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a1 Integrin cytoplasmic domain is involved in focal adhesion formation via

association with intracellular proteins
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Institut fiir Molekularbiologie und Biochemie, Freie Universitat Berlin, Arnimallee 22, D-14195 Berlin-Dahlem, Germany

Integrins are heterodimeric adhesion receptors consisting of o-
and S-subunits capable of binding extracellular matrix molecules
as well as other adhesion receptors on neighbouring cells. These
interactions induce various signal transduction pathways in many
cell types, leading to cytoskeletal reorganization, phosphoryl-
ation and induction of gene expression. Integrin ligation leads
to cytoplasmic protein—protein interactions requiring both in-
tegrin cytoplasmic domains, and these domains are initiation
points for focal adhesion formation and subsequent signal trans-
duction cascades. In previous studies we have shown that the very
short cytoplasmic «1 tail is required for post-ligand events, such
as cell spreading as well as actin stress-fibre formation. In the
present paper we report that cells lacking the cytoplasmic domain
of the al integrin subunit are unable to form proper focal

adhesions and that phosphorylation on tyrosine residues of
focal adhesion components is reduced on 1 #1-specific substrates.
The a1 cytoplasmic sequence is a specific recognition site for focal
adhesion components like paxillin, talin, «-actinin and
pp125FAK. It seems to account for al-specific signalling, since
when peptides that mimic the cytoplasmic domain of al are
transferred into cells, they influence «l/1-specific adhesion,
presumably by competing for binding partners. For «1 integrin/
protein binding, the conserved Lys-Ile-Gly-Phe-Phe-Lys-Arg
motif and, in particular, the two lysine residues, are important.

Key words: «-actinin, cytoplasmic deletion, focal adhesion
kinase, paxillin, talin.

INTRODUCTION

Integrins, expressed on virtually every cell type, are trans-
membrane proteins that mediate binding to components of the
extracellular matrix and to other cell adhesion molecules on
other cells. In addition, integrins participate in cell migration,
tissue organization, cell growth, haemostasis, inflammation,
target recognition of lymphocytes and differentiation of many
cell types. Upon interaction with ligands, integrins cluster and
associate with a variety of cytoplasmic proteins to form focal
adhesions and the actin cytoskeleton.

The cytoplasmic domains of integrins are required for the
formation of focal adhesions and cytoskeletal structures. The 51
cytoplasmic domain binds to focal adhesion proteins, such
as talin [1] and «-actinin [2]. More recent studies have mapped
functionally important sequences of cytoplasmic domains of
integrin subunits which bind to specific cytoskeletal molecules,
such as «-actinin, paxillin and talin, as well as to signalling
molecules like focal adhesion kinase (pp125FAK) [3]. The j1
cytoplasmic domain is required for localization of recombinant
a5p1 to existing focal adhesions [4-6].

Initial binding of proteins to integrin cytoplasmic domains
leads to recruitment of further proteins, forming a complex
hierarchical structure that directs cytoskeletal assembly and
signal transduction cascades [7].

It has been shown that talin and «-actinin are important in the
assembly of focal adhesions [8]. Talin has actin-binding sites, and
binding sites for the cytoskeletal protein vinculin. Because
vinculin can also bind F-actin, it may cross-link talin and actin,
thereby stabilizing the interaction. Vinculin stabilizes focal
adhesions and transfers mechanical stress that drives cytoskeletal
remodelling [9]. PtdIns(4,5)P, dissociates vinculin’s head-tail
interaction, unmasking its talin- and actin-binding sites [10].

Integrin-dependent activation of pp125FAK, which is also a
component of focal adhesions, and subsequent tyrosine
phosphorylation, also seem to be required for focal adhesion
assembly. Inhibition of pp125FAK phosphorylation by tyrosine
kinase inhibitors is associated with reduced formation of focal
adhesions and stress fibres [11,12].

Cytoplasmic sequences in the a-subunit also appear to play a
role in normal ligand-dependent localization of integrins to focal
adhesions [13,14] and in cell motility [15,16]. A few proteins have
been identified so far that interact with sequences of the o
cytoplasmic domains, and might be involved in these processes
[17,18].

