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LCP1 preferentially binds clasped αMβ2 integrin and attenuates
leukocyte adhesion under flow
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ABSTRACT
Integrins are α/β heterodimers that interconvert between inactive and
active states. In the active state the α/β cytoplasmic domains recruit
integrin-activating proteins and separate the transmembrane and
cytoplasmic (TMcyto) domains (unclasped TMcyto). Conversely, in
the inactive state the α/β TMcyto domains bind integrin-inactivating
proteins, resulting in the association of the TMcyto domains (clasped
TMcyto). Here, we report the isolation of integrin cytoplasmic tail
interactors using either lipid bicelle-incorporated integrin TMcyto
domains (α5, αM, αIIb, β1, β2 and β3 integrin TMcyto) or a clasped,
lipid bicelle-incorporated αMβ2 TMcyto. Among the proteins found to
preferentially bind clasped rather than the isolated αM and β2
subunits was L-plastin (LCP1, also known as plastin-2), which binds
to andmaintains the inactive state of αMβ2 integrin in vivo and thereby
regulates leukocyte adhesion to integrin ligands under flow. Our
findings offer a global view on cytoplasmic proteins interacting with
different integrins and provide evidence for the existence of
conformation-specific integrin interactors.
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INTRODUCTION
Integrins are α/β heterodimeric cell surface receptors that establish
cell–cell and cell–extracellular matrix (ECM) interactions required
for migration, proliferation, differentiation and survival. The α and β
integrin subunits are composed of a large extracellular domain, a
single transmembrane segment of ∼25 amino acids and a short
cytoplasmic tail of 10–70 amino acids. Integrin binding to ligand
leads to integrin clustering, the assembly of a protein network
termed adhesome, and eventually the transduction of biochemical
and biophysical signals (also called outside-in signaling).
A hallmark of integrins is their ability to adopt different affinities

toward their ligand. The affinity switch from an unbound, low-
affinity conformation to the bound, high-affinity conformation
(called integrin activation or inside-out signaling) is believed to be
mediated by the two adaptor protein families, talins and kindlins,

which bind to specific sites in the β integrin cytoplasmic domain and
to lipids of the nearby plasma membrane. The consequence of talin
and kindlin binding is the dissociation of the transmembrane and
cytoplasmic (TMcyto) domains of the α and β subunits, leading to
the separation (unclasping) of the proximal legs of the α/β integrin
ectodomain, followed by a conformational change in the
extracellular domain that allows high-affinity ligand binding
(Campbell and Humphries, 2011; Kim et al., 2011; Shattil et al.,
2010). Although it is evident that the high-affinity conformation can
be reversed, it is not entirely clear how this is achieved at the
molecular level. Several proteins such as sharpin, filamin family
members and ICAP, as well as phosphorylation of the β integrin tail,
have been shown to displace talin and/or kindlin family proteins,
leading to the association of integrin α/β TMcyto subunits through
the interaction between GxxxG dimerization motifs in the outer half
of the plasma membrane (called the outer plasma membrane clasp)
and a salt bridge in the juxtamembrane region at the inner half of the
plasma membrane (called the inner plasma membrane clasp) (Lau
et al., 2009; Yang et al., 2009). Both the outer and the inner plasma
membrane clasps constitute weak interactions, suggesting that
proteins may exist that lock and/or maintain integrins in an
inactive state. Such integrin inactivators could represent a
regulatory mechanism that efficiently prevents unwanted integrin
activation, which is particularly important for cells of hematopoietic
origin (Schmidt et al., 2013). Furthermore, proteins interacting with
inactive integrins would allow cells to distinguish between active and
inactive integrins in other processes including integrin biosynthesis
and intracellular integrin trafficking, which affect the levels of
integrins at the cell surface and modulate signaling pathways
(Bouvard et al., 2013; De Franceschi et al., 2015).

In the present paper, we developed a screening strategy to identify
proteins that preferentially bind clasped α/β integrin tails. Among the
proteins that favored binding of clasped αMβ2 integrin tails was L-
plastin. Plastins are a family of three actin-bundling proteins with
distinct expression patterns: T-plastin (also known as plastin-3) is
broadly expressed, including in all cells with replicative potential (Lin
et al., 1993), I-plastin (also known as plastin-1) is restricted to
intestine and kidney cells, while L-plastin (LCP1, also known as
plastin-2) expression occurs in leukocytes and in many malignant
human cell lines of non-hematopoietic origin (Lin et al., 1988).
Plastins consist of two amino-terminal EF-hands, implicated in Ca2+

binding, and two tandem actin-binding domains each composed of
two calponin homology domains. Although plastins are primarily
involved in regulation of the actin cytoskeleton, they possess
additional properties and are involved in several cellular functions
such as cell migration, neutrophil function, DNA repair and
endocytosis (Delanote et al., 2005). LCP1 has been linked to
integrins, yet the precise mechanism of how it regulates integrin
function is unclear. LCP1 has been shown to interact with β integrin
subunits (Le Goff et al., 2010), and to activate αMβ2 integrin inReceived 27 March 2018; Accepted 7 September 2018
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polymorphonuclear neutrophils (PMNs) (Jones et al., 1998) and
αVβ3 integrin in K562 cells (Wang et al., 2001). In contrast, however,
LCP1−/− neutrophils exhibit no integrin activation defect but fail to
mount an efficient integrin adhesion-dependent respiratory burst
(Chen et al., 2003). Here, we show that LCP1 forms a ternary complex
with αMβ2 integrin and negatively regulates integrin-mediated cell
adhesion by maintaining αMβ2 integrin in an inactive conformation.

RESULTS
α and β integrin tail interactors isolated with bicelle-
incorporated TMcyto domains
Due to the short cytoplasmic domains of integrin α and β subunits,
direct integrin interactors such as talins and kindlins are in close
proximity to the plasma membrane with which they interact to
reinforce integrin tail binding and induce signaling (Anthis et al.,
2009; Goult et al., 2010, 2009; Liu et al., 2011; Moore et al., 2012;
Perera et al., 2011; Saltel et al., 2009). Previous studies employed
yeast two-hybrid or pull-down experiments with either single α or β
integrin cytoplasmic domains to identify specific binding partners
(Legate and Fassler, 2009; Morse et al., 2014; Raab et al., 2010).
However, these approaches do not detect binding partners whose
interaction with the plasma membrane is crucial for integrin tail
binding. To solve this issuewe incorporated the recombinant integrin
β1 TMcyto domain into bicelles as a membrane-mimetic
environment. Bicelles form discoidal nanostructures that have been
used to study the structure of different integrin TMcyto domains
through the use of nuclear magnetic resonance (NMR) spectroscopy
(Lau et al., 2008a,b, 2009; Lu et al., 2012; Surya et al., 2013). The
bicelles used in this work were composed of the long-chain
phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 6-cyclohexyl-1-hexylphosphocholine (Cyclofos-6) as
the short-chain phospholipid that stabilizes the edge of the bilayer
discs (Fig. S1A). As biological membranes contain negatively
charged lipids (Leventis and Grinstein, 2010) we replaced 10% of
DMPC with phosphatidylserine (POPS) and confirmed the
phospholipid ratio in the bicelles through the use of liquid
chromatography-mass spectrometry (LC-MS) (Fig. S1A–C). In
line with previous studies (Lu et al., 2012; van Dam et al., 2004),
changing the ratio of DMPC to Cyclofos-6, referred to as the q-value,
gave rise to bicelles with hydrodynamic radii ranging from
3.16±0.08 nm (mean±s.e.m.; q=0.25) to 19.95±0.64 nm (q=4), as
measured using dynamic light scattering (DLS) (Fig. S1D).
Next, we expressed His-tagged α5 and β1 integrin TMcyto

