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Synergistic Roles for Receptor Occupancy and
Aggregation in Integrin Transmembrane Function

Shingo Miyamoto, Steven K. Akiyama, Kenneth M. Yamada*

Integrin receptors mediate cell adhesion, signal transduction, and cytoskeletal organi-
zation. How a single transmembrane receptor can fulfill multiple functions was clarified
by comparing roles of receptor occupancy and aggregation. Integrin occupancy by
monovalent ligand induced receptor redistribution, but minimal tyrosine phosphorylation
signaling or cytoskeletal protein redistribution. Aggregation of integrins by noninhibitory
monoclonal antibodies on beads induced intracellular accumulations of pp1257% and
tensin, as well as phosphorylation, but no accumulation of other cytoskeletal proteins
such as talin. Combining antibody-mediated clustering with monovalent ligand occu-
pancy induced accumulation of seven cytoskeletal proteins, including a-actinin, talin, and
F-actin, thereby mimicking multivalent interactions with fibronectin or polyvalent peptides.
Integrins therefore mediate a complex repertoire of functions through the distinct effects
of receptor aggregation, receptor occupancy, or both together.

T'ransmembrane integrin receptors for
extracellular matrix proteins mediate sig-
nal transduction, but they also participate
in organizing cell adhesion sites and the
actin-containing cytoskeleton (1). How a
single receptor can fulfill these multiple
functions, as well as show selectivity in
effects on specific cytoskeletal proteins,
was examined by comparing the relative
roles of receptor occupancy and aggrega-
tion. We hypothesized that even though
simple aggregation of a number of cyto-
kine and hormone receptors can mediate
normal transmembrane signal transduc-
tion in place of ligand occupancy (2),
some receptors might be able to assign
distinct functions to three types of trans-
membrane signal: ligand occupancy, re-
ceptor aggregation, or both together. We
determined the requirements for integrin-
mediated transmembrane control of the
localization of specific cytoskeletal pro-
teins and for transmembrane signaling in-
volving tyrosine phosphorylation. . We
found that (i) integrin receptors induce
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distinct cellular responses to binding of a
ligand, to aggregation, or to a combination
of the two; (ii) integrin receptors can con-
trol the distribution of specific cytoskel-
etal proteins (one protein was controlled
by simple receptor aggregation, whereas
six other cytoskeletal proteins required a
combination of both aggregation and li-
gand binding); and (iii) the most proximal
molecular interactions with integrin cyto-
plasmic domains appear to involve the
cytoskeletal protein tensin and the ty-
rosine kinase ppl125FA% (focal adhesion
kinase), rather than the previous candi-
dates talin and a-actinin.

Polystyrene beads coated with substrates
and antibodies served as mediators of inte-
grin occupancy or aggregation, whereas sol-
uble monovalent ligands provided simple
ligand occupancy. Beads coated with fi-
bronectin mimic adhesive site generation
(3) and can induce transmembrane aggre-
gation of a variety of cytoskeletal molecules
including F-actin (Fig. 1, A and B). We
developed procedures to quantitate this
process and detected similar bead-induced
transmembrane aggregation with talin,
a-actinin, tensin, vinculin, paxillin, and
filamin (Fig. 2A) (4, 5). In addition,
ppl125F4K also showed bead-induced clus-
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tering, whereas tubulin did not (Figs. 1C
and 2A). Similar results were obtained with
beads coated with multivalent Arg-Gly-Asp
(RGD)-containing peptide conjugates
(Fig. 2A) and with adhesion-blocking
monoclonal antibodies (mAbs) to either
the as or B, subunit of the fibronectin
receptor (Fig. 1, G to |, and Fig. 2B). These
multivalent antibody ligands induced trans-
membrane aggregation of all seven cy-
toskeletal proteins and FAK, but not tubu-
lin, lactate dehydrogenase, or Jak-2 (Fig.
1C) (6). Little or no clustering of any cy-
toskeletal protein or FAK was observed
with beads coated with polylysine or con-
canavalin A (Fig. 1, D to F, and Fig. 2A).

Unexpectedly, mAbs that do not inhibit
cell adhesion displayed a distinct and specif-
ic subset of these properties. The mAbs 11,
to the o subunit, and K20, to the B, sub-
unit, do not inhibit cell adhesion (6-9) and
will hereafter be termed noninhibitory anti-
bodies. Each of these noninhibitory mAbs
coated on beads effectively induced trans-
membrane aggregation of tensin in patterns
that were indistinguishable from tensin ag-
gregation induced by adhesion-blocking
mAbs and multivalent ligands (Figs. 1K and
2B). However, no significant coclustering of
F-actin, talin, a-actinin, vinculin, paxillin,
or filamin could be detected (Figs. 1] and
2B). Interestingly, FAK was also readily co-
clustered by these noninhibitory mAbs (Figs.
1L and 2B). Three other mAbs to the B,
subunit were compared and had similar pat-
terns; for example, noninhibitory mAbs
DF5 and LM534 induced aggregation of
FAK but not F-actin, whereas adhesion-
blocking mAb P4C10 induced aggregation
of both FAK and F-actin (6).