Integrin o141 is a receptor for collagens and laminins [19,20].
Its «-subunit is known to recruit the adapter protein, Shc, via the
protein caveolin-1 [21]. The «1-subunit has a shorter cytoplasmic
tail (15 amino acids) than any other « integrin subunit. It
contains the Gly-Phe-Phe-Lys-Arg motif, which is conserved in
all « integrin subunits, and the very basic al-specific sequence
Pro-Leu-Lys-Lys-Lys-Met-Glu-Lys.

In previous studies we showed that the cytoplasmic «1 tail is
required for post-ligand events, such as actin stress-fibre for-
mation and cell spreading [22]. In the present paper we report
that the cytoplasmic domain of «l is also required for the
protein—protein interactions that accompany the formation of
focal adhesions and tyrosine phosphorylation of focal adhesion
components. Its involvement in this process is confirmed by the
fact that this sequence serves as a binding site for the focal
adhesion components paxillin, talin, x-actinin and pp125FAK.
Binding of these proteins seems to be required for integrin
function, since when peptides that mimic the cytoplasmic domain
of al are transferred into cells, they compete for cytoplasmic
o1 binding partners and influence «151-specific adhesion. For a1
integrin—protein binding, the Lys-Ile-Gly-Phe-Phe-Lys-Arg motif
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and, in particular, its two lysine residues, are important. In cells
expressing an olf1 integrin which lacks the al cytoplasmic
domain, no obvious focal adhesions can be visualized by immuno-
fluorescence studies.

MATERIALS AND METHODS
Cells, antibodies and matrix molecules

Chinese hamster ovary (CHO)-a1/f.1., CHO-«1/GFFKR and
CHO-a1/K cells, described previously [22], were stably trans-
fected with the full-length cDNA of the rat «l integrin subunit
and two cytoplasmically truncated a1 cDNA constructs. One
deletion construct yields a protein with eight amino acids de-
leted from the a1 cytoplasmic domain («1/GFFKR), whereas
the other lacks the entire cytoplasmic domain, except for the
membrane-proximal lysine («1/K). All cell lines express
collagen/laminin-binding o141 integrin heterodimers on the cell
surface. Stable CHO cell lines were cultured in «-modified
Eagle’s medium supplemented with 109, (v/v) inactivated fetal
calf serum (Eurobio, Raunheim, Germany), 50 units/ml
penicillin/streptomycin, 440 ug/ml glutamine and 0.5 g/1 G418
(Gibco BRL). PCI12 cells were cultured in RPMI 1640 supple-
mented with 109%, (v/v) inactivated horse serum, 50 units/ml
penicillin/streptomycin and 440 yg/ml glutamine.

For Western-blot analyses, rabbit polyclonal antibodies raised
against rat ol (As2K5) and f1 (As3K4) integrin subunits were
chosen. The antibodies have been described previously [23,24].
Monoclonal antibodies to ppl25FAK (clone 77) and paxillin
(clone 349) were purchased from Transduction Laboratories
(Lexington, KY, U.S.A.). The monoclonal antibodies to
phosphotyrosine residues (clone PT66), vinculin (clone VIN-
11-5), talin (clone 8d4) and the polyclonal anti-a-actinin, and
all secondary antibodies were purchased from Sigma. Laminin
and collagen were also purchased from Sigma.

Peptides and preparation of affinity matrices

Synthetic peptides used in this study were synthesized according
to standard methods. They were purified and analysed by reverse-
phase HPLC and matrix-assisted laser-desorption ionization—
time-of-flight mass spectrometry. Each peptide was supplemented
by an additional N-terminal cysteine residue for immobilization
to the carrier (activated thiol-Sepharose; Pharmacia) accord-
ing to the manufacturer’s instructions. Coupling efficiency was
estimated by monitoring remaining peptides in solution by use of
trinitrobenzoic acid [25]. Usually, 2 mmol peptide were coupled
per ml of Sepharose. Any unreacted residual groups of activated
thiol-Sepharose were inactivated with 2-mercaptoethanol. The
affinity matrices were washed and stored in Tris-buffered saline
containing 0.029, (w/v) NaN,. Cysteine-blocked Sepharose,
used for control precipitations, was prepared similarly by adding
10 mmol cysteine in Tris-buffered saline/ml activated thiol-
Sepharose. Before use, beads were blocked with 19, (w/v) BSA
in Tris-buffered saline.

