pA991 989Ky

B3 716KL LI TI HDRKEFAKFEEERARAKWDTANNPL YKEATSTFTNI TYRGT
B3A728 716K L| TI HDRKEF

BaA724 716KLLI TI HD

BaA717 716K

*The numbers of the first lysine residue in each sequence denotes the number of that amino acid in the full-length integrin sequence. These lysine residues are
assumed to represent the exit point of the cytoplasmic tails from the plasma membrane (Williams et a., 1994).
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Fig. 2. anpPs expression in CHO cells transfected with (A) wild-type
anbPa, (B) anpBaA728, (C) aiinP3A724 or (D) anpBaA717. Surface
expression was determined by flow cytometry using the o 1p33-
specific antibody, D57. Data for 10,000 cells were obtained by gating
on live cellsidentified by light scatter. Ab D57 binding is expressed
in arbitrary fluorescence units. This experiment is representative of
three so performed.

adhesions (Ylanne et al., 1993) during cell adhesion to immo-
bilized fibrinogen or to Ab PM 1.1 and D57, antibodies specific
for anp and anpPs, respectively. Similarly, opB3A717 cells
did not spread on these antibodies, but some cells did assume
a partially-spread orientation on fibrinogen (Fig. 3).

Tyrosine phosphorylation of FAK was studied both in the
presence and absence of 20 pM cycloheximide. This
compound was used in an attempt to prevent the de novo
synthesis of fibronectin or other adhesive ligands by the CHO
cells and thus to minimize induction of FAK phosphorylation
by ligation of hamster integrins. Cycloheximide was not
generaly toxic to CHO cdlls, since al of these cell lines
exhibited tyrosine phosphorylation of FAK upon adhesion to
purified fibronectin, presumably via hamster (31 integrins (Fig.
4). Concentrations of cycloheximide in this range have been
used for similar purposes by others (Schultz and Arman, 1995).

When each of the three 3 truncation mutants were plated
over BSA in the presence of cycloheximide, they did not
adhere and no FAK phosphorylation was observed. However,
as shown for a single experiment in Fig. 4, FAK phosphoryla-
tion was observed in A5 cells after adhesion to the o33
antibody, Ab D57. FAK phosphorylation was aso detectable
inapBaA728 and in a1pB3A724 cells adherent to Ab D57, but
less so in aypBsA717 cells (Fig. 4). Densitometric analyses of
western blots from 3 such experiments were carried out to
guantitate the extent of FAK phosphorylation triggered by cell
adhesion to the apB3 antibody. Compared to A5 cells, FAK
phosphorylationin a1pB3A728 cellswas reduced by an average
of only 4.4%, while phosphorylation of FAK in apB3A724
and o p33A717 cells was reduced by 46.7% and 71.1%,
respectively (Fig. 5). Parallel immunoblots probed with an

anti-FAK antibody demonstrated that equal amounts of FAK
had been immunoprecipitated from each of these cell lines (not
shown). The residual FAK phosphorylation in the a1nB3A717
cells observed in some experiments could not be explained by
expression of the 33 cytoplasmic tail because ajipP3 immuno-
precipitated from o1pB3A717 cell lysates failed to react on
western blots with apolyclonal antibody specific for the B3tail.
Two conclusions can be drawn from these experiments. First,
FAK phosphorylation triggered through a)ipP3 occurs in the
absence of distal sequences of the 33 cytoplasmic tail. Second,
since the a1pB3A728 and a1nB3A724 cells failed to spread on
fibrinogen yet exhibited FAK phosphorylation, initiation of
FAK phosphorylation in these CHO cell linesis not dependent
on cell spreading.

