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Abstract

Agonist stimulation of integrin receptors, composed of transmembrane o and § subunits, leads cells
to regulate integrin affinity (‘activation’), a process that controls cell adhesion and migration, and
extracellular matrix assembly. A final step in integrin activation is the binding of talin to integrin g
cytoplasmic domains. We used forward, reverse and synthetic genetics to engineer and order integrin
activation pathways of a prototypic integrin, platelet allbs3. PMA activated allbj3 only after
expression of both PKCa (protein kinase Ca) and talin at levels approximating those in platelets.
Inhibition of Rapl GTPase reduced allbf3 activation, whereas expression of constitutively active
RaplA(G12V) bypassed the requirement for PKCa. Overexpression of a Rap effector, RIAM (Rap1-
GTP-interacting adaptor molecule), activated allbg3 and bypassed the requirement for PKCa and
Rapl. In addition, shRNA (short hairpin RNA)-mediated knockdown of RIAM blocked talin
interaction with and activation of integrin allbf3. Rapl activation caused the formation of an
‘activation complex’ containing talin and RIAM that redistributed to the plasma membrane and
activated allbp3. The central finding was that this Rap1-induced formation of an *integrin activation
complex’ leads to the unmasking of the integrin-binding site on talin, resulting in integrin activation.
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Integrin receptors

Integrin adhesion receptors are glycosylated heterodimers composed of non-covalently
associated type | transmembrane o and S subunits [1-3]. Each subunit contains a large
extracellular domain (N-terminus of >700 residues), a single transmembrane domain (>20
residues) and a usually short cytoplasmic domain (C-terminus of 13-70 residues). Membrane-
proximal regions of the cytoplasmic tails are well conserved in most integrin subunits, and the
boundary between the transmembrane and cytoplasmic domains is assumed to lie between the
conserved tryptophan/tyrosine and lysine/arginine residues [4,5]. This conserved lysine/
arginine residue is followed by a stretch of four to six apolar residues, resulting in ambiguity
about the beginning of the integrin cytoplasmic domain [4,5]. The membrane-proximal
sequences GFFKR and LLXXXHDRRE are conserved in the a and # subunits respectively
[4,5].

Many integrins are expressed and remain in a low-affinity binding state until cellular

stimulation transforms them into a high-affinity form, an event that can modify cell adhesion
[6,7]. Because information travels from the inside to the outside of the cell, this is often referred
to as ‘inside-out’ signalling [6,8,9]. This form of signalling is often precisely regulated in time
and space in settings such as platelet aggregation and leucocyte transmigration [6,10]. A major
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focus of recent research has been affinity-dependent regulation of integrin-mediated adhesion,
a process that is operational as integrin activation [6-9].

Extracellular rearragements

On the basis of studies using crystallography, NMR, electron microscopy and FRET (Forster
resonance energy transfer), integrins appear to assume multiple conformations [2,11-13].
Several studies suggest that the bent conformation is a low-affinity state, whereas the extended
conformation is associated with a high-affinity state of integrins [12-18]. Nevertheless, the
bent form can also bind ligands with high affinity [19] in some circumstances, leading
researchers to propose an alternative ‘deadbolt” model for inside-out activation [19,20].
Excellent studies and reviews have discussed the dynamic equilibrium among different
conformational states [13,16,21,22], and it is fair to conclude that the global rearrangements
in integrin conformation accompanying inside-out signalling remain incompletely understood
[16,23,24].

Transmembrane propagation

Integrin activation requires transmission of conformational rearrangements from the
cytoplasmic face to the extracellular domain, thus implicating the involvement of the integrin
transmembrane domain in the signal transduction process. These regions are highly conserved
between integrins and are also conserved between species [25]. Mutational analysis and
computational modelling together suggest that a helical interface between the integrin « and
S subunit transmembrane domains stabilizes the inactive state, and suggest that disruption of
this helical transmembrane interface leads to activation [26-29].

Four motions could contribute the proposed rearrangements in the transmembrane domain and
the alterations of a—f transmembrane interface: separation, pistoning, twisting and hinging
[4,5,8]. Each involves some changes in orientation of the subunits relative to one another and
to the membrane. Although recent work supports the separation and the pistoning models, high-
resolution structures of the transmembrane domains will be required to distinguish clearly
between the different models [4,9,12]. Helical packing of integrin transmembrane regions is
likely to require specific crossing angles and in-register alignment of side-chain arrays [29].
Furthermore, the insertion of the integrin membrane-proximal domain could vary, thus
shortening or lengthening the transmembrane domain and changing the number of residues
buried within the lipid bilayer [2,9,25,29]. The pistoning model suggests that intracellular
activating signals could shorten the transmembrane helix, thereby changing membrane tilt
angle and register with the neighbouring helix to avoid hydrophobic mismatch with the fixed
width of the membrane bilayer. This change in tilt could be the critical event in disruption of
transmembrane interactions that stabilizes the low-affinity conformation, leading to integrin
activation [2,9,29]. In support of this model, the majority of activating transmembrane
mutations identified by random mutagenesis are predicted to shorten the transmembrane helix
[2,29]. Changes in the length or orientation of the integrin transmembrane domain may also
lead to physiological integrin activation [9].