Protein binding studies and Western-blot analysis

Affinity precipitation was performed according to the method of
Schaller et al. [3]. Briefly, PC12 cells were lysed in 1% (v/v)
Triton X-100, 50 mM Tris/acetate, 50 mM NaCl, pH 7.6, 10 mM
EGTA and 2 mM MgCl,, containing 125 ug/ml aprotinin and
leupeptin. The extract was centrifuged at 100000 g for 20 min at
4 °C. The protein concentration was adjusted to 0.5 mg/ml, and
500 ul of the extract were incubated with 20 ul of peptide—
Sepharose for atleast 1 hat4 °C. The beads were pelleted, washed
and eluted with SDS/PAGE sample buffer. Eluates were analysed
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by reducing SDS/PAGE, with subsequent immunoblotting with
the aforementioned antibodies. Blots were developed by chemi-
luminescence.

Immunoprecipitation analysis

Immunoprecipitations were carried out as described earlier [22].
In brief, cell lysates were preincubated with 100 xl of 10 % (w/v)
Protein G—Sepharose to remove unspecific binding. Protein
G-Sepharose was pelleted and the supernatants were incubated
with 10 xl of monoclonal anti-FAK antibody for 60 min at 4 °C.
Immunocomplexes were recovered with 100 xl of 109, (w/v)
Protein G—Sepharose and washed five times with immuno-
precipitation buffer (0.5M NaCl, 50 mM Tris/HCI, pH 7.6,
2mM CacCl,, 0.059%, Nonidet P40, 1 mg/ml ovalbumin, 1 mM
PMSF, and aprotinin, leupeptin, pepstatin A, each at 10 ug/ml).
Bound proteins were eluted in 50 ul of sample buffer [SO mM
Tris/HCI, pH 6.8, 0.025 9%, Bromophenol Blue, 109, SDS, 20 9%,
(v/v) glycerol and 259, mercaptopropandiol] by boiling.
Precipitates were further analysed by Western blots with the
monoclonal phosphotyrosine-specific antibody PT66.

Cell loading with peptides and adhesion assays

PCI12 cells and CHO-a1/f.1. transfectants were suspended to a
concentration of 5x 10%cells/ml in serum-free medium and
placed on ice for 10 min. Synthetic peptides were added to a final
concentration of 1 mM and cells were immediately electroporated
at 280 V, 960 uF (GenePulser; Bio-Rad Laboratories, Miinchen,
Germany) using a 5 mm cuvette. After electroporation cells were
kept on ice for a further 10 min. Viability of electroporated cells
was monitored by Trypan Blue exclusion and counting. The
matrix adhesion of PC12 and CHO-«1/f.1. cells was carried out
essentially as described in [23]. Microplates (96-well) were coated
with collagen IV or laminin (Sigma) at 4 °C overnight at a
concentration of 20 xg/ml in PBS, and blocked with 19, (w/v)
BSA in PBS for 30 min at 37 °C. A total of 5 x 10 electroporated
cells was plated into each microtitre well. After 90 min incubation
at 37 °C, non-attached cells were rinsed away with PBS and
attached cells were fixed with 19, glutardialdehyde in doubly
distilled water, before staining with Crystal Violet [26]. Following
dye solubilization, absorbance at 570 nm was measured using a
microplate reader.

Immunofluorescence analysis

Glass coverslips were coated with 20 ug/ml collagen IV in PBS
at 4 °C overnight. Coverslips were washed with PBS and blocked
for 1 h at 37 °C with 19, BSA. Cells were kept in suspension for
15 min, plated on to coverslips in a-modified Eagle’s medium
under serum-free conditions and allowed to adhere for 1 h. Cells
were fixed with 3 9, paraformaldehyde for 15 min, permeabilized
with 0.19%, Triton X-100 in PBS for 2 min and rinsed twice.
Blocking was performed with 1 9%, BSA for 20 min. After washing
the coverslips with PBS, proteins were incubated with antibodies
to paxillin, vinculin or PT66 for 2 h and washed four times with
PBS. Cells were then visualized with FITC-labelled goat anti-
mouse IgG and photographed with a Zeiss Axiolab microscope
at 100 x magnification.

RESULTS

Participation of «1 integrin cytoplasmic domain in the formation
of focal adhesions

The interactions of cytoplasmic domains of integrins with the
cytoskeleton in focal adhesions involve the association of a
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CHO-al/f.1.