domains in E. coli, purified them and determined their incorporation
into bicelles by measuring their hydrodynamic radius via DLS.
Although α5 and β1 integrin TMcyto domains were successfully
incorporated into bicelles with a q-value of 0.25, their direct
incorporation into bigger bicelles (q=2) failed (Fig. S1E). As in silico
modeling suggests that the bicelle radius must be >8 nm to support
membrane interactions of kindlin and talin proteins bound to β3
integrin, we tested the possibility of increasing the radius by mixing
small and large bicelles. Indeed, incubation of q=0.25 bicelles with
q=4 bicelles to produce a q=2* (asterisk indicates the generation of
q=2 bicelles by incubating q=0.25 bicelles with q=4 bicelles) mixture
resulted in a homogenous solution of bicelles with a hydrodynamic
radius of 8.88±0.51 nm (Fig. S1D). Using this approach we
incorporated α5 or β1 integrin TMcyto domains into q=0.25
bicelles and added an equal volume of q=4 bicelles, resulting in
q=2* bicelles containing our protein of interest with a hydrodynamic
radius of ∼10 nm (Fig. S2; Table S1).
To test whether negatively charged lipids in β1 integrin TMcyto-

containing bicelles increase the association of proteins to β1 tails in

pull-down experiments, we incubated His-tagged TMcyto domains
of β1 and α5 integrins either incorporated into bicelles or left
without bicelles with mouse fibroblast cell lysates and pulled down
talin and kindlin-2, known to establish plasma membrane
interactions for optimal integrin binding (Anthis et al., 2009;
Goult et al., 2010, 2009; Liu et al., 2011; Moore et al., 2012; Perera
et al., 2011). Due to the mild washing conditions, we observed a
very weak binding of both proteins to α5 integrin TMcyto and
empty beads. Importantly, however, β1 integrin TMcyto domain
incorporated into bicelles bound significantly more talin (48%) and
kindlin-2 (38%) compared to the β1 integrin TMcyto domain alone
(Fig. 1A,B). These data show that the incorporation of integrin
TMcyto domains into negatively charged bicelles can increase the
affinity of proteins for the integrin cytoplasmic domains and thereby
could promote the identification of novel integrin tail interactors in
pull-down assays. To identify interacting partners of different
integrin TMcyto domains, we recombinantly expressed α5, αM and
αIIb as well as β1, β2 and β3 integrin TMcyto domains,
incorporated them into q=0.25 bicelles, mixed those with q=4
bicelles and performed a pull-down with hypotonic cell lysates
derived from mouse bone marrow-derived macrophages (BMDM).
After pull-down, the interacting proteins were resolved using
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then
identified through the use of liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Fig. S3A).

Our analysis identified around 1500 proteins (Table S2). Label-
free quantification revealed good reproducibility and consistency
between replicates (Fig. S3B). Four, 43 and 156 proteins were
significantly enriched in the α5, αM and αIIb cytoplasmic tail
interactome, respectively, (Fig. 1C,D; Table S3), while 60, 55 and
107 proteins were enriched in β1, β2 and β3 pull-downs,
respectively (Fig. 1C,D; Table S3). Interestingly, no common
interactors were identified for all three integrin α cytoplasmic tails,
while the β1, β2 and β3 subunits had 13 common interactors,
including talin-1 and filamin-1 (also known as filamin-A) (Fig. 1D;
Table S3). These results are in line with the presence of conserved
motifs shared among the β1, β2 and β3 integrin cytoplasmic
domains and highly divergent motifs in α integrin tails. These data
demonstrate the feasibility of screening approaches based on
bicelle-incorporated proteins and show qualitative differences
between the interactomes of different integrin subunits.

Identification of conformation-specific αMβ2 integrin
interactors
Various proteins bind to either α or β cytoplasmic tails to regulate
the integrin activity state (Legate and Fassler, 2009). However,
filamin-1 was very recently shown to simultaneously bind inactive,
clasped αIIbβ3 integrins in order to maintain the inactive state (Liu
et al., 2015). A shortcoming of earlier screening approaches is the
use of single α or β integrin cytoplasmic domains, which do not
recruit interactors that require both integrin tails for binding. To
detect such integrin interactors we developed a strategy to mimic the
heterodimeric integrin cytoplasmic tail conformation in its inactive,
clasped state. Our method is based on the Jun–Fos dimerization
domains (fused to the ectoplasmic N-termini of the TM domains) as
‘velcro’ to mediate heterodimer formation. Since a previous
fluorescence resonance energy transfer (FRET) study revealed a
spatial separation of the αM and β2 subunit cytoplasmic tails in the
plasma membrane upon chemokine-induced integrin activation
(Lefort et al., 2009), we decided to construct a Jun–Fos-dimerized
αMβ2 TMcyto domain to clasp the αM and β2 TMcyto domains
and used it as bait to search for interactors of integrins in the inactive
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state. To this end we expressed recombinant proteins consisting of
an amino-terminal tag sequence (His or FLAG for purification and
pull-down) followed by a cysteine–glycine (CG) linker, the Jun–Fos
dimerization domains, a 4× glycine linker (GGGG) and the αM or
β2 integrin TMcyto domains (Fig. 2A,B). The CG linker was
inserted to ensure stability, a parallel orientation and a correct
stagger of the coiled coil sequences within the dimer, while the
GGGG linker was inserted to provide flexibility of the integrin tails.
The proteins were expressed and purified from bacteria (Fig. 2B,
lanes 2–4) and when incubated together, His–Fos–αM–TMcyto and
FLAG–Jun–β2–TMcyto formed heterodimers in a 1:1 ratio
(Fig. 2B, lane 1). DLS measurements revealed that the
incorporation of αM or β2 TMcyto into bicelles increased their
size from 8.88±0.51 nm (empty bicelles) to 10.05±0.26 nm or
10.25±0.31 nm, and after incorporation of the Jun–Fos-dimerized
αMβ2 TMcyto to 11.17±0.49 nm (Fig. S2).
The Jun–Fos-dimerized αMβ2 TMcyto domains incorporated into

bicelles were used to pull down proteins from BMDM lysates. The

interactome was subjected to LC-MS/MS and the identified proteins
were quantified using the label-free quantification algorithm of the
MaxQuant software and compared with the interactome from
individual αM and β2 TMcyto domains. We identified 1561
proteins, and application of the statistical t-test between β2 and
αMβ2 interactors revealed 222 proteins that increased binding to
associated αMβ2 integrins (Fig. 2C, Table S4), among them filamin-
2 (also known as filamin-C), and moesin, which has been shown to
displace talin-1 and inactivate integrins (Vitorino et al., 2015). Taken
together, these results highlight the existence of cytoplasmic proteins
that interact predominantly or exclusively with different αMβ2
integrin structural states (corresponding to clasped inactive state or
non-clasped activated state heterodimers).

L-plastin (LCP1)maintains αMβ2 integrins in an inactive state
Thehematopoietic-specificα-actinin familymemberL-plastin (LCP1)
(Lebart et al., 2004)was among the proteinswith the strongest increase
in binding to the claspedαMβ2TMcyto domain (Fig. 2C). LCP1 is an

Fig. 1. Interactome analysis of individual, lipid-incorporated α and β integrin TMcyto domains. (A) Pull-down of talin and kindlin-2 using recombinant
His-tagged α5–TMcyto or β1–TMcyto proteins with or without bicelle incorporation, from cell lysates. (B) Quantification of talin and kindlin-2 binding to His-tagged
β1–TMcyto proteins with or without bicelle incorporation from western blots, using ImageJ (mean±s.e.m., n=3, *P<0.05). (C) Volcano plots of fold-change of
protein intensities versus t-test P-value for binding to distinct α and β integrin subunits; statistically significant (P<0.05) interactors are labeled in red.
(D) Overlap of proteins identified as interactors with the different α and β TMcyto domains illustrated as a Venn diagram.
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Fig. 2. See next page for legend.
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actin-bundling protein that has been implicated in the formation and/
or maintenance of integrin-associated adhesion structures (Jones
et al., 1998; Morley, 2012; Wang et al., 2001). As LCP1 has been
shown to interact with the cytoplasmic domain of β1 and β2 integrins
(Le Goff et al., 2010), we first validated the interaction with
bicelle-embedded, Jun–Fos-dimerized αMβ2 and individual β2
TMcyto domains in pull-down experiments. In line with our
proteomics data, the Jun–Fos-dimerized αMβ2 TMcyto bait pulled
down significantly more LCP1 than the β2 TMcyto bait. Conversely,
talinwas predominantly pulled downby the β2TMcyto bait (Fig. 2D,
E). Furthermore, purified recombinant glutathione S-transferase
(GST)-tagged LCP1 also showed higher binding to clasped Jun–Fos-
dimerized αMβ2 TMcyto compared to the individual αM and β2
TMcyto domains in ELISA assays (Fig. 2F). To further support the
formation of a ternary complex between αM, β2 and LCP1 we
performed pull-down experiments with recombinant GST, GST–
LCP1, His–αM-cytoplasmic tail (His–αM–cyto), and maltose-
binding protein–β2 cytoplasmic tail (MBP–β2–cyto) (Fig. S4A,B).
These experiments revealed that His–αM–cyto was only able to pull
down MBP–β2–cyto in the presence of GST–LCP1 but not in the
presence of GST (Fig. 2G). GFP–LCP1 co-immunoprecipitated with
β2 integrins from neutrophil-like PLB985 cell lysates and,
importantly, this interaction was significantly reduced after agonist-
induced integrin activation by phorbol 12-myristate 13-acetate
(PMA) (Fig. 2H), indicating that LCP1 also preferentially interacts
with inactive β2 integrins in cells. Finally, we tested whether LCP1
competes with talin for integrin binding similar to the integrin
inactivator filamin-1 (Calderwood et al., 2001). To this end, we
examined the binding of GST–LCP1 to dimeric αMβ2 integrin
TMcyto in the absence or presence of excess amounts of purified
talin-1 head domain and found that the talin-1 head reduced
GST–LCP1 binding to Jun–Fos-dimerized αMβ2 TMcyto domains
(Fig. 2I). Taken together, these findings indicate that LCP1 forms a
ternary complex with cytosolic domains of αMβ2 integrin and
competes with talin-1 for integrin tail binding.