Intracellular rearrangements

Changes in interactions and/or in the structures of the cytoplasmic domains of integrins within
the membrane-proximal regions play crucial roles in integrin activation via inside-out
signalling [4,5,9,30]. The interaction between the membrane-proximal regions of the a and j
subunits is believed to be stabilized by a salt bridge between a conserved arginine residue in
the o tail and an aspartate residue in the £ tail and by the hydrophobic residues immediately
N-terminal to the arginine and aspartate residues [10,30,31]. This association between the a
and # subunits is thought to prevent integrin activation by stabilizing the low-affinity state
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[1,9,32]. Mutations that disrupt this ‘clasp’ lead to integrin activation, and integrins can be
constitutively activated by deletion or mutations in these membrane-proximal sequences [10,
30,32-34]. Furthermore, replacement of the cytoplasmic transmembrane regions by
heterodimeric coiled-coil peptides inactivates the receptor, and cleavage of the coiled-coil
activates integrins [34-36]. These data together strongly indicate that this membrane-proximal
interaction plays an essential role as a stabilizer in the association of the & and # membrane-
proximal regions, maintaining the integrins in a low-affinity state [2,4,9]. The important role
of a and # tail interaction is further supported by FRET studies that show that activation is
associated with a change in separation or orientation of « and 5 cytoplasmic tails relative to
each other [2,12].

The integrin cytoplasmic domains play a central role in integrin activation [10,33], and
overexpression of particular proteins that bind to the cytoplasmic tails can result in integrin
activation [10,33-35]. Binding of the adaptor, talin, to the g cytoplasmic domain is a crucial,
final step in activation of several classes of integrins [37-39]. This finding has been confirmed
for g1 [40], p2 [12,41,42] and /33 [43] integrins; hence, talin appears to play a general role in
activating multiple classes of integrins. Moreover, a study using mice harbouring point
mutations in the 53 cytoplasmic tail provided the first in vivo evidence supporting the
importance of talin binding for integrin activation in mammals [44].

Talin is a major cytoskeletal protein that co-localizes with and binds to integrins and to actin
and actin-binding proteins such as vinculin [1,37-39]. It forms an antiparallel homodimer made
of ~270 kDa subunits, each of which consists of an N-terminal globular head domain of ~50
kDa and a C-terminal rod domain of ~220 kDa [45,46]. The head domain contains a FERM
(4.1/ezrin/radixin/moesin) domain comprising three subdomains: Fl, F2 and F3. F2 and F3
subdomains of talin bind specifically to integrin 43 tails, although F3 shows a higher affinity
than F2 [38]. In addition, expression of F3, but not F2 or other high-affinity £ tail-binding
proteins, activates allbf3 integrins, implying that the major integrin-binding and activating
fragment of talin lies within the 96-residue F3 subdomain [1,38]. Knockdown of talin
expression in CHO (Chinese-hamster ovary) cells inhibits the activation of both g1 and 43
integrins without altering integrin expression, and this cannot be compensated for by the
expression of activating molecules such as activated R-Ras or the CD98 heavy chain [37].
Furthermore, talin knockdown prevents agonist-stimulated fibrinogen binding to
megakaryocyte integrin allbs3, suggesting that normal cellular activation of integrins also
requires talin [37].

The talin F3 structure resembles a PTB (phosphotyrosine-binding) domain, which recognizes
ligands containing g turns formed by NPXY motifs [38]. NPXY motifs are well conserved in
most integrin £ tails, and mutations that disrupt this motif perturb g-turn formation, inhibiting
talin binding and interfering with integrin activation [47,48]. Similarly, mutations within the
talin PTB-like domain prevent integrin S tail binding and thereby block integrin activation
[37,49]. Thus the integrin S tail-talin interaction represents a general mechanism for integrin
activation.