CHO-a1/GFFKR

CHO-o01/K

Figure 1

Immunofluorescence analyses of focal adhesions in CHO-u1/f.l., CHO-o1/GFFKR and CHO-x1/K cells

Cells expressing equal amounts of the respective o1 integrin on the cell surface were plated for 1 h on collagen 1V, fixed, permeabilized and stained with antibodies against paxillin (A), vinculin
(B) and phosphotyrosine residues (C), and subsequently incubated with FITC-labelled secondary goat anti-mouse antibody. CHO-cc1/11. cells revealed normal focal adhesions that contain paxillin
and vinculin, and localized tyrosine phosphorylation. CHO-o1/GFFKR also formed focal adhesions which contain paxillin, vinculin and tyrosine phosphorylation, but CHO-c:1/K cells adhering to

collagen IV are not able to spread and to form focal adhesions. Magn. x 100.

number of proteins. We addressed the question of whether parts
of the cytoplasmic domain of the a1 integrin subunit participate
in focal adhesion formation. cDNA coding for the whole rat o1
(a1/f1.) integrin subunit and two constructs that give rise
to «1 subunits with truncated cytoplasmic domains («1/GFFKR,
al/K) were generated as described previously [22]. CHO cells
that had been transfected with those constructs were plated for
1 h on collagen 1V, fixed, permeabilized and stained with anti-
bodies against paxillin, vinculin and phosphotyrosine residues
(Figure 1A, 1B and 1C respectively). Both CHO-a1/f.I. and
CHO-«,/GFFKR cells formed focal adhesions containing
paxillin, vinculin and tyrosine phosphorylation. In CHO-a1/K
cells, which adhere to collagen IV but retain a spherical ap-
pearance on this «1/1-specific substrate, a similar staining pattern
of these proteins was not observed. On fibronectin, focal adhesion
formation of CHO-«l/K cells is not disturbed (results not
shown).

Since the phosphotyrosine staining of focal adhesions is
abolished in CHO-a1/K cells, we examined whether this pheno-
menon is reflected in proteins such as pp125FAK and paxillin
which are phosphorylated on tyrosine residues upon matrix
adhesion. For this reason we performed immunoprecipitation
assays of ppl25FAK and paxillin from CHO-«l1/f.l., CHO-
al/GFFKR and CHO-a1/K cells kept in suspension or plated
on poly-L-lysine, collagen IV or fibronectin. Subsequently, the

IP : pp125FAK 1B:
Mrx 103
205 — =
112——-__--_"‘f-‘“-- PY
205 — b -
112 — ——-—:-‘:_‘---_ ppl125FAK

FN CIV PL S| FNCIV PL S |[FNCIV PL §

CHO-¢/fl.  CHO-c/GFFKR  CHO-o/K

Figure 2 Tyrosine phosphorylation of pp125FAK of CHO-x1/f.., CHO-
o1/GFFKR and CHO-o/K cells

Cells were plated on collagen IV (CIV), fibronectin (FN) or poly-L-lysine (PL), or kept in
suspension (S) for 1 h. After lysis, pp125FAK was immunoprecipitated. Subsequently, tyrosine
phosphorylation of the precipitated protein was analysed in Western-blot analysis with a
phosphotyrosine-specific antibody (PT66; upper panel). Half of each immunoprecipitate was
further analysed with a monoclonal anti-FAK antibody to verify that each sample contains the
same amount of pp125FAK (lower panel).

phosphotyrosine signal was analysed by a phosphotyrosine-
specific antibody (Figure 2). While CHO-«1/f.l. and CHO-
a1l /GFFKR cells that adhere to fibronectin and collagen IV
reveal an increased tyrosine phosphorylation compared with
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o1 integrin subunit, cytoplasmic domain
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1138 1152

K-I-G-F-F-K-R-P-L-K-K-K-M-E-K_|

o1 peptides:

o1-1: K-I-G-F-F-K-R-P-L-K-K-K-M-E-K
a1-2: K-I-G-F-F-K-R
a1-3: P-L-K-K-K-M-E-K
o1-4: E--G-F-F-E-R
aq-5: K-I-G-Y-Y-K-R

B1 peptides:

732 744
B1-1: K-L-L-M-I-I-H-D-R-R-E-F-A

754 766
B12:  K-W-D-T-G-E-N-P-I-Y-K-S-A

Figure 3 Sequences of peptides used in in vitro binding experiments

a1-1, complete cytoplasmic tail of the o1 integrin subunit (homologue in o1 subunits of variant
species); a1-2, common regulatory sequence found in all cytoplasmic domains of a-subunits;
a1-3, basic C-terminal portion of o1 subunit; c1-4 and «1-5, modified sequences of o1-2;
p1-1 and £1-2, pp125FAK, oc-actinin and paxillin binding (41-1) or non-binding (/1-2)
sequences were derived from the cytoplasmic domain of the 41 integrin chain as described
in [3] and [33]; p1-1 is identical with SP1, £1-2 is identical with SP3. To enable orientated
peptide immobilization to thiol-activated Sepharose, peptides were synthesized with an
additional cysteine residue located at the N-terminus (results not shown).

cells which are kept in suspension or plated on poly-L-lysine, in
CHO-«, /K cells tyrosine phosphorylation of ppl25FAK is not
increased if cells adhere to collagen IV. This also observed for
tyrosine phosphorylation of paxillin (results not shown).

In vitro binding assays with various cytoplasmic «1- and
p1-specific peptides

Since focal adhesions are not properly formed in cells expressing
the x1 /K /1 integrin, and tyrosine phosphorylation of pp125FAK
and paxillin also depends on the cytoplasmic domain of the «1
integrin subunit, we investigated whether focal adhesion proteins
are capable of interacting with the cytoplasmic tail of the «l
integrin subunit. For this purpose we performed in vitro binding
assays to determine whether cytoplasmic proteins bind to al-
specific peptides displaying the complete cytoplasmic tail («1-1),
or to the shorter membrane proximal sequence Lys-Ile-Gly-Phe-
Phe-Lys-Arg («1-2; Figure 3) immobilized to thiol-activated
Sepharose. This approach has been successfully used to identify
proteins that bind to sequences of the f1 cytoplasmic tail [2,3].
Lysates of PC12 cells, which express endogenous o141 integrin,
were used as a source of cytoplasmic proteins. Western-blot
analysis of proteins retained by the peptide Sepharoses revealed
that paxillin, a-actinin and talin, as well as pp125FAK, bound to
the full-length o1 cytoplasmic peptide (a1-1; Figure 4A). Vinculin
did not bind to this peptide.

Furthermore, neither «1 nor f1 integrin subunits bound to the
full-length «1 cytoplasmic peptide, indicating that detected
interactions with the «1-1 peptide were not due to complexed
proteins pulled down by interacting «1 or A1 subunits (Figure
4A). Protein—«l-1 interactions were also observed with the
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Figure 4 Binding of intracellular proteins from PC12 cell lysates to
synthetic peptides displaying sequences of the cytoplasmic tails of «1 and
1 integrin subunits

Protein binding was examined as described in the Materials and methods section. The
nomenclature and sequences of selected peptides are shown in Figure 3. £1A-specific peptides
were used as positive (41-1) and negative (51-2) controls for cytoplasmic protein binding, as
described earlier [3,33]. Peptide—Sepharose-complexed proteins were eluted from beads,
separated by reducing SDS/PAGE and detected by immunoblotting with the appropriate
antibodies (A). (B) The relation between protein binding efficiency and ion strength. PC12 cell
lysates were adjusted to the indicated NaCl concentrations prior to incubation with cc1-1 peptide
Sepharoses. Abbreviation: S, PC12 cell lysate.
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peptide «1-2 containing the conserved Gly-Phe-Phe-Lys-Arg
motif.

To characterize the nature of the identified peptide—protein
interactions we tested the binding of paxillin and pp125FAK to
the «1-1 peptide in different NaCl concentrations. PC12 cell
lysates were adjusted to different NaCl concentrations prior to
incubation with peptide Sepharose. Figure 4(B) shows that
paxillin and pp125FAK binding were decreased at 150 mM, and
were almost zero at 500 mM NaCl.

To confirm the specificity of protein binding, peptides dis-
playing sequences of the cytoplasmic tail of the #1A subunit were
used as control targets. The f1-1 sequence, which is known to
display a specific interaction site for cytoplasmic proteins [3],
binds paxillin, pp125FAK and «-actinin. Talin does not bind to
this sequence. The £1-2 peptide, which has been published as a
non-interacting sequence, showed no protein binding (Figure
4A). Non-specific protein binding by this assay was further
excluded by performing the assay with Sepharose derivatized by
cysteine or a non-integrin peptide (NLTEHKPSTSSHNLG).
However, both Sepharoses showed no affinity with any of the
tested proteins (results not shown).