LCP1 regulates β2 integrin-mediated functions and activity
The biochemical data suggests that LCP1 stabilizes the inactive
conformation of αMβ2 integrins. In order to test this hypothesis we
overexpressed GFP-tagged LCP1 in differentiated neutrophil-like
PLB985 cells (Fig. S5A) and analyzed the levels of active αMβ2
integrin by fluorescence-activated cell sorting (FACS) using
antibodies that recognize activation-induced epitopes. GFP–LCP1
but not GFP alone exerted a significant inhibitory effect on αMβ2
integrin activation (Fig. 3A) without altering the total cell-surface
αMβ2 integrin levels (Fig. 3B). Interestingly, PMA- or tumor
necrosis factor α (TNFα)-induced integrin activation failed to fully
rescue the integrin activation defect in GFP–LCP1-overexpressing
PLB985 cells (Fig. 3C).

Since LCP1 overexpression locks αMβ2 integrin in an inactive
state, we expected that LCP1 depletion would render αMβ2
integrins more active. To deplete LCP1 we retrovirally expressed
two different short hairpin RNAs (shRNA) in differentiated
PLB985 and macrophage-like Raw264.7 cells (Fig. 3D;
Fig. S5B), which reduced LCP1 levels by ∼85% and ∼70%,
respectively. Surprisingly, LCP1 depletion did not change the levels
of active αMβ2 in differentiated PLB985 cells (Fig. 3E) but instead
increased the cell-surface levels of αMβ2 integrin in differentiated
PLB985 (Fig. 3F) and Raw264.7 (Fig. S5C) cells without
significantly altering αM and β2 integrin mRNA levels (Fig. S5D,
E). Importantly, the increased αMβ2 integrin levels could be
normalized after re-expression of shRNA-resistant wild-type LCP1
(Fig. 3G,H). LCP1 could potentially change cell-surface levels of
β2 integrin without altering mRNA levels by affecting the total
amount of β2 integrin protein in the cell or through altered surface
presentation. We therefore analyzed β2 integrin protein levels and
the stability of cell-surface β2 integrins in control and LCP1-
depleted PLB985 and Raw264.7 cells. LCP1 levels had no effect on
β2 integrin stability and protein levels in PLB985 cells (Fig. 3I,J)
suggesting that changes in β2 integrin surface levels are due to
altered protein trafficking. In contrast, LCP1 depletion in Raw264.7
cells reduced β2 integrin degradation and as consequence increased
the total β2 integrin protein levels (Fig. 3K,L).

In line with a role of LCP1 as negative regulator of integrin
activation, LCP1-depleted Raw264.7 cells showed increased
adhesion to the integrin αMβ2 ligands fibrinogen and intercellular
cell adhesion molecule-1 (ICAM-1) without prior agonist-induced
integrin activation (Fig. 4A–D), even after sorting for equal αMβ2
integrin levels to control Raw264.7 cells (Fig. 4E,F). Interestingly,
the increased adhesion of LCP1-depleted Raw264.7 cells was lost
upon stimulation with PMA, which is a strong integrin activator
(Fig. 4A,B), but not upon stimulation with TNFα (Fig. 4C,D).
Similar results were obtained with LCP1-depleted differentiated
PLB985 cells, which adhered more strongly to fibrinogen, and this
effect was reversed on re-expression of LCP1 (Fig. 4G–I). Since
phosphorylation of LCP1 on serine-5 and serine-7 regulates its actin
bundling activity and localization (Morley, 2012), we next tested the
effect of LCP1 phosphorylation on cell adhesion in PLB985 cells and
its ability to interact with clasped αMβ2 integrin. To this end, we
substituted serine-5 and serine-7 of LCP1, the major phosphorylation
sites located in its regulatory headpiece domain (Lin et al., 1998;
Shinomiya et al., 1995), with alanine (LCP1 SS/AA) or glutamic acid
(LCP1 SS/EE). The serine-to-glutamic acid exchange strongly
reduced the binding of GFP-tagged LCP1 (GFP–LCP1 EE) to Jun–
Fos-dimerized αMβ2 TMcyto bait proteins compared to wild-type
LCP1 and LCP1 SS/AA (Fig. 4H). As a result, expression of GFP–
LCP1 EE in LCP1-depleted PLB985 cells failed to reduce cell
adhesion to fibrinogen (Fig. 4I).

Fig. 2. Interactor screen with clasped α/β integrin TMcyto baits.
(A) Schematic representation of the integrin TMcyto constructs. CG, cysteine-
glycine motif to stabilize the dimer; Fos (Dim) and Jun (Dim), dimerization
domain of Fos and Jun proteins; GGGG, glycine stretch to increase the
flexibility of the integrin cytoplasmic tails. (B) Recombinant His–Fos–αM–

TMcyto, His–Jun–β2–TMcyto, and 3×FLAG–Jun–β2–TMcyto were expressed
and purified with Ni-NTA or FLAG–M2 beads as monomers (lane 2, 3, 4). Co-
incubation of His–Fos–αM–TMcyto and 3×FLAG–Jun–β2–TMcyto followed by
Ni-NTA reveals dimer formation (lane 1). (C) Volcano plot showing fold-change
of protein intensities versus t-test P-value for cytosolic proteins interacting with
αM–TMcyto versus αMβ2-TMcyo domains. Proteins with significantly
increased binding to either αM or αMβ2 (P<0.05) are labeled in red. Filamin-2
(FLNC) and LCP1 are marked. (D) Western blot analysis of talin and LCP1
pulled down with individual αM–TMcyto and β2–TMcyto or clasped αMβ2–
TMcyto domains embedded in bicelles. (E) Quantification of LCP1 and talin
western blot band intensities shown in D (mean±s.e.m., n=3, *P<0.05).
(F) Quantification of GST or GST–LCP1 binding to immobilized His–Fos–αM–

TMcyto, His–Jun–β2–TMcyto and the clasped His–Fos–αM–TMcyto/
3×FLAG–Jun–β2–TMcyto dimer using solid-phase ligand-binding assays.
Bound proteins were detected with anti-LCP1 antibodies. GST was used as
control for nonspecific binding (mean±s.e.m., n=3, **P<0.01). (G) Western blot
showing the pull-down of MBP–β2–cyto with His–αM–cyto in the presence of
GST–LCP1. (H) Western blot and densitometric analysis of β2 integrin co-
immunoprecipitations for GFP and β2 integrin from lysates of PMA- or DMSO-
treated PLB985 cells expressing GFP–LCP1. β2 integrin served as a loading
control to quantify GFP–LCP1 binding (mean±s.e.m., n=3, *P<0.05).
(I) Binding of GST–LCP1 to His–Fos–αM–TMcyto or His–Fos–αM–TMcyto/
3×FLAG–Jun–β2–TMcyto dimer was assessed in the absence or presence of
recombinant talin-1 head. A representative SDS-PAGE of three independent
experiments is shown.
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Fig. 3. See next page for legend.
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To test the influence of LCP1 on adhesion of PLB985 cells under
flow conditions, we analyzed adhesion of LCP1-depleted and
GFP–LCP1 overexpressing PLB985 cells using amicroflow chamber.
The experiments revealed that the number of adherent LCP1
knockdown cells per field of view (FOV) in fibrinogen-coated
microflow chambers is significantly increased compared to shCtrl
cells at baseline condition (Fig. 5A). By increasing shear stress levels
in the flow chamber, control adherent cells detached faster compared
to adherent LCP1-depleted PLB985 cells, indicating that the reduction
in LCP1 levels induced resistance against shear forces (Fig. 5B).
Conversely, GFP–LCP1-overexpressing cells adhered less compared
to control cells at low shear (Fig. 5C) and detached faster after
increasing the shear stress (Fig. 5D). Taken together, these results
suggest that LCP1 negatively regulates adhesion strength and
resistance to shear forces by maintaining αMβ2 integrin in an
inactive conformation.