Effect of truncations of the oy cytoplasmic tail on
FAK phosphorylation

To examine the role of the o cytoplasmic tail in integrin
signaling, wild-type Bz was expressed in CHO cells along with
one of two truncated forms of aib. 0111bA996 lacks the carboxy-
terminal 13 residues of the 20 residue o p cytoplasmic tail, but
it preserves the highly conserved membrane-proximal
KVGFFKR segment. a1,A991 lacks the carboxy-terminal 18
residues of the cytoplasmic tail (Table 1). Previous studies
have shown that, like wild-type aipBs, a11bA996f33 exists in a
low-affinity statein CHO cells with respect to soluble ligands,
while a1pA99133 exists in a high affinity state (O’ Toole et al.,
1994). Both mutant integrins differ from oy 1pP3 in that they are
recruited to focal adhesions in a ligand-independent manner
(Ylanne et al., 1993). As shown in Fig. 6 for o1bA996[33, these
integrins were expressed on the cell surface to levels of about
50% of that observed for ajipB3in A5 cells. Nonetheless, when
the mutant cells were incubated for 90 minutes over a fibrino-
gen matrix, they became adherent and fully spread (not shown)
and they exhibited tyrosine phosphorylation of FAK (Fig. 7).
Thus, the ayip cytoplasmic tail is not necessary for FAK phos-
phorylation in responseto cell adhesion viaaipfs. Thisis con-
sistent with a previous study of asfi in fibronectin-adherent
CHO cells that concluded that the as cytoplasmic domain is
not essential for integrin-mediated tyrosine phosphorylation
(Bauer et al., 1993).

However, studies of these ajp mutant cells in suspension
indicated that the ajp cytoplasmic tail can modulate the
process of FAK tyrosine phosphorylation. When A5 cellswere
removed from tissue culture plastic and incubated in suspen-
sion, FAK phosphorylation became undetectable within five
minutes and remained so for up to 90 minutes. In contrast,
when a11pA996[33 cells were maintained in suspension, FAK
remained phosphorylated on tyrosine residues for up to 90
minutes (Fig. 7). ldentical results were obtained with the
anpA991 cell line (not shown). Although the extent of residual
FAK phosphorylation varied from experiment to experiment,
this basic observation held true for multiple clonal isolates of
each cell line. The presence of the (3 tail was necessary for
persistent FAK phosphorylation in the suspended ajip mutant
cellsbecause it was not observed in an ap mutant cell line that
also lacks the Bz tail (01pA996B33A717) (not shown).

Four separate observations indicated that the persistent
phosphorylation of FAK in the suspended cells did not require
occupancy of the ayp mutant integrins by adhesive ligands.
First, no soluble ligand was added to the suspended cells.



Fig. 3. Truncation of the B3 cytoplasmic tail
results in decreased spreading of oip33-
bearing CHO cells adherent to aibBs
matrices. Transfectants were incubated in
plates coated with fibrinogen or Ab PM1.1
for 90 minutes at 37°C. After removal of
non-adherent cells, adherent cells were
washed twice with PBS, and photographed
under a phase-contrast microscope (x400;
bar, 100 pm).

Second, the 011pA996033 mutant is in a low affinity state and
would not be expected to bind asoluble ligand. Third, addition
of 20 pM cycloheximide to minimize endogenous synthesis
of aligand had no effect on FAK phosphorylation in the ap
mutants. Fourth, persistent tyrosine phosphorylation of FAK
was still observed in suspensions of a stable cell line that
expressed a double mutation, o1bA996B3(D119A) (Fig. 7).
The B3(D119A) mutation is in the extracellular domain of 33
and prevents ligand binding (Loftus et al., 1990). Taken
together, these experiments show that removal of at least two-
thirds of the residues from the COOH terminus of the ap
cytoplasmic tail leads to anomalous tyrosine phosphorylation
of FAK in suspended CHO cells bearing a1pB3. This suggests
that the ajp tail may normally function to dampen integrin
signaling when cells are not adherent to a surface.

Integrin cytoplasmic tails and pp125FAK 3821
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DISCUSSION

Characterization of a heterologous expression
system to study integrin signaling

In several cell types, ligand binding to and clustering of
integrins is associated with tyrosine phosphorylation and acti-
vation of FAK and locdlization of the enzyme to focal
adhesions (Guan et al., 1991; Kornberg et a., 1991; Hanks et
al., 1992; Lipfert et a., 1992; Hildebrand et a., 1993).
Membrane-based focal adhesions or closely-related structures
form in many types of adherent cells, including platelets
(Nachmias and Golla, 1991), and they couple extracellular
matrix ligands to actin stress fibres through integrins (Turner
and Burridge, 1991). Since focal adhesions contain numerous
enzymes (e.g. pp60S¢, Pl 3-kinase, protein kinase C) as well
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Fig. 4. Effects of truncations of the 33 cytoplasmic tail on FAK
phosphorylation in apBs-bearing CHO cells. Cells transfected with
either wild-type a1bB3, 011bB3A728, 011bB3A724 or o 1bB3A717 were
incubated for 1 hour at 37°C in tissue culture medium in the presence
of 20 uM cycloheximide. Cells were then detached from the tissue
culture plates with trypsin-EDTA, pelleted and resuspended in
incubation buffer in the presence of cycloheximide, and incubated
for 90 minutes at 37°C in BSA-, Ab D57- or fibronectin (FN)-coated
plates. Cells were then washed, lysed and 250 pg of protein were
processed to assess FAK tyrosine phosphorylation. This experiment
is representative of three so performed.