Examination of sequence specificity of protein binding to the o«1
cytoplasmic tail

The sequence Gly-Phe-Phe-Lys-Arg is a conserved motif shared
by all a-integrin subunits. In order to elucidate which amino
acids of the Gly-Phe-Phe-Lys-Arg sequence are responsible
for protein binding, we tested further peptides (see Figure 3) for
cytoplasmic protein binding (Figure 5). Binding of talin, paxillin
and pp125FAK to the Gly-Phe-Phe-Lys-Arg motif'is disturbed if
the two basic lysine residues are substituted by acidic glutamate
residues («1-4; Figure 5). Substitution of the two apolar phenyl-
alanines by polar tyrosine («1-5) had no influence on protein
binding. Vinculin, which did not bind to the full-length ol
cytoplasmic sequence or to 1 sequences, also failed to bind these
other peptides.

Beyond the Gly-Phe-Phe-Lys-Arg motif, «-integrin subunits
are composed of a sequence that is specific for the particular
a-subunit. Since the al-subunit is characterized by its high-
ly positively charged Pro-Leu-Lys-Lys-Lys-Met-Glu-Lys C-
terminus, we addressed the question of whether this motif is
further involved in protein binding. Whereas talin binding seems
to be restricted to the Gly-Phe-Phe-Lys-Arg motif («1-2; Figure
5), paxillin and pp125FAK also bound, to a lesser extent, with
the al-specific C-terminal sequence («1-3).

Influence of the «1 cytoplasmic domain on the adhesion of
CHO-x1/1.1. and PC12 cells

The functionality of the a1-peptide—protein binding observed in
in vitro binding experiments was tested in cell matrix adhesion
assays. PC12 cells and CHO-a1/f.1. cells were loaded with an a1-
specific peptide, which should then compete for intracellular
binding partners during adhesion to olp1-specific substrates.
Cells that were electroporated without peptide were set as 100 9.
Figure 6 shows that transfer of the «1-1 peptide reduced adhesion
to collagen IV to 259, in PC12 cells (Figure 6A) and to 20 9%, in
CHO-a1/fl. cells (Figure 6B). On laminin, the «1-1 peptide
reduces adhesion of CHO-a1/f.1. cells to 259, (Figure 6D), but
is less effective in PC12 cells (Figure 6C). Loading with the
a1-2 peptide, consisting only of the Gly-Phe-Phe-Lys-Arg motif,
leads to a reduction of collagen IV adhesion (10 9%,) in PC12 cells,
as well as in CHO-«1/f.1. cells (20 %,). Adhesion to laminin of
both cell lines is also decreased significantly by this peptide.
Substitution of lysines with glutamates in the a1-4 peptide, which

Mr x 1Q-3
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-
125 —
84— pp125FAK
67—
190 —
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125 — 99
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L. e

S al-2 al-4 ol-3 al-5

Figure 5 Intracellular protein binding to synthetic peptides derived from
the cytoplasmic domain of the «1 integrin subunit

The interaction of the cytoplasmic proteins of PC12 cell lysates with different peptide
Sepharoses was investigated (see Figure 2). Notice that (i) the change of the polarity within the
sequence of peptide a1-2 (substitution of two lysine residues by two glutamate residues,
peptide oc1-4) reduces protein binding; (ii) the substitution of the two phenylalanines by tyrosine
(peptide o1-5) has no influence on protein binding; and (iii) the basic C-terminal residue of
the cytoplasmic o1 tail (peptide oc1-3) does not display significant affinity for talin, but that
paxillin, and to a lesser extent, pp125FAK binds to this sequence. Abbreviation: S, PC12 cell
lysate.

showed no protein binding, had no influence on adhesion to
collagen IV, whereas peptide «1-5, which allows binding of talin,
paxillin and pp125FAK, reduces adhesion to collagen IV to 60 9%,
in both cell lines. The «1-specific membrane distal sequence Pro-
Leu-Lys-Lys-Lys-Met-Glu-Lys («1-3) had no effect on adhesion.
The f£1-1 peptide from the cytoplasmic domain of the 41 integrin
chain caused a substantial decrease in the adhesion to collagen
IV and laminin in both cell lines. #1-2, which did not bind any
of the examined proteins, had no effect on matrix adhesion.

