Biochemical and Biophysical Research Communications 436 (2013) 406-412

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier.com/locate/ybbrc

Differences in o transmembrane domain interactions among integrins
enable diverging integrin signaling

@ CrossMark

Chungho Kim *®*, Min-Cheol Kim ¢

2School of Life Sciences and Biotechnology, Korea University, Seoul 136-701, Republic of Korea
b Department of Medicine, University of California San Diego, La Jolla, CA 92093, USA
€ Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

ARTICLE INFO ABSTRACT

Article history:
Received 22 May 2013
Available online 6 June 2013

Integrins are transmembrane adhesion molecules composed of o and B subunits. In humans, 24 integrins
are expressed in a tissue-specific manner. Each integrin plays a specific role within a tissue type to con-
trol cell adhesion. We previously found that the degree of transmembrane domain (TMD) interaction
between the integrin allb and B3 subunits is reversely correlated with the affinity of integrin allbp3 to
its ligand. Here, we examined the TMD interactions of various integrins, including o4p1, aLB2, a5p1,
oVB1, allbf3, and aVB3. Our findings revealed that the degree of the TMD interactions in integrins
o4p1 and oLB2 expressed in immune cells was low and in integrins ollbp3 and oVB3 expressed in plate-
lets was high, while integrins o581 and aVB1 that are expressed in most adherent cells displayed inter-
mediate TMD interactions. We identified sequence variation within the N-terminal TMD region as a
factor responsible for the observed differential degree of TMD interaction among integrins. When the
N-terminal interaction that was missing in integrin o581 was restored with mutagenesis, the increase
in TMD interaction inhibited the outside-in but not inside-out signaling of integrin o581 and also accel-
erated the speed of cell migration. We suggest, therefore, that the degree of TMD interaction is designed
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to accommodate the specific, desired function of each integrin.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Integrins are major cell adhesion molecules composed of o and
B subunits, which are transmembrane proteins containing a large
extracellular domain, the transmembrane domain (TMD), and rel-
atively short tails. There are 18 o and 8 B subunits in human inte-
grins, which in different combinations result in a total of 24 unique
integrins that are expressed in a tissue-specific manner and bind to
certain ligands [1].

Integrins are involved in a variety of cell adhesion processes that
occur during biological and pathological situations [2]. Integrin-
mediated cell adhesion is particularly important for cell migration,
where it needs to be dynamically controlled to enable process such
as migrating cell generation of new cell-substrate adhesions in the
front and simultaneous disruption of mature adhesions in the rear
[3]. Integrins control cell adhesion with conformational changes of
their extracellular domains. Specifically, when these domains are
folded, integrins are in a low-affinity state towards their ligands,
extracellular matrices (ECMs). Conversely, when these domains
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are extended, integrin ligand binding sites are exposed and conse-
quently can bind to ECMs, thereby mediating cell adhesion [4,5].
The intracellular signaling pathway that controls integrin affinity
is called “inside-out” signaling. Inside-out signaling that induces
integrin to be in a high-affinity state (integrin activation) is thought
to rely on talin binding to the integrin B cytoplasmic tail [6].

The structural change of extracellular domain controlling cell
adhesion has been shown to be regulated by the TMD interaction
between o and B subunits [4]. An intact TMD interaction keeps inte-
grins in a low-affinity state (inactive), whereas the disruption of
this interaction results in integrins in a high-affinity state (active).
Accordingly, many activating mutations identified in TMDs and
the membrane-proximal regions of integrins can disrupt the TMD
interaction [7-12]. Moreover, talin binding to the integrin B tail
can also disrupt the TMD interaction [7]. The regulation of the
TMD interaction is, therefore, key for controlling integrin affinity.