as cytoskeletal proteins (e.g. talin, a-actinin, paxillin), they
may function as a type of ‘signaling organelle’ to facilitate
information flow from the plasma membrane to the nucleus
(Turner and Burridge, 1991; Cobb et ., 1994; Chen and Guan,
1994; Woods and Couchman, 1992; Sastry and Horwitz,
1993). Integrins are presumed to interact with other focal
adhesion components through their cytoplasmic tails. Consis-
tent with arole for these tails in integrin signaling, clustering
of integrin B1, B3 or Bs cytoplasmic tail chimeras in fibroblasts
is sufficient to effect tyrosine phosphorylation of FAK
(Akiyamaet al., 1994; Lukashev et a., 1994).

To study the signaling function of integrin tails in more
detail, we have expressed ajp33 in CHO cells. The effect of
deletions of cytoplasmic tail sequences on tyrosine phospho-
rylation of hamster FAK was studied by plating the cells on
matrices selective or specific for ajipPs. This experimental
system was validated by showing that transfectants expressing
wild-type ajipP3 failed to adhere to a BSA-coated matrix or to
exhibit tyrosine phosphorylation of FAK, and no phosphory-
lation occurred during ‘non-specific’ cell attachment to poly-
L-lysine. However, when cellswereincubated either over afib-
rinogen matrix or anti-ajpBz monoclonal antibodies, they
attached and spread and tyrosine phosphorylation of FAK was

Adhesion-Dependent FAK Phosphorylation
(arbitrary units)
o
1
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Fig. 5. Tyrosine phosphorylation of FAK in various CHO cell lines
adherent to the anti-a1pB33 antibody, Ab D57. The experimental
conditions were asin Fig. 4. The extent of FAK phosphorylation was
guantitated by scanning luminograms on a flatbed scanner and
performing calibrated densitometric analysis with the program, NIH
Image 1.53. Densitometric values for FAK phosphorylation triggered
by cell adhesion were obtained by subtracting baseline values
observed in non-adherent cells incubated over BSA for 90 minutes
from the values obtained in cells adherent to Ab D57 for 90 minutes.
Data are expressed in arbitrary units and represent means + s.e.m. of
three experiments. Compared to cells expressing ainB3, the
reduction in adhesion-dependent FAK phosphorylation was
statistically significantly for the o1bB3A717 cells (P<0.04, paired t-
test) but not for the other two 33 truncation mutants.

observed. It isinteresting to note that certain phosphotyrosine-
containing proteins became dephosphorylated during CHO cell
adhesion to fibrinogen, consistent with observationsin platelets
that adhesion via ajpPB3 stimulates both protein tyrosine
kinases and phosphatases (Frangione et al., 1993; Luber and
Siess, 1994; Ezumi et al., 1995). Thus, although the current
studies were focused on FAK, the CHO cell system may also
prove useful in studying the functions of tyrosine phosphatases
during integrin signaling.

Three major conclusions can be drawn from the present
studies. (1) The distal B3 tail is not necessary for integrin-
triggered tyrosine phosphorylation of FAK. (2) Although the
anp tail is not necessary for FAK phosphorylation, sequences
within the membrane-distal portion of the ajp tail can
modulate this process. (3) Under certain experimental con-
ditions, tyrosine phosphorylation of FAK does not require
spreading of CHO cells on the adhesive matrix. As discussed
later, this finding has implications for the relationship of FAK
function to cytoskeletal reorganization.