DISCUSSION

Evidence is shown in the present paper that the very short (15
amino acids) a1 cytoplasmic tail of o141 integrin is involved in
focal adhesion formation and tyrosine phosphorylation of focal
adhesion components. Immunofluorescence analysis of cells
expressing an o141 integrin, but lacking the a integrin-specific
Gly-Phe-Phe-Lys-Arg motif, has shown that these cells are unable
to form proper focal adhesions or actin stress fibres. Involvement
of the al cytoplasmic domain in focal adhesion formation was
confirmed by in vitro binding assays, which in particular revealed
that the conserved Gly-Phe-Phe-Lys-Arg sequence acts as a
target for cytoplasmic proteins such as a-actinin, talin, paxillin
and pp125FAK. Uncoupling of these interactions by transferring
surplus Gly-Phe-Phe-Lys-Arg-containing peptides into alpl-
expressing cells led to a reduction of alpl-specific adhesion.
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Figure 6 Adhesion of PC12 cells and CHO-«1/f.1. cells to collagen IV and laminin following intracellular peptide loading

PC12 cells (A, C) and CHO-oc1/1.1. cells (B, D) were loaded with synthetic peptides by electroporation, as described in the Materials and methods section. Viability of cells after electroporation
was assessed by Trypan Blue staining. Following electroporation, cells were plated on to 96-microwell plates coated with collagen IV (A, B) or laminin (C, D; 1 x 10° cells/well) and allowed to
attach within 90 min. Following removal of non-attached cells, adhering cells were quantified by staining with Crystal Violet. Data are expressed as a percentage of the adhesion displayed by non-
peptide-treated electroporated cells and are mean values of at least four independent experiments done in triplicate.

Within the membrane proximal Lys-Ile-Gly-Phe-Phe-Lys-Arg
sequence, both lysines seem to be important for protein binding
and, therefore, for integrin function.

The initial step in integrin-mediated signalling is the formation
of focal adhesion complexes [7,27]. Numerous publications
[14,28-30] have shown that the cytoplasmic tail of the f-subunit
is important for this process. The involvement of the cytoplasmic
domains of a-integrin subunits in post-ligand events varies and
depends on the particular integrin [15,31]. Deletion of the
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cytoplasmic domain of the a5-integrin subunit leads to, at least
partial, inhibition of stress fibre formation [16]. On «1/1-specific
substrates, stress fibre formation is completely inhibited in CHO
cells carrying an o141 integrin lacking the cytoplasmic tail of the
a1 subunit [22]. In the present study we demonstrated that the «1
integrin cytoplasmic domain is also required for proper focal
adhesion formation. Immunofluorescence analyses of CHO-
al/f.1 cells, using antibodies against focal adhesion components,
revealed well-stained focal adhesions. In contrast, CHO-«1/K
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Figure 7 Possible involvement of the cytoplasmic domain of the o1 integrin subunit in «151-mediated post-ligand events

For focal adhesion formation (1) and subsequent spreading (2), binding of focal adhesion components, not only to the cytoplasmic domain of the 41 integrin subunit, but also to the 1 subunit
(in particular the Gly-Phe-Phe-Lys-Arg motif), seems to be required. This situation is reflected in CHO-ac1/1.1. and in CHO-cc1/GFFKR cells (B). If protein binding to the cytoplasmic domain of the
a1-subunit is disturbed, as it is the case in CHO-a1/K cells, cells are still able to attach, but post-attachment events like spreading and migration are inhibited (A). oc1-Specific peptides compete
for the a1—protein interactions and the s1—protein interactions since the binding partners are at least partially the same. If the £1—protein interactions are inhibited cells are not able to attach
(C). This has been shown for CHO-oc1/1.1. and PC12 cells. Black lines, actin stress fibres; black bars, peptides, representing cytoplasmic integrin sequences; ex., extracellular; PM, plasma membrane;
cyt., cytosol; arrow, integrin is able to bind ligand; double arrow, integrin is able to bind ligand (1) and post-ligand events are induced (2).

cells lack these structures. In CHO cells, which express an ol
subunit still containing the Gly-Phe-Phe-Lys-Arg motif, paxillin,
vinculin and tyrosine phosphorylation are accumulated in focal
adhesion structures.