DISCUSSION
Integrins rely on the recruitment of proteins to their cytoplasmic tails
to regulate their activity state, establish a connection to the actin
cytoskeleton, initiate intracellular signaling and regulate their
intracellular trafficking (Legate and Fassler, 2009; Margadant
et al., 2011). Previous interaction studies identified cytoplasmic
interactors of isolated α and β integrin subunits but most approaches
are unable to detect interactors that require hetero-association of
both integrin tails for binding. Therefore, we generated bait proteins
for pull-down assays that consisted of clasped α/β integrin TMcyto
domains. To ensure that integrin-interacting proteins requiring
TMcyto–protein as well as plasma membrane–lipid interactions did
not escape our detection, we embedded the clasped α/β TMcyto

domains into bicelles. We used quantitative MS to compare the
interactome of individual α and β integrin subunits (representing the
unclasped, active conformation of an integrin transmembrane and
cytoplasmic domain) with the clasped α/β integrin TMcyto domain
(representing the inactive TMcyto-associated heterodimeric state)
and found several integrin interactors that preferably bound to either
single or clasped integrin TMcyto domains.

One important modification of our proteomic approach is the
incorporation of integrin TMcyto domains into bicelles as a
membrane-mimicking system to stabilize and support protein
interactions with the integrin cytoplasmic tails. Integrins contain
only short cytoplasmic domains and recruit their intracellular
interactors in close proximity or even in direct contact with the
plasma membrane. A number of intracellular integrin interactors,
including talins and kindlins, contain membrane-binding sites that
increase the association constant upon binding integrin tails and
charged lipids (Anthis et al., 2009; Goult et al., 2010, 2009; Liu et al.,
2011; Moore et al., 2012; Perera et al., 2011). Using integrin bait
proteins incorporated into bicelles, we identified four, 43 and 156
proteins that were pulled down with α5, αM and αIIb cytoplasmic
tails, respectively, and between 55 and 107 proteins with the different
β integrin subunits. The number of potential interactors is slightly
higher but still in the range of previously published proteomics
interaction studies with α or β integrin peptides (Raab et al., 2010;
Schiller et al., 2013). The increased number of interactors could be
the result of less stringent, detergent-free washing conditions to
preserve bicelle integrity or the presence of a membrane to facilitate
and stabilize potential interactions. Indeed, the binding of talin and
kindlin-2 to the β1 TMcyto domain increases after incorporation of
the β1 TMcyto bait into bicelles. The charged membrane either
presents an additional binding motif that adds to the overall affinity or
favors optimal alignment of the two interactors for high-affinity
binding, as has been shown for interaction of the talin FERM domain
with the β3 cytoplasmic tail in the presence of negatively charged
PtdIns(4,5)P2 (Moore et al., 2012). Despite the different pull-down
approaches, we observed similar trends to those previously published
regarding the number of interactors with the individual α or β
cytoplasmic domains. For example, only a few proteins bind to α5
tails as compared to αIIb (Raab et al., 2010). Likewise, there are a
higher number of β3 integrin interactors compared to β1 integrins
(Schiller et al., 2013). Further modification of the bicelle
composition, for example by adding specific phosphatidyl-inosites,
would allow the analysis of protein recruitment to integrin cytosolic
domains in specific membrane compartments.

An important property of integrins, usually not taken into account
in proteomic-based screening approaches for interactors, is their
ability to switch between conformational states. In their inactive state
the TMcyto domains of the α and β integrin subunits are associated,
while they become separated upon integrin activation. Cells
distinguish between the two conformations during integrin
activation on the cell surface to control ligand binding and the
conformation-specific trafficking of integrins through the endosomal
system (reviewed in De Franceschi et al., 2015). Evidence suggests
that the inactive conformation of integrins may not be a default state
but is dynamically regulated by the binding of intracellular proteins,
referred to as integrin inactivators (Bouvard et al., 2013). Intracellular
integrin inactivators trigger integrin inactivation and/or maintain
integrins in an inactive state, thereby establishing a regulatory
mechanism to efficiently prevent unwanted integrin activation. This
mode of regulation is particularly important for αIIbβ3 integrin and
β2-class integrins expressed on hematopoietic cells to prevent blood
clotting or unwanted attachment of leukocytes to the vessel wall, with

Fig. 3. LCP1 regulates αMβ2 integrin-mediated functions and activity.
(A) Quantification of αMβ2 integrin activation in PLB985 cells overexpressing
GFP–LCP1, determined by means of FACS using an antibody against an
activation-induced epitope. Active αMβ2 integrin antibody binding levels were
normalized to total cell-surface levels of αMβ2 integrin; values are normalized
to GFP-expressing cells. (mean±s.e.m., n=5, *P<0.05). (B) αMβ2 integrin
cell-surface expression in GFP–LCP1 overexpressing PLB985 cells relative to
GFP-expressing PLB985 cells (values are normalized to GFP-expressing
cells; mean±s.e.m.; n=5; n.s., not significant). (C) Quantification of active αMβ2
integrin cell-surface levels in GFP–LCP1-overexpressing PLB985 cells using
FACS after TNFα- and PMA-induced integrin activation (active αMβ2 integrin
levels were normalized to total cell-surface levels of αMβ2 integrin; values are
normalized to GFP-expressing cells; mean±s.e.m., n=5, *P<0.05).
(D) Western blot analysis of shRNA-mediated depletion of LCP1
in differentiated (dif) and undifferentiated PLB985 cells. Cells were infected
with shCtrl or two different LCP1 shRNAs (shLCP1-1 and shLCP1-2).
(E) Quantification of αMβ2 integrin activation in LCP1-depleted differentiated
PLB985 cells using FACS (active αMβ2 integrin levels were normalized to total
cell-surface levels of αMβ2 integrin; values are normalized to differentiated
cells expressing shCtrl; mean±s.e.m.; n=3; n.s., not significant). (F) FACS
analysis of αMβ2 cell-surface expression on LCP1-depleted differentiated
PLB985 cells after LCP1 knockdown (values are normalized to shCtrl cells;
mean±s.e.m., n=3, *P<0.05, **P<0.01). (G) Western blot of LCP1 and GFP in
differentiated LCP1-depleted PLB985 cells after GFP–LCP1 re-expression.
(H) Re-expression of shRNA-resistant GFP–LCP1 in LCP1-depleted PLB985
cells (shLCP1-1, shLCP1-2) restores αMβ2 integrin cell-surface levels.
Expression of cell-surface αMβ2 integrin was determined using FACS (values
are normalized to shCtrl–GFP; mean±s.e.m.; n=3; *P<0.05; **P<0.01, n.s., not
significant). (I,K) Western blot and densitometric analysis of cell lysates from
shCtrl and LCP1-depleted PLB985 (I) and Raw264.7 (K) cells for total β2
integrin protein levels. Actin served as a loading control to quantify β2 integrin
levels (mean±s.e.m.; n=3; *P<0.05; n.s.; not significant). (J,L) Degradation of
cell-surface β2 integrin was determined in PLB985 (J) and Raw264.7 (L) cells
through biotinylation of cell-surface proteins and incubation for 0 h or 24 h,
followed by streptavidin pull-down, western blot analysis and quantification
(mean±s.e.m.; J, n=3; L, n=4; **P<0.01; n.s., not significant).
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dramatic consequences for immune functions (Schmidt et al., 2013).
With the exception of filamin-2 and moesin, however, we were
unable to detect other prominent integrin tail-binding inactivators
including sharpin, ICAP, etc. in our pull-down experiments.