Upon binding to ECMs, integrins can also initiate the intracellu-
lar signaling pathway, called “outside-in” signaling, which leads to
the activation of many signaling molecules, cell spreading, cell
proliferation, and so forth [13,14]. Outside-in signaling also
appears to be dependent on the separation of the o—-f TMD inter-
action. Fluorescent resonance energy transfer (FRET) experiments
revealed that the FRET efficiency between fluorophores attached
to o and B cytoplasmic tails decreases when an integrin binds to
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its ligand, suggesting that tails and the TMD get separated by out-
side-in signaling [15]. Furthermore, clamping of the integrin o-f
TMD interaction though the introduction of a disulfide bond be-
tween TMDs blocks outside-in signaling events such as cell spread-
ing and focal adhesion kinase activation [16]. The regulation of the
TMD interaction is, therefore, crucial not only in the inside-out but
also in outside-in signaling of integrins.

We previously developed an affinity capture assay to measure
the degree of TMD interaction and determined the extent of the
o~B TMD interaction in the platelet integrin allbp3 [7]. Since the
TMD interaction has a pivotal role in the establishment of integrin
affinity states, it would be of great interest to investigate TMD
interactions in additional integrins as well to predict the basal
affinity states of others. In the present study, therefore, we evalu-
ated differences in the degree of TMD interaction between five dif-
ferent integrin o subunits and three different B subunits as
representatives for integrins. By comparing the degree of TMD
interaction of each integrin subunit with its amino acid sequence
within the TMD region, we identified a novel binding interface in
the N-terminal TMD region that varied in amino acid sequence
among integrins. Moreover, we investigated the importance of this
binding interface in integrin signaling. Finally, through analysis of

these findings together, we propose a model of how the TMD inter-
action regulates integrin signaling and cell migration.

2. Materials and methods
2.1. Plasmids and antibodies

Plasmids encoding ollb™-TAP and Tac-p3™ were described
previously [7]. To generate a4™-TAP, o5™-TAP, oL™-TAP, and
oV™-TAP, nucleotide sequences encoding TMD and cytoplasmic
tail regions of a4, a5, oL, or aV, as shown in Fig. 1A, were amplified
by polymerase chain reaction (PCR), fused to a tandem affinity
purification (TAP) tag, and cloned into pcDNA3.1 (Invitrogen)
containing a part of the preprotrypsin leader sequence followed
by 3 repeats of the FLAG sequence (Sigma-Aldrich) as previously
described [7]. For the construction of Tac-p1 and Tac-f2, TMD
and cytoplasmic regions of B1 or B2, as shown in Fig. 1A, were
fused to a Tac extracellular domain by overlapping PCR and
subsequently cloned into pcDNA3.1. Lentivirus constructs encod-
ing integrin o5, a5 (I960W), B1, and B1(V733L) cloned in pRRL-
SIN.cPPT.PGK-IRES-GFP WPRE (Addgene) were prepared as
previously described [17].
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Fig. 1. (A) Sequence alignments of amino acids near TMDs of integrin o and B subunits. TMD regions are boxed. Amino acid residues in the o—p TMD interface, as based on
allbp3 TMD structure [21], are underlined. Amino acids residues essential for the outer membrane and inner membrane clasps are indicated with arrowheads and arrows,
respectively. Amino acid numbering for allb, o5, B1, and B3 are shown. (B) Integrin oo TMDs fused with a TAP tag («™-TAP) and p TMDs fused with Tac (Tac-B™) were
transfected into CHO cells as indicated. TAP-tagged oo TMDs were pulled down and associated § TMDs were detected by Western blot using an anti-Tac antibody (upper
panel). The total input of 8 TMDs (middle panel) and pulled-down o TMDs (lower panel) were analyzed by Western blot using an anti-Tac and anti-FLAG antibody,

respectively.
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2.2. Affinity capture

Affinity capture assay for measuring the o and p TMD interac-
tion was performed as previously described [7]. Briefly, Chinese
hamster ovary (CHO) cells transfected with the generated o and
B TMD constructs were first lysed with lysis buffer (1% CHAPS,
150 mM NacCl, 20 mM HEPES, pH 7.4, 2 mM CaCl,, protease inhib-
itor mixture). The resultant cell lysates were then clarified by cen-
trifugation, incubated with calmodulin Sepharose (GE healthcare),
and bound proteins were analyzed by Western blot.