A major question is how talin binding activates integrins. When the ability of activating talin
fragments to bind to different regions of the 43 cytoplasmic domain was compared with that
of non-activating talin fragments (i.e. the F2 domain) by monitoring the perturbation of specific
NMR resonances of the gtail, F2—F3 and F3 fragments, but not F2, showed distinct perturbation
of the membrane-proximal region of the /3 tail, suggesting the involvement of the 3 tail
membrane-proximal region in talin-mediated integrin activation [50]. As noted above,
mutations in this region result in integrin activation. NMR studies suggest that direct disruption
of a—p tail interaction by the talin head domain result in integrin activation [35]. In addition,
F2-F3 and F3 also perturb the more distal region of the 43 tail [49]. The membrane-distal
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region of the integrin f tail provides a substantial fraction of the binding energy and has been
suggested to contribute to integrin activation [51]. These data together suggest a two-step
activation model: the talin head domain first recognizes the high-affinity binding site in the
membrane-distal region, which provides a strong linkage between the talin and the integrin g
tail, and subsequently binds to a second lower-affinity membrane proximal site that is involved
in a—p association, triggering separation of the tails and integrin activation (Figure 1) [49,52].

Many other PTB-domain-containing proteins bind to integrin £ tails in a similar fashion to talin
[49,53]. Such proteins include Numb, Dok-1, ICAP-la (integrin cytoplasmic domain-
associated protein-la) and Kindlins [4,53], yet these proteins either fail to activate or are much
less active than talin. Thus there must be additional unique features in the integrin—talin
interaction that enable talin to cause activation [52]. A flexible loop between g-strands 1 and
2 of the F3 domain of talin accepts the side chains of the membrane-proximal region of the
integrin g tail. This mobile loop is absent from other PTB-domain-containing proteins, which
implies that this may be the unique feature that distinguishes talin from other PTB-domain-
containing proteins in its ability to activate integrins. Furthermore, a mutation within this loop
blocks talin binding to the membrane-proximal region and hinders integrin activation. In
addition, when the talin F3 domain engages the # membrane-proximal region, additional
favourable electrostatic contacts between the F3 and the lipid headgroups of the membrane
bilayer could stabilize further the talin—£ tail association. Mutation of one of the predicted
contact residues in talin F3 also blocked activation. These data suggest that the formation of a
complex between integrin f tail membrane-proximal helix and the talin F3 domain, together
with the favourable electrostatic contacts between the talin F3 and the lipid membrane,
contribute to the energy required to stabilize the integrin-activated state [52]. Recent studies
show that two other FERM-domain-containing proteins, MIG-2 (mitogen-inducible gene 2)
and radixin, interact with the cytoplasmic tails of £1 and 3 and of 52 respectively [54,55].
Furthermore, those studies indicate that these interactions may have context-dependent roles
in integrin activation [54,55]. Thus, although talin is an important player in integrin activation
mechanisms, the possibility remains that other integrin tail-binding proteins can substitute for
talin.

Regulation of integrin activation

As noted above, numerous different signalling pathways can regulate integrin activation, and
talin binding to the f tail is often a final step. The issue now is to understand how these different
signalling pathways intersect with talin binding.