To mimic the inactive heterodimeric integrin cytoplasmic tail
conformation we developed a bait for pull-down experiments based
on the Jun–Fos dimerization domains, which have been used to
maintain heterodimeric association of recombinantly expressed α/β

Fig. 4. LCP1 regulates αMβ2 integrin-mediated cell adhesion. (A–D)Quantification of cell adhesion of LCP1-depletedRaw264.7 cells on fibrinogen (10 µg/ml)
(A,C) and ICAM-1 (4 µg/ml) (B,D) for 30 min with or without PMA (A,B) or TNFα (C,D) treatment; values are normalized to control cells (shCtrl) (mean±s.e.m.; n=3;
*P<0.05; **P<0.01; n.s., not significant). (E) FACS analysis of β2 integrin cell-surface expression on LCP1-depleted Raw264.7 cells sorted for equal β2 surface
levels (values are normalized to shCtrl cells; mean±s.d., n=3, n.s. not significant). (F) Quantification of cell adhesion of control and LCP1-depleted Raw264.7 cells
with equal αMβ2 integrin surface levels for 30 min on fibrinogen (10 µg/ml); values are normalized to control cells (shCtrl) (mean±s.e.m., n=4, *P<0.05).
(G)Western blot of LCP1 andGFP in differentiated LCP1-depleted PLB985 cells expressing GFP, or GFP-tagged wild-type or mutant LCP1 variants. (H)Western
blot analysis to determine GFP–LCP1 binding to αMβ2–TMcyto domains with antibodies against GFP. Cell lysates of differentiated LCP1-depleted PLB985 cells
expressing GFP, or GFP-tagged wild-type or mutant LCP1 variants, incubated with His–αM–TMcyto or clasped His–αM–TMcyto/3×FLAG–β2–TMcyto domains
bound to Talon beads. Binding of recombinant integrin tails to the resin was verified using Coomassie Blue staining. A representative experiment of three
independent experiments is shown. (I) Quantification of cell adhesion of differentiated control and LCP1-depleted PLB985 cells expressing GFP, or GFP-tagged
wild-type or mutant LCP1 variants for 30 min on fibrinogen (100 µg/ml); values are normalized to control cells (shCtrl) (mean±s.d., n=5, *P<0.05).
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integrin ectodomains (Eble et al., 1998; Raynal et al., 2006).
Unexpectedly, we observed a large number of proteins pulled down
with the Jun–Fos-dimerized αMβ2 TMcyto tails compared to the
single αM or β2 TMcyto domain. This could be due to the low
stringency binding and washing conditions that pulled down
low-affinity binding proteins and complexes as well as unspecific
interactors with the Jun–Fos domains. Among the dimer-specific
interactors, we identified filamin-2 and moesin, which have been
shown to promote integrin inactivation (Das et al., 2011; Vitorino
et al., 2015). Filamins have been established as negative regulators
of integrin activation by competing with talin-1 for integrin β tails
(Das et al., 2011; Ithychanda et al., 2009; Kiema et al., 2006). A
recent NMR study showed that filamin-1 forms a ternary complex
with the αIIb and β3 cytoplasmic tails to stabilize the integrin inner
membrane clasp and thereby retains the integrin in a resting state
(Liu et al., 2015). Moesin, a member of the ezrin, radixin and
moesin (ERM) protein family, is phosphorylated by MAP4K4 and
displaces talin-1 from integrin β tails, leading to integrin
inactivation (Vitorino et al., 2015). Our proteomics data also
suggest that moesin has binding sites for α and β tails and therefore
binds associated αMβ2 integrins. However, further structural and
biochemical analyses are necessary to support this hypothesis.
In addition to filamin-2 and moesin, we identified LCP1 as an

interactor of clasped, inactive αMβ2 TMcyto tails. LCP1 is a
member of the α-actinin family of actin crosslinking proteins, with a
restricted expression pattern in hematopoietic cells and cancer tissue
(reviewed in Delanote et al., 2005; Morley, 2012). Several members
of the α-actinin family of proteins, particularly α-actinin-1, as well
as filamin-1, link the actin cytoskeleton to the plasma membrane via
interaction with integrins (Otey et al., 1990; Pavalko and LaRoche,
1993; Sharma et al., 1995). Previous studies have shown that LCP1
binds to the cytoplasmic domains of β1 and β2 integrins via its actin-
binding domain (Le Goff et al., 2010). However, a structural
characterization of how LCP1 engages the heterodimeric integrin
cytoplasmic face has not been reported. Our pull-down and
immunoprecipitation experiments suggest that LCP1 preferentially
binds to clasped αMβ2 TMcyto tails and exhibits a lower affinity for
the isolated αM and β2 cytoplasmic domains. A similar increased
affinity has been observed for the ternary binding of filamin-1 to the

cytoplasmic domains of αIIb and β3 integrin under clasped
conditions (Liu et al., 2015).

To address the role of the LCP1–αMβ2 integrin complex, we
analyzed the consequences of altering LCP1 protein levels on
integrin activation in leukocytes. We found that LCP1 depletion
leads to increased adhesion of macrophages and differentiated
neutrophil-like PLB985 cells under resting conditions while LCP1
overexpression reduced the levels of active αMβ2 integrins on
differentiated PLB985 cells. The increased adhesion of LCP1-
depleted Raw264.7 cells to fibrinogen and ICAM-1 was lost upon
treatment with PMA but not TNFα, confirming that PMA is the
stronger integrin activator (Harokopakis and Hajishengallis, 2005).
These findings suggest that the LCP1–αMβ2 complex stabilizes
inactive integrins to prevent spontaneous and/or excess integrin
activation in resting hematopoietic cells and the pathological
consequences such as thrombosis or inflammation. Interestingly,
neutrophils isolated from LCP1 knockout mice have previously
been reported to show diminished respiratory burst generation and
increased adhesion under non-stimulatory conditions, while
adhesion was normal after PMA, fMLP and TNFα stimulation
(Chen et al., 2003). In addition, in previous studies LCP1 expression
in CV-1 fibroblasts showed fewer and smaller focal contacts, often
leading to the rounding-up of the cells (Arpin et al., 1994; Timmers
et al., 2002). These observations would be in agreement with our
findings that LCP1 stabilizes the inactive state of integrins.
However, it has to be noted that LCP1 overexpression or
knockdown could impact integrin function independent of its
direct interaction with integrin cytosolic domains and that it might
have additional functions affecting cell adhesion, including
cytoskeletal alterations through its actin-bundling activity. We
observed reduced binding of LCP1 SS/EE to clasped αMβ2 TMcyto
domains. However, these mutations also increase the F-actin-
binding activity of LCP1. With more structural information
available, it will be possible to design LCP1 mutants that abolish
integrin binding without affecting their interaction with actin to
resolve the role of LCP1 in integrin activity regulation.