2.3. Lentivirus preparation

Lentivirus was prepared according to an established protocol
[18]. Briefly, HEK293T cells were first transfected with a lentivirus
construct encoding each integrin, as well as pCMVARS.2 (Addgene)
and pMD2.G (Addgene). After a 3 h incubation, the transfection
medium was replaced with UltraCULTURE medium (BioWhittaker)
and then the cells were incubated for another 48 h. Media were
subsequently harvested, and clarified by centrifugation at
1000 rpm for 10 min. Media were then concentrated using Centri-
con (Millipore) and finally used to infect CHO-B2 cells to generate
CHO/a581 and CHO/at5(1960W)R1(V733L).

2.4. Soluble fibronectin binding assay

CHO/a5p1 and CHO/a5(1960W)B1(V733L) were transfected
with cDNA encoding the talin head domain or an empty vector
as well as tdTomato as an expression marker, using Lipofectamine
(Invitrogen) and Plus reagent (Invitrogen). After a 24 h incubation,
cells were harvested by trypsinization and incubated with a biotin-
ylated fibronectin FN9-11 fragment for 30 min as described
previously [19]. Cells were subsequently fixed with 3.7% formalde-
hyde for 10 min and then washed with Dulbecco’s Modified Eagle
Medium (DMEM, Life Technologies) three times. Fixed cells were
further incubated with streptavidin conjugated with allophycocya-
nin and washed with DMEM twice, before being finally analyzed by
flow cytometry.

2.5. Spreading assay

Plates containing 12 wells were coated with fibronectin over-
night at 4 °C at the indicated concentrations. After being washed
twice with phosphate buffered saline (PBS), each well was blocked
with 1% bovine serum albumin in PBS for 1 h at 37 °C. CHO/a5pB1
and CHO/a5(1960W)B1(V733L) detached by trypsinzation, were
washed twice with DMEM and then added into the fibronectin
coated wells. Cells were first incubated for 1 h at 37 °C in a CO,
incubator, then fixed with 3.7% formaldehyde for 10 min, and final-
ly stained with crystal violet for observation with a microscope.

3. Results and discussion

3.1. Degree of transmembrane domain interaction varies among
different integrins

We previously developed an efficient method to detect the TMD
interaction between integrin allb and B3 subunits [7]. Using this
method, in the present study we investigated the TMD interaction
in other integrins. The TMD-tail regions of subunits allb, a4, a5, oL,
and oV, which were chosen as representative o subunits of integin,
were PCR-amplified (Fig. 1A) and then fused to the N-terminal sig-
nal sequence, a FLAG tag, and a C-terminal tandem-affinity purifi-
cation (TAP) tag containing the calmodulin binding region and an
imunoglobulin G binding region. Subunits g1, 2, and B3 were

chosen as representative B subunits of integrin, and fused the
TMD-tail regions of those integrins (Fig. 1A) to the extracellular do-
main of Tac (interleukin-2 receptor). We then transfected each o
and B TMD-tail construct into CHO cells in all the possible combi-
nations. Among the 15 resultant combinations that were tested, 6
can make functional integrins (a4p1, a5p1, aVB1, aLp2, allbp3, and
oVB3). The findings of this experiment revealed that TMD interac-
tions of the platelet integrins, allbp3 and oVpB3, are stronger than
those of other integrins, consistent with the notion that integrins
expressed in platelets should be kept in a low affinity state to en-
sure that platelet adhesion in normal conditions is not induced, as
it would lead to fatal diseases such as thrombosis or stroke [20].
Integrin o5p1 and oVB1, which are expressed in a number of
adherent cells such as epithelial and endothelial cells, displayed a
intermediate TMD interaction, suggesting that the basal affinity
of these cells to ECMs is not as inhibited as it is in platelets. On
the other hand, the TMD interactions of integrins o4p1 and aLp2,
which are known to be expressed in immune cells, were weaker
than those observed for any other integrins in this study
(Fig. 1B). Just like platelets, since immune cells circulate in the
blood stream, their adhesion to a ligand expressed on endothelial
cell surfaces should be tightly regulated so not to induce any un-
wanted immune responses. The TMD interactions of integrins
a4B1 and oLB2, however, were as low as that of integrin allbp3
containing a AGFFKR mutation (data not shown) that abolishes
the TMD interaction of this integrin altogether and also activates
the integrin better than any other activating mutations (data not
shown). Our data, therefore, suggests that the affinity of those par-
ticular integrins that are expressed in immune cells is not regu-
lated only by a separation of the TMD interaction but also by
another mechanism, such as the adjustment of surface level
expression of those integrins or their ligands.