The importance of the a1 cytoplasmic domain, and in par-
ticular its Gly-Phe-Phe-Lys-Arg motif, for focal adhesion for-
mation was confirmed in in vitro binding assays. It was found
that the focal adhesion proteins paxillin, pp125FAK, «-actinin
and talin bind to a peptide representing the entire cytoplasmic
domain of «1. Vinculin, which is known not to bind directly to
integrins, could not be detected with «l-specific or f1-specific
peptides. Recently [18], it has been reported that paxillin binds to
the cytoplasmic domain of the a4-integrin subunit. This as-
sociation is functional and markedly enhances the rates of
integrin-dependent phosphorylation of ppl25FAK and mi-
gration. Talin binds to a lesser extent to this cytoplasmic
domain. Binding of «-actinin and vinculin was not observed in
this study [18]. The target sequence for protein binding of the
a1 integrin cytoplasmic domain seems to include the conserved
Lys-Ile-Gly-Phe-Phe-Lys-Arg motif, because ppl25FAK and
talin also bind to this shortened peptide. The importance of this
sequence as a target for protein binding is confirmed by in vitro
binding experiments, in which the two lysine residues of the Lys-
Ile-Gly-Phe-Phe-Lys-Arg sequence are replaced by acidic
glutamate residues. Binding of pp125FAK and talin to this motif
is markedly reduced. In previous studies it has been shown that
the Gly-Phe-Phe-Lys-Arg sequence is a target binding sequence
for many of the cytoplasmic «-subunit-binding proteins identified
so far [17,32].

All identified «1-binding proteins have also been shown to
interact with sequences of the cytoplasmic domain of the f1-
subunit [1,3,33]. While paxillin, «-actinin and pp125FAK interact

with the p1-1 peptide, talin binds further downstream of this
sequence [30].

The importance of the Gly-Phe-Phe-Lys-Arg motif for integrin
function is further confirmed by adhesion assays, in which PC12
and CHO-«1/f.1. cells were loaded with integrin-specific peptides
before each assay. The use of integrin peptides mimicking
sequences of the cytoplasmic domain of S-integrin subunits and
acting as dominant negative inhibitors has been described before
[34,35]. Transfer of Gly-Phe-Phe-Lys-Arg-containing peptides,
but not of the al-specific Pro-Leu-Lys-Lys-Lys-Met-Glu-Lys
peptide, leads to significantly reduced adhesion to «141-specific
substrates in PC12 and CHO-a1/f.l. cells. Adhesion of PC12
cells to laminin is only slightly decreased by the al-1 peptide.
This effect might be due to the fact that PCI2 cells express
another collagen/laminin-binding integrin, «3/41, that primarily
supports laminin adhesion, but not adhesion to collagen IV [36].
The Gly-Phe-Phe-Lys-Arg peptide that is also part of the a3-
integrin subunit blocks adhesion of PC12 cells to laminin to a
greater extent. Adhesion of CHO-a1/f.l. cells and of PCI12 cells
is reduced to a similar extent by the functionally important
p1-1 peptide.

Our findings point to an interaction of the «1-integrin subunit,
in particular of the conserved Gly-Phe-Phe-Lys-Arg motif, with
the components of the focal adhesions. Our recent model suggests
that for focal adhesion formation and subsequent spreading,
binding of focal adhesion components, not only to the cyto-
plasmic domain of the £1 integrin subunit, but also to the «l
subunit, is required. This situation is reflected in CHO-«1/f.1. and
in CHO-a1/GFFKR cells (Figure 7B). If protein binding to the
cytoplasmic domain of the a1-subunit is disturbed, as is the case
in CHO-«1/K cells, cells are still able to attach, but post-
attachment events like spreading and migration are inhibited

© 2001 Biochemical Society
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(Figure 7A). a1-Specific peptides compete for the al—protein
interactions and the fl-protein interactions, since the binding
partners are at least partially the same. If the f,—protein
interactions are inhibited cells are not able to attach (Figure 7C).

The question remains as to how all these proteins identified so
far are able to interact with a sequence of only five amino acids.
One possibility is that the proteins bind as a complex, since we
used the mild non-ionic detergent Triton X-100 for solubilization.
Another explanation is that the binding of the different proteins
to the cytoplasmic «1 domain is a very dynamic process during
matrix adhesion, in which the various proteins bind in subsequent
steps. Future studies will address this question in detail.

This work was supported by the Deutsche Forschungsgemeinschaft (SFB 366, Da
310/3-1), the Sonnenfeld-Stiftung and the Fonds der Chemischen Industrie. We
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