Finally, we found that depletion of LCP1 increased β2 integrin
stability and cell-surface levels of αMβ2 integrin without changing
β2 integrin mRNA levels in Raw264.7 cells, suggesting an

Fig. 5. LCP1 regulates αMβ2 integrin-mediated adhesion
under shear flow. LCP1-overexpressing (GFP–LCP1) and
LCP1-depleted (shLCP1) differentiated PLB985 cells and their
controls (GFP and shCtrl, respectively) were allowed to attach
to fibrinogen-coated flow chambers for 30 min, and then flow
was initiated and flow rates increased every 30 s until all
adherent cells detached. (A,C) Quantification of adherent (A)
shLCP1 versus shCtrl cells/FOV and (C) GFP–LCP1 versus
GFP cells/FOV at baseline conditions. (B,D) Percentage of
adherent (B) shLCP1 versus shCtrl cells/FOV and (D) GFP–
LCP1 versus GFP cells/FOV exposed to different shear stress
levels (mean±s.e.m., n=7–8, **P<0.01, *P<0.05).
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additional role of LCP1 in reducing surface trafficking of inactive
αMβ2 integrin. In contrast, depletion of LCP1 in differentiated
PLB985 cells had only a small effect on cell-surface levels of αMβ2
integrin, and no discernable effect on integrin stability. Since
cell-surface levels of β2 integrin were previously shown to remain
unchanged in LCP1-depleted PMNs (Chen et al., 2003), it is
possible that the effect of LCP1 on cell-surface levels of integrins is
cell type-dependent. Several actin-regulatory proteins, including
α-actinin-1 and LCP1, are involved in transmembrane protein
trafficking (Burgueño et al., 2003; Foran et al., 2006; Schulz et al.,
2004). Previous studies reported a role of Sac6P, the yeast LCP1
homolog, in the organization of the actin cytoskeleton and
endocytosis of the maltose transporter (Adams et al., 1995;
Penalver et al., 1997; Skau et al., 2011). Other studies have shown
a role for LCP1 in E-cadherin endocytosis in colon cancer cells
(Foran et al., 2006). Finally, there is evidence that LCP1 may also
regulate the trafficking of transmembrane proteins by binding Rab5, a
critical GTPase of the endocytic pathway (Hagiwara et al., 2011).
In conclusion, our study reveals that LCP1 regulates integrin-

mediated cell adhesion by stabilizing the clasped conformation of
αMβ2 integrin. Further investigations will be required to show how
and to what extent α/β tail-binding integrin inactivators regulate
dynamic adhesion and migration across a variety of cell types.

MATERIALS AND METHODS
Antibodies
The following antibodies, raised against the listed proteins, were used: Talin
(8d4, Sigma; 1:1000), Kindlin-2 (MAB2617,Millipore; 1:1000), His (2365,
Cell Signaling Technology; 1:1000), FLAG-M2-HRP (A8592, Sigma;
1:10,000), GAPDH (CB1001, Calbiochem; 1:2000), LCP1 (GTX 114524,
Genetex; 1:1000), GFP (A11122, Invitrogen; 1:1000), β2 integrin (gift from
Dr Melanie Laschinger, Technical University of Munich, Germany; 1:200),
β2 integrin (sc-8420, Santa Cruz Biotechnology; 2-4 µg), activated αM
integrin (301402, BioLegend; 1:100), αM integrin (301302, BioLegend;
1:100), MAC1-PE (12-0112, eBioscience; 1:200), MAC1-biotin (557395,
PharMingen; 1:200), MBP-HRP (E8038, New England Biolabs; 1:1000).

The following secondary antibodies were used: goat anti-mouse Alexa Fluor
546 (A-11003, Life Technologies; 1:200), goat anti-mouse Alexa Fluor 488 (A-
11029,LifeTechnologies; 1:200)donkeyanti-mouseAlexaFluor647 (A-31571,
Life Technologies; 1:200), goat anti-rat HRP (712035150, Dianova; 1:10,000),
goat anti-mouse HRP (172-1011, Bio-Rad; 1:10,000) and goat anti-rabbit HRP
(172-1019, Bio-Rad; 1:10,000), streptavidin-Cy5 (016160084,Dianova; 1:200).

Recombinant human ICAM-1/CD54 (ADP4-200) and mouse TNFα
(410-MT) were obtained from R&D Systems.

Plasmids
For recombinant bacterial expression, integrin β1–TMcyto (residues from
719 to 799 of the full-length mouse β1 integrin subunit), integrin β2–
TMcyto (residues from 698 to 771 of the full-length mouse β2 integrin
subunit), β3–TMcyto (residues from 714 to 787 of the full-length mouse β3
integrin subunit), α5–TMcyto (residues from 993 to 1054 of the full-length
mouse α5 integrin subunit), αIIb–TMcyto (residues from 986 to 1033 of the
full-length mouse αIIb integrin subunit), αM–TMcyto (residues from 1106
to 1153 of the full-length mouse αM integrin subunit) were cloned in-frame
with the Fos dimerization domain (residues from 161 to 200 of full-length
mouse Fos protein) (αIIb–TMcyto, αM–TMcyto and α5–TMcyto) or Jun
dimerization domain (residues from 277 to 318 of full-length mouse Jun
protein) (β1–TMcyto, β2–TMcyto and β3–TMcyto) and subcloned into the
pET15b vector (Clontech) to generate His–Fos–α5–TMcyto, His–Fos–
αIIb–TMcyto, His–Fos–αM–TMcyto, His–Jun–β1–TMcyto, His–Jun–β2–
TMcyto, and His–Jun–β3–TMcyto constructs. β2–cyto (residues from 726
to 771 of the full-length mouse β2 integrin subunit) was cloned into
pCoofy35 and αM–cyto (residues from 1130 to 1153 of the full-length
mouse αM integrin subunit) was cloned into pCoofy17 to generate
MBP–β2–cyto and His–αM–cyto, respectively. The 6×His tag sequence

was replaced with a 3×FLAG tag within pET16b vector to generate
3×FLAG–Jun–β2–TMcyto.

To stably knock down LCP1 in PLB985 cells, shRNA targeting the
human LCP1 sequences were introduced into the pSUPER.retro vector
(OligoEngine) to produce retroviral particles: 5′-AGTAGCCTCTC-
CTGTATTT-3′ (shLCP1-1), 5′-AGAAGCTGCAGTGGTATTA-3′
(shLCP1-2). In Raw264.7 cells, shRNA target sequences directed against
the mouse LCP1 sequence were introduced into the pSUPER.retro vector to
produce retroviral particles: 5′-GATGGCATAGTTCTTTGTA-3′ (shLCP1-1),
5′-CAAGTAGCTTCTGCTATAA-3′ (shLCP1-2). The open reading frame of
LCP1 was amplified through the use of PCR from the OCAA human library
clone OCAAo5051D1183D (imaGenes) and cloned into pJET1.2 cloning
vector (ThermoFisher). LCP1 SS/AA and SS/EE in which the serine 5 and
serine 7 were substituted with alanine or glutamic acid were cloned using
site-directed mutagenesis. The different LCP1 variants were cloned into
pEGFP-N1 (Clontech), and RRL-CMV-GFP lentiviral vector (provided by
Dr Alexander Pfeifer, University of Bonn, Germany). Wild-type LCP1 was
subcloned into pGEX-6P-1 (GE Healthcare) to express GST-tagged LCP1.

Cell culture
Raw264.7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) and PLB985 cells in RPMI (Gibco), both supplemented
with 10% (v/v) FBS at 37°C and 10% CO2, and free of mycoplasma
contamination. Differentiation of PLB985 cells into neutrophil-like cells was
carried out as described (Pivot-Pajot et al., 2010). Briefly, differentiation was
induced through incubation of PLB985 cells in RPMI medium supplemented
with 5% (v/v) FBS and 1.25% (v/v) DMSO for five days. The medium was
changed once on day three of the differentiation period.

Bone marrow was isolated from C57BL/6 mice and passed through a
70 µm cell strainer (BD Biosciences) to obtain single cell suspensions. 4×106

cells were seeded in 15 cm petri dishes (non-treated) and cultured at 37°C and
5% CO2 in RPMI medium supplemented with 10% (v/v) FBS and 10%
macrophage-colony stimulating factor (M-CSF) as described before (Schmidt
et al., 2011). Non-adherent cells were removed after 24 h and adherent cells
were cultured for an additional 6 days. The cells were lysed in hypotonic lysis
buffer [10 mM Tris-HCl, pH 7.6; 5 mM KCl; 1.5 mM MgCl2; 1 mM
dithiothreitol (DTT), protease inhibitor cocktail (Roche) and phosphatase
inhibitor cocktail 2 and 3 (Sigma)] and cleared by centrifugation.

Transient and stable transfection and transduction
Cells were transiently transfected using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s protocol. To generate
stable cell lines, vesicular stomatitis virus G glycoprotein (VSV-G)
pseudotyped retroviral and lentiviral vectors were produced through
transient transfection of 293T (human embryonic kidney) cells. Viral
particles were concentrated from cell culture supernatant as previously
described (Pfeifer et al., 2000) and used for infection.

Flow cytometry
Flow cytometry was carried out with a FACSCantoTMII cytometer (BD
Biosciences) equipped with FACS DiVa software (BD Biosciences) using
standard procedures. Data analysis was carried out with the FlowJo program
(version 9.4.10). Cells were incubated with primary antibodies diluted in
FACS buffer [1% bovine serum albumin (BSA) in PBS (Sigma)] for 1 h on
ice, washed twice with cold FACS buffer and finally incubated with the
secondary antibody for 1 h on ice.