The TMD interaction between allb and B3 subunits is known to
be mediated by two different clasps. One is outer membrane clasp
mediated by allb(Gly972, Gly976) and B3(Gly708) (Fig. 1A, arrow-
heads), and the other is inner membrane clasp mainly mediated by
electrostatic interaction between allb(Arg995) and B3(Asp723)
(Fig. 1A, arrow) [21]. When the degree of each o TMD interaction
to the B3 TMD (Fig. 1B, right panels) was compared with the asso-
ciated sequence of the oo TMD for each integrin (Fig. 1A), the ala-
nine residue in o5 and oV, located at the region equivalent to
Gly(972) in allb, seemed to be involved in generating the relatively
stable TMD interaction, as suggested before [21], while the corre-
sponding serine residue in o4 and oL did not permit this interac-
tion (Fig. 1B, right panels). However, 1 TMD binding to all of the
o TMDs were significantly reduced when compared to g3 TMD
binding to those oo TMDs (Fig. 1B, left panels), although the B1
TMD contained all the amino acid residues responsible for the out-
er membrane clasp, B1(Gly744), and the inner membrane clasp,
B1(Asp759). Thus, another region involved in maintaining the sta-
ble TMD interaction may exist.

3.2. a5(1960W) and p1(V733L) enhance the o5-1 TMD interaction

To determine the additional region responsible for the TMD
interaction, we focused on integrin o531. The major sequence dif-
ferences between the a5 and allb TMD at the of binding interface
were identified to be a5(11e960), corresponding to allb(Trp968),
and a5(leu979), corresponding to allb(Met987). In terms of the B
subunit, sequence differences were observed at pB1(Ile732,
Val733), corresponding to B3(Val696, Leu697), and B1(Met755),
corresponding to B3(Ile719) (Fig. 1A). To determine if those resul-
tant residue alterations could affect the structural integrity of the
TMD interaction, we examined the ollbp3 TMD structure in detail
[21]. Structural analysis revealed that three residues in ollb,
Trp968, Val971, and Gly972, make up a hydrophobic pocket, which
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B3(Leu697) inserts into to generate the hydrophobic interaction
between the N-terminal regions of TMDs (Fig. 2A). a5, however,
contains isoleucine (a5(11e960)) at the region corresponding to
odlb(Trp968). In addition, B1 contains valine (B1(Val733)) at the
position corresponding to B3(Leu697) (Fig. 1A). We therefore
hypothesized that the amino acid residue variations observed in
o581 may not be able to provide the proposed N-terminal hydro-
phobic interaction efficiently. To examine the involvement of those
residues in the TMD interaction, we mutated them in o5 and B1 to
create the residues found in allb and B3, and then determined the
ability of the changes to enhance the o581 TMD interaction. Muta-
tion of o5(11e960) to generate Trp induced a small but consistent
increase in the TMD interaction, suggesting that the hydrophobic
pocket in the N-terminal oo TMD is indeed involved in the TMD
interaction (Fig. 2B). Moreover, mutation of p1(Val733) to create
Leu significantly enhanced the TMD interaction, compared to the
effects of wild type o581 on the TMD interaction (Fig. 2B). Further-
more, when the residues in both the a5 and B1 subunits were

A allb(Trp968)

allb(Gly972)