The Bz cytoplasmic tail and FAK phosphorylation

Tyrosine phosphorylation of FAK was reduced in CHO cells
adherent through a form of anpPs that lacks the COOH-
terminal 46 residues from the B3 tail. This is consistent with
previous studies using different experimental approaches indi-
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Fig. 6. Surface expression of aipB3 and 01bA996[33 in stably-
transfected CHO cell lines. Flow cytometric data were obtained as
described in the legend to Fig. 2 and are representative of 3
experiments so performed.

cating that a3 tail isinvolved in integrin-mediated FAK phos-
phorylation (Guan et al., 1991; Akiyamaet al., 1994; L ukashev
et a., 1994). It should be noted, however, that reduced surface
expression of oy 1pB3(A717) compared to anpfBs (Fig. 2) might
have played some role in the reduced FAK phosphorylation
(Figs 4 and 5). On the other hand, FAK phosphorylation was
compared in cells adherent to an ayipPB3-specific subtrate. Con-
sequently, differences in apPB3 surface expression may not
have been as marked in these adherent cells. FAK phosphory-
lation in adherent cells appeared to be initiated through the
transfected and truncated integrin since an antibody specific for
apbP3was used as the ligand, and this antibody did not support
the adhesion of untransfected CHO cells. The residual FAK
phosphorylation exhibited by adherent (33 truncation mutants
may have been due to a component of adhesion through
endogenous hamster integrins, despite the presence of cyclo-
heximide to inhibit matrix synthesis. These data suggest that
seguences within the (3 tail are required for maximal FAK
phosphorylation. The findings in this study seem to differ from
aprevious report showing that deletion of only 4 residues from
the COOH terminus of the [3; tail abolished tyrosine phospho-
rylation of a ~120 kDa band in fibroblasts adherent to
fibronectin (Guan et al., 1991). Although the reasons for these
differences are not apparent, the two studies focused on
different integrins and different cell types, and the previous
study performed anti-phosphotyrosine immunoblots on total
cell lysates rather than on FAK immunoprecipitates.

In theory, the 33 tail could function as a direct binding site
for FAK. Upon fibrinogen binding to oyipf33, integrin cluster-
ing might then lead to FAK clustering, a process that could
lead to FAK auto-phosphorylation. Alternatively, the (3 tail
might serve as a nucleation site for other protein tyrosine
kinases that in turn could phosphorylate and activate FAK.
Both of these possibilities are plausible. In vitro, certain
integrin (3 tails have been shown to bind to a-actinin and talin
(Otey et a., 1993; Horwitz et al., 1986). In addition, synthetic
peptides derived from the membrane-proximal 13 residues of
1 and 33 can bind to the unique NH2-terminal domain of FAK
(Schaller et a., 1995). However, it is not yet proven that these
interactions actually take place within cells. Moreover, integrin
clustering by fibrinogen or antibodies is not sufficient to
initiate the phosphorylation of FAK in platelets. Rather, co-
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Fig. 7. Effects of truncations of the a1 cytoplasmic tail on FAK
phosphorylation in apfs-bearing CHO cells. The indicated cell lines
were incubated for 90 minutes at 37°C in either BSA- or fibrinogen-
coated plates. The cellsfailed to adhere to the BSA plates but
adhered to the fibrinogen plates. Non-adherent cellsin the BSA
plates and the adherent cellsin the fibrinogen plates were processed
for analysis of FAK tyrosine phosphorylation as described in
Materials and Methods. This experiment is representative of five so
performed.

stimulation of platelets with excitatory agonists as well as
platelet aggregation (or spreading) are required (Shattil et a.,
1994). After fibrinogen binding to platelet aipf3, activation of
pp72¥K and pp60S¢ precedes activation of FAK (Clark et al.,
1994). Thus, in platelets at least, events in addition to integrin
clustering are necessary for FAK phosphorylation. Of potential
importance in this regard, activated pp60%S¢ |ocalizes to focal
adhesions through its SH2 and SH3 domains (Kaplan et al.,
1994) where it may participate in the recruitment and phos-
phorylation of FAK (Cobb et al., 1994).

The reduced FAK phosphorylation observed with B3 cyto-
plasmic tail truncation could be due to fewer numbers of FAK
molecules phosphorylated per cell or to less phosphorylation
of each FAK molecule. FAK contains a number of potentia
sites of tyrosine phosphorylation that might be differentially
regulated during cell adhesion, leading to different routes of
integrin signaling. For example, Tyr3%7 in the NHx-terminal
domain of FAK is the major site of autophosphorylation and
serves as a docking site for the SH2 domain of pp60S¢
(Schaller and Parsons, 1994; Calalb et al., 1995). On the other
hand, Tyr925 in the COOH-terminal domain may function as a
docking site for the SH2 domain of Grb2, thereby linking
integrin signaling to Ras pathways (Schlaepfer et al., 1994).