Adhesion assay
To measure cell adhesion, Raw264.7 and PLB985 cells were washed,
resuspended in FBS-free growth medium and either left untreated or treated
for 30 min with 100 ng/ml PMA or TNFα. Adhesion assays were performed
in 96-well flat-bottom plates coated for 2 h at room temperature with 10 µg/
ml fibrinogen (Sigma) or 4 µg/ml ICAM-1 (R&D systems). PLB985 cells
were left to adhere on 96-well flat-bottom plates coated with 100 µg/ml
fibrinogen (Sigma). Unspecific binding to the plates was blocked through
incubating the wells with 1% BSA/PBS. The wells were washed once with
PBS to remove excess BSA before seeding the cells (1×105 cells/well).
After adhesion at 37°C, thewells werewashed bymeans of immersion into a

10

RESEARCH ARTICLE Journal of Cell Science (2018) 131, jcs218214. doi:10.1242/jcs.218214

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



plastic tray containing PBS. Adhered cells were fixed with methanol and
stained with Crystal Violet overnight (20%methanol, 0.1%Crystal Violet in
H2O). After intense washings, cells were solubilized in 0.5% Triton X-100,
and the number of cells was determined by measuring the absorbance at
595 nm using an ELISA reader.

Flow chamber assay
A detachment flow chamber assay was performed as described
(Schymeinsky et al., 2009). Briefly, microflow chambers (2×0.2 mm;
VitroCom) were coated with human fibrinogen (100 µg/ml in 0.1% BSA/
PBS, Sigma) for 3 h at room temperature and blocked with 5% casein
(Sigma-Aldrich) overnight at 4°C. Before the experiment, chambers were
washed with 0.9% NaCl solution (Fresenius Kabi) and then 106 cells/ml
(shLCP1, shCtrl, GFP or GFP–LCP1 PLB985 cells) suspended in perfusion
medium (HBSS buffer containing 1 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, 0.25% BSA, 0.1% glucose, pH 7.4) were introduced into the flow
chamber. Flow was stopped for 30 min to allow cells to attach. Using a high-
precision syringe pump (Harvard Apparatus), flow was started at very low
shear stress (<0.5 dyn/cm2) for 60 s to remove debris, and then flow rates
were increased every 30 s up to a maximum of 160 dyn/cm2. Experiments
were performed with a Zeiss Axioskop2 (equipped with a 20× water
objective, 0.5 NA and a Hitachi KP-M1AP camera) and recorded with
VirtualDub (Version 1.9.11). The number of adherent cells/FOV was
analyzed off-line for baseline conditions and indicated in percentage of
baseline adhesion for every shear stress level in the generated movies.

Bicelle preparation
6-cyclohexyl-1-hexylphosphocholine (Cyclofos-6) was purchased from
Anatrace. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
was purchased from Avanti Polar Lipids and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) was purchased from CordenPharma.
Lipid stock solutions were prepared by weighing out 500 mg of DMPC in
5 ml of cyto buffer (139 mM K2HPO4, 8.8 mM NaH2PO4, 0.4 mMMgCl2,
3.2 mM NaCl, pH 7.0), 200 mg of Cyclofos-6 in 4 ml of cyto buffer and
75 mg of POPS in 3.75 ml of cyto buffer. For 1 ml 3% bicelle solution, q=4
bicelles, 236 µl DMPC stock, 152 µl POPS stock, and 68 µl Cyclofos-6
stock plus 544 µl cyto buffer were mixed and repeatedly subjected to a
temperature cycle: 45°C for 2 min, 5°C (or ice water) for 5 min. In between,
the solution was carefully mixed to avoid foaming. The temperature cycle
was repeated 10 times until the solution became clear. For 1 ml 3% q=0.25
bicelles, 72 µl DMPC stock, 56 µl POPS stock, and 400 µl Cyclofos-6 stock
plus 472 µl of cyto buffer were mixed and incubated as described above. The
stocks were snap frozen in liquid nitrogen and stored at −80°C.

LC-MS to determine lipid composition of bicelles
Bicelle samples (1%) were diluted 1:100 with 0.05% trifluoroacetic acid
in H2O for determination of their lipid compositions by liquid
chromatography-mass spectrometry (LC-MS) using a micrOTOF (Bruker
Daltonik) connected to an 1100HPLC (Agilent). Analyses were performed on
a YMC-Pack Butyl 30 mm column (YMC) with a water:acetonitrile (0.05%
trifluoroacetic acid) gradient from 30–80% in 15 min at a mass range from
200–2000 m/z in positive mode. Extracted ion chromatograms at 350.2, 678.5
and 762.5 m/z were used to compare the relative ratio of the individual lipids.

Dynamic light scattering
Bicelle samples with different ratios of DMPC, POPS and Cyclofos-6 were
freshly prepared, and measured with or without integrin TMcyto domain
incorporation. The samples were measured using DLS (DynaPro NanoStar
fromWyatt Technology). Each sample was measured at 4°C, the acquisition
time was set to 5 s (×10) and each measurement was repeated three times.
The effective hydrodynamic radius was calculated with DYNAMICS
V7.1.7.16 (Wyatt Technology).

Expression and purification and incorporation of recombinant
proteins into bicelles
His–αM–cyto, maltose binding protein (MBP)–β2–cyto, glutathione
S-transferase (GST)–LCP1 were transformed into BL21(DE3) Arctic
Express E. coli, and protein expression was induced with 1 mM IPTG at

18°C for 24 h before purification of the tagged proteins using Ni-NTA beads
(Qiagen, 30210), Amylose resin (NEB, E8021), or GST•Bind Resin
(Millipore, 70541) according to manufacturer’s instruction. Plasmids
encoding His–Fos–α5–TMcyto, His–Fos–αIIb–TMcyto, His–Fos–αM–
TMcyto, 3×FLAG–Jun–β2–TMcyto, His–Jun–β1–TMcyto, His–Jun–β2–
TMcyto and His–Jun–β3–TMcyto were transformed into BL21 (DE3)
Arctic Express E. coli, and protein expression was induced with 1 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG) (30°C, 3 h for α integrin
subunits TMcyto domains; 18°C, 24 h for β integrin subunits TMcyto
domains). Afterwards, bacteria were pelleted using centrifugation,
resuspended in TBS buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl)
containing 100 µg/ml lysozyme and 50 µg/ml DNase (ThermoFisher) and
rotated at 4°C for 2 h. After the addition of Empigen (Sigma) (30% solution;
1 ml per 10 ml of lysate) the bacterial lysates were rotated at 4°C for 1 h and
centrifuged 1500 g at 4°C for 1 h. To purify His- and FLAG-tagged
proteins, supernatants were incubated with Ni-NTA agarose beads (Qiagen,
36113) and anti-FLAG M2 affinity gel (Sigma, A2220) for 2 h at 4°C
followed by extensive washing of the beads three times with TBS buffer and
twice with pre-equilibration buffer [20 mM imidazole; 50 mM Tris-HCl,
pH 6.5; 150 mM NaCl in 1% bicelles, q=0.25, as described (Lu et al.,
2012)]. The 6×His-tagged proteins were eluted with elution buffer (250 mM
imidazole; 50 mM Tris-HCl, pH 7.4; 150 mM NaCl in 1% bicelles). The
proteins were concentrated using Amicon Ultra Centrifugal filters (10 kDa
molecular weight cutoff, Millipore) by a factor of 10 to obtain a final bicelle
concentration of 10%.