B pspt pt Bt p1 B3

V733 V733L
allb ab ab ab ab allb
AGFFKR 1960W 1960W

Tac bound

===
SEEEEEN -

TAP captured

L5

05 T -

Fig. 2. (A) The N-terminal region of the allbf3 TMD structure (PDB ID: 2K9]) is
shown. Space filling models of B3(Leu697) and allb(Trp968, Val971, Gly972) are
shown. (B) The TMD interaction between various o TMDs and B TMDs, as indicated,
were measured with pull down experiments as in Fig. 1B. Quantification of TMD
interaction results from three independent experiments is shown as a bar graph. In
the graph, the TMD interactions of allbAGFFKR-B3 and allb-B3 are set to 0 and 1,
respectively. Error bars represent standard errors.

mutated, the TMD interaction was comparable to or higher than
that observed for allbp3 (Fig. 2B). We concluded, therefore, that
the N-terminal hydrophobic interaction in TMDs is involved in
the of TMD interaction and determines the degree of the TMD
interaction within each integrin.

3.3. Increased o interaction in N-terminal TMDs inhibits outside-in
signaling but not inside-out signaling

To determine the effect of the observed increased interaction of
integrin 51 N-terminal TMD regions in integrin-dependent cel-
lular behaviors, we generated stable cell lines that express integrin
o5B1 harboring the stabilizing mutations. cDNA from integrina5
(1960W), B1(V733L), as well as their wild type versions were
cloned into a lentivirus vector, and viruses generated from those
constructs were infected into the CHO-B2 cell line which is known
to have a defect in integrin expression [22]. In the end, two
different cell lines were generated, CHO/a581 and CHO/
a5(1960W)B1(V733L). Evaluation of integrin B1 expression by flow
cytometry did not identify any differences in expression levels be-
tween those cell lines (Fig. 3A). As an initial test to further investi-
gate the differential effects of the TMD stabilizing mutations, we
compared the degree of soluble fibronectin binding between those
cell lines as a measurement of integrin inside-out signaling [19].
The findings of this experiment revealed that both integrins have
virtually the same basal affinity to fibronectin, irrespective of
whether or not the TMD interaction is enhanced (Fig. 3B, upper
panels). Even when cells were transfected with the talin head do-
main which is known to activate integrin [6], no significant differ-
ences between these cells were detected (Fig. 3B, lower panels),
indicating that stabilizing the TMD interaction at the TMD N-ter-
minal region does not affect integrin inside-out signaling. When
we investigated the effects of TMD interaction stabilization on cell
spreading as a measurement of integrin outside-in signaling [19],
however, we found that cell spreading on a fibronectin-coated sur-
face was significantly reduced in CHO/a5(1960W)B1(V733L) cells
compared with CHO/a581 cells (Fig. 3C and D). We conclude,
therefore, that stabilizing the N-terminal TMD interaction inhibits
integrin outside-in signaling, but not inside-out signaling.

As mentioned above, the separation of the TMD interaction is
involved in both integrin inside-out signaling [7] and outside-in
signaling [16]. Inside-out signaling would disrupt the TMD interac-
tion from the inside, as it is initiated by talin binding to the integrin
B tail, which disrupts the electrostatic interaction between o(Arg)
and B(Asp) in the inner membrane clasp [23] and induces the tilt
of the B TMD [24]. With this type of signaling, therefore, we
assume that talin-binding to the integrin would exert enough force
to break the whole TMD, whether or not the N-terminal TMD inter-
action is stabilized in integrin o581 (Fig. 3E, upper panel). With
outside-in signaling, however, ligand binding to the integrin extra-
cellular domain would separate TMDs from outside. If the N-termi-
nal TMDs bind more tightly to each other, then, separation of the
N-terminal region should require more forces (Fig. 3E, lower pa-
nel), which would inhibit outside-in signaling. Furthermore, as
the binding force is stronger, the elastic energy transmitted to
the cell membrane would dissipate owing to the rupturing of
bonds, to consequently inhibit cell spreading [25]. This interpreta-
tion of our findings explains the differential effects of N-terminal
TMD interaction stabilization on inside-out and outside-in
signaling.