Previous studies have identified Rap1 GTPase as a potent activator of integrins [56-58]. Many
cytokines and growth factors promote integrin-dependent cell adhesion through the activation
of Rapl [57]. Furthermore, Rap1 regulates integrins that are associated with the actin
cytoskeleton, such as integrins of the 1, 2 and 43 family [59]. In patients with LAD-I11
(leucocyte adhesion deficiency I11) who suffer from defects in leucocyte and platelet integrin
activation, 1, f2and 3 integrins are expressed at normal levels. Cell from these patients are
impaired in their abilities to bind to integrin ligands with high affinity in response to agonists
[60,61]. Although expression of Rapl and talin are normal in these patients, a mutation in
CalDAG-GEFI (Ca?* diacylglycerol guanine-nucleotide-exchange factor 1), which is a key
Rap1/2 GEF (guanine-nucleotide-exchange factor) [60], is associated with LAD-I11. Similarly,
CalDAG-GEFI™'~ mice exhibit defects in activation of platelet and leucocyte A1, 42 and 3
integrins and therefore impaired inflammatory response and lack of thrombus formation [61].
These findings together reveal that CalDAG-GEFI is a critical regulator of inside-out integrin
activation in human T-lymphocytes, neutrophils and platelets, and emphasized the importance
of Rap1 signalling pathways [60,61].
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In the last few years, many Rapl effectors have been identified. Among these, RIAM (Rap1-
GTP-interacting adaptor molecule) [59,62] is clearly implicated. Overexpression of RIAM
induced the active conformation of integrins and enhanced cell adhesion, whereas depleting
RIAM eliminated adhesion mediated by Rapl [62]. Cell-type-specificity of integrin-affinity
regulation by these signalling pathways is probably due to variations in expression of these
GTPases or of the upstream and/or downstream elements that link them to integrin activation.
Recent work has ordered a pathway from agonist stimulation to integrin activation for the first
time, using a synthetic approach to reconstruct an integrin activation pathway in CHO cells
(Figure 2) [63]. The central finding was that Rap1 induces formation of an integrin-activation
complex containing RIAM and talin, which in turn leads to the unmasking of the integrin-
binding site on talin; a critical, final, step in integrin activation. Moreover, these key
components of the pathway, Rapl, RIAM and talin, are widely used in many cellular contexts
and with various integrins [63]. allbf3 is a prototypic integrin, and many of the principles of
integrin function established by early studies with this integrin have proved to be widely
applicable across the entire integrin family [63]. Platelet agonists, including PMA, thrombin,
ADP and collagen, stimulate increased affinity of allbg3 integrin in platelets; these agonists
have failed to activate recombinant allbs3 expressed in CHO cells or several other nucleated
cells [10,64]. This puzzling observation has led to the reconstruction of an integrin-activation
pathway in CHO cells [63]. This study illustrates the principle that variations in cellular
abundance of the components of the integrin-activation complex such as talin or in their
regulators such as PKCa (protein kinase Cea) can account for the cell-type-specificity of integrin
activation [63]. Moreover, this reconstructed model also provides a system that can be used to
manipulate the signalling events involved in integrin activation and to integrate and rationalize
the currently available literature, and to connect different agonists and signalling pathways that
are known to control integrin activation [63]. Similarly, it will allow for quantitative and
mutational analyses of signalling pathways that regulate integrin activation. The analysis may
be extended further to agonist receptors [e.g. PAR1 (protease-activated receptor 1)], G-proteins
(e.g. Rapl, G,q) and tyrosine kinases (e.g. Tec kinases) that have been implicated in integrin
activation.
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Figure 1. Model of talin-induced integrin activation

Left: the talin F3 domain (surface representation; coloured by charge), freed from its
autoinhibitory interactions in the full-length protein, becomes available for binding to the
integrin. Middle: F3 engages the membrane-distal (MD) part of the #3-integrin tail (in red),
which becomes ordered, but the a—f integrin interactions that hold the integrin in the low-
affinity conformation remain intact. Right: in a subsequent step, F3 engages the membrane-
proximal (MP) portion of the 43 tail while maintaining its MD interactions. Consequences of
this additional interaction are: (i) destabilization of the putative integrin salt bridge; (ii)
stabilization of the helical structure of the MP region; and (iii) electrostatic interactions between
F3 and the acidic lipid headgroups. The net result is a change in the position of the
transmembrane helix, which is continuous with the MP g tail helix. This position change causes
a packing mismatch with the allb transmembrane helix, separation or reorientation of the
integrin tails and activation (inset). Mutants of F3 that have compromised interactions with the
MP region and other PTB domains that lack an MP-binding site stall at point B, consistent with
their dominant-negative behaviour. Reprinted from Cell, 128, Wegener, K.L., Partridge, A.W.,
Han, J., Pickford, A.R., Liddington, R.C., Ginsberg, M.H. and Campbell, 1.D., ’Structural basis
of integrin activation by talin’, pp. 171-182. © 2007, with permission from Elsevier.

Biochem Soc Trans. Author manuscript; available in PMC 2008 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Banno and Ginsberg

Page 11

Integrin

. A0y TP
Agonist A
Outside B —_— |

Figure 2. Connecting agonist stimulation to integrin activation

Depicted are core connections between agonists and integrins. Agonist receptors (e.g. G-
protein-coupled receptors, tyrosine-kinase-coupled receptors) induce the formation of DAG
(diacylglycerol) and increased Ca2*, leading to the activation and/or translocation of active
GTP-bound Rapl to the plasma membrane via activation of PKC or a Rap-GEF. At the plasma
membrane, activated Rap interacts with RIAM, leading to the recruitment of talin to form the
integrin-activation complex, thus unmasking the integrin-binding site on talin, leading to
integrin activation. Reprinted from Curr. Biol., 16, Han, J., Lim, C.J., Watanabe, N., Soriani,
A., Ratnikov, B., Calderwood, D.A., Puzon-McLaughlin, W., Lafuente, E.M., Boussiotis,
V.A., Shattil, S.J. and Ginsberg, M.H., ’Reconstructing and deconstructing agonist-induced
activation of integrin allbg3’, pp. 1796-1806. © 2006, with permission from Elsevier.
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