It is now well established that ligand- or
antibody-induced clustering of a number of
growth factor, hormone, and other recep-
tors can mediate transmembrane signal
transduction, including integrin-mediated
tyrosine phosphorylation of FAK (2, 10).
As expected if simple aggregation alone
triggers integrin signaling, beads coated
with noninhibitory mAbs that do not bind
to an active site stimulated tyrosine phos-
phorylation that could be detected by anti-
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FN beads

Polylysine beads

mAb 13 beads

mAb K20 beads

Fig. 1. Immunofluorescence for juxtamembrane accumulation of cytoskeletal proteins and FAK induced
by beads coated with ligands or antibodies to integrin (4). Each inset shows a higher-magnification view,
focusing on the equator of the bead marked by a highlighted black arrowhead; white arrowhead indicates
a second bead bound to the cell. (A to C) Fibronectin-coated beads. Localization of F-actin as detected
by rhodamine-labeled phalloidin (A), compared with combined transmitted light and fluorescence to
iluminate the bead (B); no tubulin immunolocalization was detected adjacent to these beads (C). Lack of
F-actin adjacent to polylysine-coated beads (D), and transmitted light to illuminate the bead (E); absence
of tubulin immunolocalization (F). Effects of beads coated with adhesion-blocking mAb 13 (G to I) or
noninhibitory mAb K20 (J to L) (both mAbs bind the B, subunit) on immununolocalization of paxillin (G and

J), tensin (H and K), and FAK (|l and L). Scale bar, 20 pm.

8 &
AN

N
o

Yvve
ﬁd\c}‘\\&“\“ ok
ST
< "pq.gg@:wﬁ%i-&w

Accumulation (percent positive beads)
o
(=]

&

!
b
Accumulation (percent positive beads)

Fig. 2. Quantitation of bead-induced accumulation of integrins or
cytoskeletal proteins. Aggregation induced by individual ligand-coat-
ed beads was determined by immunofluorescence microscopy for
each of eight cytoskeletal proteins and FAK (Fig. 1 displays photo-
graphic examples of positive localization). In addition, integrin aggre-
gation was determined for each ligand with rabbit antibodies 4318 and
4080 to the a5 and B, cytoplasmic domains, respectively. The ordi-
nate indicates the percentage of beads positive for immunofluores-
cence for each antigen listed on the abscissa; values indicate mean
and standard deviation. (A) Polystyrene beads coated with the ligands
fibronectin or with GRGDSPC peptide disulfide conjugated to IgG,
and control beads coated with polylysine or concanavalin A. (B) Beads
coated with adhesion-blocking mAbs 13 to the B, subunit and 16 to
the a5 subunit of the fibronectin receptor, with noninhibitory mAbs to
B, (K20) or to a, (MAD 11). Alternatively, cells were allowed to spread
for 1 hour, then incubated with GRGDS, GRGES, or BSA (each at 500
wg/ml) for 1 hour at 37°C. The cells were then incubated with beads
coated with anti-a, mAb 11 (C), anti-B, mAb K20 (D), or polylysine (E).
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bodies to phosphotyrosine, as was observed
with fibronectin and adhesion-blocking an-
tibodies (Fig. 3) (11). Little or no tyrosine
phosphorylation was detected after binding
of beads coated with polylysine, even after
the addition of high doses of soluble Gly-
Arg-Gly-Asp-Ser (GRGDS) peptide to in-
duce ligand occupancy (Fig. 3). Similarly,
little or no signaling was observed in cells
cultured on polylysine substrates and incu-
bated with GRGDS peptide or a cell-bind-
ing fibronectin peptide of 75 kD at concen-
trations that readily blocked cell adhesion
to fibronectin (6); under these conditions,
as and B, integrins were redistributed to
preexisting focal contacts as described (7).
Although these experiments confirm that
clustering of integrin receptors can induce
tyrosine phosphorylation, they also demon-
strate that direct ligand occupancy by
monovalent ligand is not a sufficient signal.