3.4. Increased o.ff interaction in N-terminal TMDs speeds up cell
migration

Lastly, we investigated the effects of the observed stabilized
TMD interaction on cell migration. Monolayers of CHO/a5B1 and
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Fig. 3. (A) Expression levels of human integrin g1 in CHO-B2, CHO-B2/a5B1, and CHO-B2/a5(1960W)/B1(V733L) cells were determined by flow cytometry with an anti-
human 1 antibody conjugated to phycoerythrin. (B) CHO-B2/a581 and CHO-B2/a5(1960W)/B1(V733L) cells were transfected with the talin head domain (THD) or empty
vector, as well as the transfection marker, tdTomato. Their affinities toward the fibronectin fragment, FN9-11, were measured by flow cytometry. The Y axis represents the
expression level of tdTomato, while the X axis represents FN9-11 binding. (C) CHO-B2/a581 and CHO-B2/a5(1960W)/B1(V733L) cells were allowed to adhere to a fibronectin-
coated surface for an hour. Cell surface areas containing at least 43 cells within 4 different fields of each condition were measured and plotted on a bar graph. Error bars
represent standard errors. (D) Representative images of the cell spreading on surfaces coated with 2.5 pg/ml fibronectin are shown. (E) Forces required to separate TMDs
outside (black arrows) and inside (gray arrows) are illustrated. The N-terminal TMD interaction, outer membrane clasp, and inner membrane clasp are indicated with lines.
Note that more force would be required to separate TMDs in the presence of a N-terminal TMD interaction as indicated by the black arrows.

CHO/a5(1960W)B1(V733L) cells spread to fibronectin were
scratched to generate a wound, and their speed at which they cov-
ered the wounded surface was determined using a microscope
equipped with a temperature controlling device that took cell
images every hour (Fig. 4A). The region not covered with cells
was measured (Fig. 4A, right panel), and the speed of cell migration
was subsequently calculated by subtracting the areas of empty
space at each time point from the initial area of empty space at
time 0. The findings of this assay revealed that the rate of migra-
tion is increased approximately by 50% when the TMD interaction
is stabilized (Fig. 4B). This result was very surprising, as we
expected the reduced «cell spreading observed in CHO/
a5(1960W)B1(V733L) cells would inhibit cell migration. We, there-
fore, interpret this unexpected observation in terms of the turn-
over rate between active and inactive integrins. The activation of
an integrin from inside-out signaling would separate the TMD
interaction, making the integrin active irrespective of the presence
or absence of a TMD interaction within the N-terminal region.

Once an integrin is activated by the separation of TMDs, then, an
increased TMD interaction generated from the presence of stabiliz-
ing N-terminal mutations would enhance the rate of the spontane-
ous inactivation integrin process because of the greater tendency
to making the TMD interaction again, thereby increasing the
turn-over rate (Fig. 4C). As a result, the rate of integrin activation
at the leading edges of cells would be the same, whereas at the
trailing edges of cells the rate of spontaneous deactivation of inte-
grin or the disassembly of integrin-mediated mature adhesions
would increase, making cells with stronger TMD interactions mi-
grate faster (Fig. 4D).

In the present study, we found that the degree of the TMD inter-
action varies among integrins, suggesting that each integrin has a
different basal affinity state. More importantly, we determined
that the N-terminal TMD interaction mediated by allb(Trp968)
and B3(Leu697) in integrin allbp3 is missing in integrin a5p1.
The lack of the N-terminal TMD interaction enabled integrin
o5B1 to respond more efficiently to a low concentration of
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Fig. 4. (A) Representative images of the wounding migration of CHO-B2/a581 and CHO-B2/a5(1960W)/B1(V733L) cells at times 0 and 17 h (left). Empty spaces were
identified and filled with black color, while regions covered with cells are shown with white (right). (B) At each time point, areas of black colored space in (A) were calculated
and subtracted from the area present at the initial starting point of time 0 (So) to calculate the covered area. Error bars represents standard errors (n = 4). (C) Turn-over rates
between the inactive and active conformation are illustrated as in Fig. 3E. The presence of the N-terminal TMD interaction would induce a faster association between TMDs as
indicated by black arrows, thereby increasing the turnover rate. (D) Increased turnover rates of integrin-mediated adhesion may induce faster migration, by accelerating the

disassembly of integrin-mediated adhesions and providing integrin pools to the front.

fibronectin, and thus facilitated outside-in signaling while main-
taining the same degree of talin-mediated inside-out integrin acti-
vation. Integrin o581, therefore, seems to adopt a method that
stabilizes the adhesion to existing ECMs and also compromises
the regulation of activation as tightly as platelet integrin.