The ajp cytoplasmic tail and FAK phosphorylation

FAK was rapidly dephosphorylated on tyrosine residues
when CHO cells expressing wild-type a1pp3 were suspended
in physiological buffer. In contrast, the a1bA996[33 cell line
containing a deletion of al but the membrane-proximal 7
residues of the 20 residue aip cytoplasmic tail showed per-
sistent FAK phosphorylation when the cells were maintained
in suspension for up to 90 minutes. Similar results were
obtained with a;bA991B33 cells lacking the COOH-terminal
18 residues from the ajp tail. These results could not be
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explained by the binding of soluble ligands to these integrins
because a11bA996[33 is in a low affinity state in CHO cells
(O'Toole et al., 1994). Moreover, persistent FAK phospho-
rylation was observed in a double-mutant cell line,
apA996PB3(D119A), that is incapable of binding soluble
anpPaligands. It is not known if the persistent phosphoryla-
tion in the aj;p mutants is due to continued activity of a
tyrosine kinase and/or to reduced activity of atyrosine phos-
phatase. While further studies will be required to assess the
functional significance of this anomalous signaling, these
findings suggest that the distal portion of the ajip tail may
normally function to dampen integrin signaling when cells
are not adherent to a matrix.

Circular dichroism measurements of synthetic peptides and
fluorescence quenching studies of neoproteins chemically syn-
thesized to simulate the ajipP3 tails suggest that the tails can
interact with each other (Haas et al., 1993; Muir et al., 1994).
If thisistrue inside of cells, the ajp tail may function in non-
anchored cells to occlude binding sites on the B3 tail for
proteins that are involved in integrin signaling. In the absence
of the ap tail, signaling might therefore proceed in an
anomalous fashion, e.g. when cells are in suspension.
Similarly, when normal cells become adherent to an integrin
ligand, these physical relationships between the a and B tails
might be modified so as to promote association of the 33 tail
with FAK and other focal adhesion proteins. Consistent with
this hypothesis, both a;pA99633 and o1bA99133 become
recruited to focal adhesions in a ligand-independent fashion
during CHO cell adhesion to fibronectin via hamster (1
integrins. This recruitment does not take place in the absence
of the Bz tail (Ylanne et a., 1993).

Cytoskeletal reorganization and FAK
phosphorylation

In platelets and other cells, FAK phosphorylation is usually
associated with cell spreading or aggregation, responses that
require actin polymerization and rearrangements of the
cytoskeleton, including formation of F-actin stress fibres and
assembly of focal adhesions. In some cell types in which
careful time course studies have been performed, FAK phos-
phorylation precedes cell spreading, implying that FAK may
play arole in the spreading process (Guan et al., 1991). The
finding that a tyrosine kinase inhibitor prevents FAK phos-
phorylation and cell spreading in fibroblasts is consistent with
this interpretation (Burridge et al., 1992). On the other hand,
in mouse aortic smooth muscle cells adherent to fibronectin,
FAK activation is not required for the assembly of F-actin
stress fibres or focal adhesions (Wilson et al., 1995). It is also
possible that cytoskeletal rearrangements may promote FAK
phosphorylation and activation by recruiting this enzymeto the
correct subcellular location. Indeed, cytochalasin B or D,
compounds that disrupt actin filaments, also inhibit integrin-
triggered FAK phosphorylation in platelets and fibroblasts
(Lipfert et al., 1992; Sinnett-Smith et al., 1993; Zachary et dl.,
1993). Yet, in the present study, cells bearing 33 truncation
mutants underwent some degree of FAK phosphorylation
despite the fact that they did not spread on an anti-ojip
antibody. This indicates that complete cytoskeletal reorgani-
zation is not required for the initiation of FAK phosphoryla-
tion in these cells. These diverse observations indicate that the
exact relationship between FAK activation and cytoskeletal

reorganization during cell adhesion may depend on the partic-
ular matrix, integrin and cell type studied.

These studies were supported by grants from the NIH (HL 40387,
HL 48728) and by a fellowship to R.E.H. from the American Heart
Association. This work was presented in part at the 1994 Annual
Meeting of the American Heart Association, Dallas, TX and published
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