To explore further the relation between
cytoskeletal organization and ligand occu-
pancy, we examined the’ clustering of cy-
toskeletal proteins using beads coated with
noninhibitory mAbs in the presence or ab-
sence of soluble ligand to induce receptor
occupancy. Beads coated with noninhibitory
mAbs induced aggregation of the remaining
six actin-associated cytoskeletal proteins if
the bead-clustered integrins were also occu-
pied by GRGDS peptide (Fig. 2, C and D).
Substituting the routine control GRGES

mAb 11 beads

| T T 17T 1m0

Accumulation (percent positive beads)

Accumulation (percent positive beads)
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peptide (Glu substituted for Asp) resulted in
no enhanced cytoskeletal protein aggrega-
tion, confirming specificity (Fig. 2, C and
D). As noted above, no clustering of cy-
toskeletal proteins occurred adjacent to poly-
lysine-coated beads, even if integrin recep-
tors were occupied with high concentrations
of the GRGDS peptide ligand (Fig. 2E).
These soluble RGD-containing peptides and
fragments of fibronectin have been charac-
terized for their binding parameters and ef-

123458678
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Fig. 3. Effects of beads coated with different Ii-
gands on protein tyrosine phosphorylation in hu-
man foreskin fibroblasts. Cells were incubated in
the absence of beads and ligand (lane 1), in the
presence of uncoated beads (lane 2), in the pres-
ence of polylysine-coated beads with (lane 3) or
without (lane 4) GRGDS peptide (500 wg/ml), with
anti-B, mAb K20-coated beads (lane 5), anti-B,
mAb 13-coated beads (lane 6), anti-a; mMAb 16—
coated beads (lane 7), or fibronectin-coated beads
(lane 8). Molecular sizes are indicated in kilodaltons.

Multivalent
ligand

Monovalent
ligand

Nonligand
aggregator

Receptor
clustering

Receptor Signaling
targeting to of tensin through tyrosine
focal contacts and FAK phosphorylation
Accumulation
of talin, a-actinin,
paxillin, vinculin,
F-actin, and filamin

Fig. 4. Diagram summarizing proposed roles of
receptor occupancy and receptor clustering in in-
tegrin responses to extracellular ligands. Unlike sol-
uble growth factors and hormones, extracellular
matrix molecules often exist as multivalent ligands
immobilized in matrices or fibrils (76). Their func-
tions in inducing ligand occupancy and formation
of receptor clustering can be separated experi-
mentally by the use of the monovalent peptide li-
gand GRGDS or beads coated with noninhibitory
antibodies to integrin (nonligand aggregator), re-
spectively. Each activating stimulus produces spe-
cific effects, and their actions synergize to induce
accumulation of most cytoskeletal proteins exam-
ined. Extracellular matrix aggregates or matrix-
coated beads produce all sets of responses be-
cause they induce both ligand occupancy and re-
ceptor clustering as a result of their multivalency.

fects on cell adhesion (12), which were con-
firmed for the cells used in this study by
similar adhesive competitive inhibition stud-
ies (6). The RGD-containing peptides inter-
act with fibroblastic cells with an inhibition
constant (K;) of ~100 uM (12); at the con-
centrations used in this study, at least 85 to
90% of the receptors should be occupied.

We conclude that most integrin trans-
membrane effects on cytoskeletal protein
organization require both ligand occupancy
and the clustering of integrin receptors. The
notable exceptions to this generalization
are the cytoskeletal protein tensin and the
FAK kinase, which can be aggregated in the
absence of ligand occupancy. This finding
suggests that the interactions of these two
molecules are more proximal in the cascade
of interactions with integrin receptors than
even the known B, integrin-binding pro-
teins talin (13) and a-actinin (14). In ad-
dition, the local accumulation of FAK may
promote tyrosine phosphorylation.

The separation of integrin-fibronectin re-
ceptor functions involving ligand occupancy
from those involving aggregation provides
regulatory mechanisms ideally suited to in-
tegrin cell-adhesive and signaling functions
(Fig. 4). Occupancy by even a monovalent
ligand such as a proteolytic fragment induces
receptor redistribution to preexisting adhe-
sion sites (7). Initial integrin aggregation,
even if ligand binding is lost, leads to a
clustering of tensin and FAK with concom-
itant signaling involving tyrosine phospho-
rylation. Intracellular organization of large
cytoskeletal complexes mimicking those
found in focal contacts (15), however, ap-
pears to require both aggregation and occu-
pancy of integrins. Extracellular matrix mol-
ecules are often multivalent as a result of
adsorption to substrates or organization into
fibrils (16), providing a direct mechanism for
inducing adjacent integrin aggregation.
Large, immobile accumulations of integrins
and cytoskeletal molecules often accompany
reduced cell migration rates (17). Regulation
of integrin functions by these three mecha-
nisms can allow a single integrin transmem-
brane receptor to function selectively in
translocation, signaling, or different cy-
toskeleton-binding functions depending on
the local environmental inputs.
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