Acknowledgment

We thank Dr. Eun-Gyung Cho for her critical review of our man-
uscript. This work was supported in part by a Korea University
Grant.

References

[1] J.D. Humphries, A. Byron, M.J. Humphries, Integrin ligands at a glance, ]. Cell
Sci. 119 (2006) 3901-3903.

[2] R.O. Hynes, Integrins: bidirectional, allosteric signaling machines, Cell 110
(2002) 673-687.

[3] AJ. Ridley, M.A. Schwartz, K. Burridge, R.A. Firtel, M.H. Ginsberg, G. Borisy, ].T.
Parsons, A.R. Horwitz, Cell migration: integrating signals from front to back,
Science 302 (2003) 1704-1709.

[4] C. Kim, F. Ye, M.H. Ginsberg, Regulation of integrin activation, Annu. Rev. Cell
Dev. Biol. 27 (2011) 321-345.

[5] SJ. Shattil, C. Kim, M.H. Ginsberg, The final steps of integrin activation: the end
game, Nat. Rev. Mol. Cell Biol. 11 (2010) 288-300.

[6] S. Tadokoro, SJ. Shattil, K. Eto, V. Tai, R.C. Liddington, ].M. de Pereda, M.H.
Ginsberg, D.A. Calderwood, Talin binding to integrin beta tails: a final common
step in integrin activation, Science 302 (2003) 103-106.

[7] C. Kim, T.L. Lau, T.S. Ulmer, M.H. Ginsberg, Interactions of platelet integrin
alphallb and beta3 transmembrane domains in mammalian cell membranes
and their role in integrin activation, Blood 113 (2009) 4747-4753.

[8] AW. Partridge, S. Liu, S. Kim, J.U. Bowie, M.H. Ginsberg, Transmembrane
domain helix packing stabilizes integrin alphallbbeta3 in the low affinity state,
J. Biol. Chem. 280 (2005) 7294-7300.

[9] BH. Luo, C.V. Carman, ]. Takagi, T.A. Springer, Disrupting integrin
transmembrane domain heterodimerization increases ligand binding affinity,
not valency or clustering, Proc. Natl. Acad. Sci. USA 102 (2005) 3679-3684.

[10] W. Li, D.G. Metcalf, R. Gorelik, R. Li, N. Mitra, V. Nanda, P.B. Law, J.D. Lear, W.F.
Degrado, J.S. Bennett, A push-pull mechanism for regulating integrin function,
Proc. Natl. Acad. Sci. USA 102 (2005) 1424-1429.

[11] B.H. Luo, T.A. Springer, J. Takagi, A specific interface between integrin
transmembrane helices and affinity for ligand, PLoS Biol. 2 (2004) e153.

[12] P.E. Hughes, F. Diaz-Gonzalez, L. Leong, C. Wu, J.A. McDonald, S.J. Shattil, M.H.
Ginsberg, Breaking the integrin hinge. A defined structural constraint regulates
integrin signaling, J. Biol. Chem. 271 (1996) 6571-6574.

[13] SJ. Shattil, P.J. Newman, Integrins: dynamic scaffolds for adhesion and
signaling in platelets, Blood 104 (2004) 1606-1615.

[14] F.G. Giancotti, E. Ruoslahti, Integrin signaling, Science 285 (1999) 1028-1032.

[15] M. Kim, C.V. Carman, T.A. Springer, Bidirectional transmembrane signaling by
cytoplasmic domain separation in integrins, Science 301 (2003) 1720-1725.


http://refhub.elsevier.com/S0006-291X(13)00933-9/h0005
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0005
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0010
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0010
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0015
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0015
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0015
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0020
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0020
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0025
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0025
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0030
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0030
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0030
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0035
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0035
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0035
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0040
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0040
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0040
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0045
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0045
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0045
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0050
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0050
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0050
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0055
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0055
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0060
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0060
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0060
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0065
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0065
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0070
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0075
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0075

412 C. Kim, M.-C. Kim/Biochemical and Biophysical Research Communications 436 (2013) 406-412

[16] J. Zhu, C.V. Carman, M. Kim, M. Shimaoka, T.A. Springer, B.H. Luo, Requirement
of alpha and beta subunit transmembrane helix separation for integrin
outside-in signaling, Blood 110 (2007) 2475-2483.

[17] C.Kim, T. Schmidt, E.G. Cho, F. Ye, T.S. Ulmer, M.H. Ginsberg, Basic amino-acid
side chains regulate transmembrane integrin signalling, Nature 481 (2012)
209-213.

[18] C.Kim, H.S. Lee, D. Lee, S.D. Lee, E.G. Cho, S.J. Yang, S.B. Kim, D. Park, M.G. Kim,
Epithin/PRSS14 proteolytically regulates angiopoietin receptor Tie2 during
transendothelial migration, Blood 117 (2011) 1415-1424.

[19] C.C. Feral, N. Nishiya, C.A. Fenczik, H. Stuhlmann, M. Slepak, M.H. Ginsberg,
CD98hc (SLC3A2) mediates integrin signaling, Proc. Natl. Acad. Sci. USA 102
(2005) 355-360.

[20] B. Nieswandt, I. Pleines, M. Bender, Platelet adhesion and activation
mechanisms in arterial thrombosis and ischaemic stroke, ]. Thromb.
Haemost. 9 (Suppl. 1) (2011) 92-104.

[21] T.L. Lau, C. Kim, M.H. Ginsberg, T.S. Ulmer, The structure of the integrin
alphallbbeta3 transmembrane complex explains integrin transmembrane
signalling, EMBO ]. 28 (2009) 1351-1361.

[22] Z. Zhang, A.O. Morla, K. Vuori, J.S. Bauer, R.L. Juliano, E. Ruoslahti, The alpha v
beta 1 integrin functions as a fibronectin receptor but does not support
fibronectin matrix assembly and cell migration on fibronectin, J. Cell Biol. 122
(1993) 235-242.

[23] NJ. Anthis, K.L. Wegener, F. Ye, C. Kim, B.T. Goult, E.D. Lowe, I. Vakonakis, N.
Bate, D.R. Critchley, M.H. Ginsberg, I.D. Campbell, The structure of an integrin/
talin complex reveals the basis of inside-out signal transduction, EMBO ]. 28
(2009) 3623-3632.

[24] C. Kim, F. Ye, X. Hu, M.H. Ginsberg, Talin activates integrins by altering the
topology of the beta transmembrane domain, J. Cell Biol. 197 (2012) 605-611.

[25] M.C. Kim, D.M. Neal, R.D. Kamm, H.H. Asada, Dynamic modeling of cell
migration and spreading behaviors on fibronectin coated planar substrates
and micropatterned geometries, PLoS Comput. Biol. 9 (2013) e1002926.


http://refhub.elsevier.com/S0006-291X(13)00933-9/h0080
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0080
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0080
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0085
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0085
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0085
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0090
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0090
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0090
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0095
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0095
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0095
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0100
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0100
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0100
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0105
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0105
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0105
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0110
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0110
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0110
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0110
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0115
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0115
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0115
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0115
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0120
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0120
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0125
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0125
http://refhub.elsevier.com/S0006-291X(13)00933-9/h0125

	Differences in α–β transmembrane domain interact
	1 Introduction
	2 Materials and methods
	2.1 Plasmids and antibodies
	2.2 Affinity capture
	2.3 Lentivirus preparation
	2.4 Soluble fibronectin binding assay
	2.5 Spreading assay

	3 Results and discussion
	3.1 Degree of transmembrane domain interaction varies among different integrins
	3.2 α5(I960W) and β1(V733L) enhance the α5-β1 TM
	3.3 Increased αβ interaction in N-terminal TMDs 
	3.4 Increased αβ interaction in N-terminal TMDs 

	Acknowledgment
	References