Bicelle-incorporated integrin TMcyto pull-down assay
For pull-down experiments, 9× volume of cyto buffer (139 mM K2HPO4,
8.8 mM NaH2PO4, 0.4 mM MgCl2, 3.2 mM NaCl, pH 7.0) was added to
10%TMcyto–bicelle solution to obtain a 1% bicelle solution. To increase the
bicelle size after protein incorporation from q=0.25 bicelles into q=2 bicelles,
5.2× volume of 1% q=4 bicelles was added. Integrin TMcyto domains
incorporated into q=2* bicelles were incubated with the soluble fraction of
bone marrow-derived macrophage (BMDM) lysates generated with
hypotonic buffer [10 mM Tris-HCl, 5 mM KCl, 1.5 mM MgCl2, 1 mM
DTT, protease inhibitor cocktail (Roche)] overnight at 4°C. Importantly,
maximal 1.6× the volume of concentrated lysate was added to the TMcyto
bicelle solution, which kept the bicelle concentration (above 0.35%) and the
Cyclofos-6 concentration (above 2.7 mM) high enough to support bicelle
formation. Afterwards, the bicelle–lysate mixture was incubated with Ni-
NTAmagnetic agarose beads (Qiagen) for 2 h at 4°C. After threewashes with
q=2* bicelle solution in cyto buffer, proteins were eluted from the beads by
boilingwith 80 µl 4× Laemmli sample buffer for 5 min, separated using SDS-
PAGE and analyzed by means of LC-MS/MS or western blotting.

Mass spectrometry analysis of the pull-down samples
The samples were eluted from Ni-NTA magnetic agarose beads by boiling
with Laemmli sample buffer and separated on NuPAGE Novex 4–12% Bis-
Tris protein gels (ThermoFisher). The gel was fixed in 50% methanol, 10%
acetic acid, 40% H2O for 30 min at room temperature and stained with
GelCode Blue Safe Protein Stain reagent (ThermoFisher). Each lanewas cut
into three bands and digested using the standard in-gel digestion protocol
(Shevchenko et al., 2006). Briefly, the gel bands were cut into roughly 1 mm
cubes and de-stained in ethanol solution before incubation with 20 mM
DTT and 40 mM chloroacetamide to reduce and alkylate the proteins. The
gel pieces were then rehydrated in trypsin solution (12.5 ng/µl in 50 mM
ammonium bicarbonate) and incubated overnight at 37°C. After overnight
digestion, the peptides were extracted in 30% acetonitrile and 3%
trifluoroacetic acid solution followed by 100% acetonitrile solution. The
extracted peptides were then desalted and concentrated using C18 StageTips
(Rappsilber et al., 2003) prior to LC-MS/MS analysis. The peptides were
separated on a 120 min gradient in a 15 cm reversed phase column [75 µm
inner diameter columns (New Objective) packed in-house with 3 µm
Reprosil C18 beads (Dr. Maisch HPLC) using EASY-nLC II
(ThermoFisher)] and sprayed directly into a LTQ Orbitrap XL mass
spectrometer via a nano-electrospray ion source (ThermoFisher).

Peptides were analyzed using a top five data-dependent acquisition
method. Survey scans were acquired in the Orbitrap at a resolution of 60,000
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(400 m/z) after accumulating a target of 1×106 ions within a maximum
injection time of 1000 ms. From the survey scan, up to the top five most
abundant precursors were selected and fragmented in the linear ion trap by
means of collisional-induced dissociation with automatic gain control target
value of 10,000 within a maximum injection time of 150 ms, and the
fragmentation spectra were recorded in the ion trap. The peptide precursors
selected for fragmentation were dynamically excluded for 90 s after a repeat
count of one in order to minimize the repeat sequencing.

For each set of integrin heterodimer pull-downs, the raw files were
processed using the MaxQuant computational platform (Cox and Mann,
2008) (version 1.5.1.8). The peak lists generated were searched against the
Uniprot mouse proteome sequence database (59375 entries) using the
Andromeda search engine (Cox et al., 2011). The peptide precursors were
searched with an initial mass tolerance of 7 ppm and the fragment ions were
searched with a tolerance of 0.5 Da. Carbamidomethylation of cysteine was
used as a fixed modification and oxidation of methionine and amino
terminal protein acetylation were set as variable modification for the
database search. The minimum peptide length was set to six amino acids
and the identifications were filtered at 1% for the peptide level and 5% for
the protein level. The q-value (defined as local false discovery rate based on
a target-decoy search with forward and reversed protein sequences) was
used for assessing the confidence in the identification of individual
proteins. The match between the runs feature was enabled and label-free
protein quantitation was performed using the MaxLFQ algorithm (Cox
et al., 2014).

All statistical analysis was performed using the Perseus bioinformatics
platform (http://www.perseus-framework.org). Student’s t-tests were used
to compare two samples with permutation-based FDR (4%) for multiple
hypothesis testing.

Solid-phase ligand-binding assays
To determine GST–LCP1 binding to the integrin TMcyto domains, 96-well
MaxiSorp plates (Nunc) were coated overnight at 4°C with purified His–Fos–
αM–TMcyto, His–Jun–β2–TMcyto and the dimer composed of His–Fos–
αM–TMcyto/3×FLAG–Jun–β2–TMcyto at 1.25 mmol/ml in 50 mM sodium
bicarbonate buffer, pH 9.6. Plates were blocked with SuperBlock (TBS)
blocking buffer (ThermoFisher) for several hours at room temperature,
washed twice with washing buffer (50 mM Tris-HCl, pH 7.5, containing
200 mM NaCl and 0.05% Tween) before adding GST or GST–LCP1 in
M-PER buffer (ThermoFisher) and incubating overnight at 4°C. After
extensivewashing with washing buffer, bound proteins were detected with an
anti-LCP1 antibody, followed by an anti-rabbit HRP-conjugated secondary
antibody. HRP substrate (ATBS, Vector) was added to the wells, and
absorbance was monitored at 405 nm. GST was used as control for non-
specific binding.

Pull-down experiments using recombinant proteins
To analyze the ternary complex between the cytosolic domains of αM
integrin, β2 integrin, and LCP1, His–αM–cyto was incubated with Ni-
NTA beads for 3 h at 4°C followed by washing of the beads three times
with TBS buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl). Beads were
incubated with GST, MBP–β2–cyto or GST–LCP1 and MBP–β2–cyto,
and incubated for 2 h at 4°C. The beads were washed three times with TBS
to remove unbound proteins. The proteins were eluted from the beads by
boiling with 80 µl 4× Laemmli buffer for 5 min, separated by means of
SDS-PAGE and analyzed through the use of western blotting with the anti-
MBP antibody.

For the talin-1 head competition assays, recombinant His–Fos–αM–
TMcyto and dimeric His–Fos–αM–TMcyto/3×FLAG–Jun–β2–TMcyto (5–
10 µg) were incubated with 25 µl pre-cleared Talon Metal Affinity Resin
(Clontech) in 0.5 ml TBS (50 mM Tris-HCl, pH 7.4; 150 mMNaCl) for 2 h
at 4°C under rotation. The beads were washed three times with TBS and
recombinant talin-1 head (80 µg), GST–LCP1 or a combination of both
proteins were added to the beads in 0.5 ml binding buffer (50 mM Tris-HCl
pH 7.5; 200 mM NaCl; 1 mM TCEP) supplemented with BSA 100 μg/ml.
After incubation at 4°C overnight, the beads were washed extensively with
binding buffer and the proteins were eluted twice with 50 μl elution buffer I
(binding buffer plus 250 mM imidazol) using Spin Cups columns

(ThermoFisher). Eluted samples were boiled with Laemmli loading buffer
and analyzed by means of SDS-PAGE.

For the pull-down of GFP-tagged LCP1, PLB985 cells were lysed for
10 min on ice [lysis buffer: 150 mM NaCl; 1% Triton X-100; 50 mM Tris-
HCl, pH 8.0; 2 mM EDTA; 0.05% Na-deoxycholate; Phosphatase Inhibitor
Cocktail 2 and 3 (Sigma); cOmplete Mini Protease Inhibitor Cocktail
Tablets (Roche)] and the lysate sonicated and cleared using centrifugation at
16,000 g for 10 min at 4°C. 1 mg of protein lysates were incubated with His–
Fos–αM–TMcyto or dimeric His–Fos–αM–TMcyto/3×FLAG–Jun–β2–
TMcyto (20 µg) bound to 50 µl pre-cleared Talon Metal Affinity Resin
(Clontech) and incubated overnight at 4°C. Following repeated washes with
lysis buffer, proteins were eluted from the beads using Laemmli buffer and
analyzed by means of western blotting using antibodies against GFP.
Binding of recombinant integrin tails to the resin was verified using
Coomassie Blue staining.

Immunoprecipitation of β2 integrin
For the immunoprecipitation of endogenous β2 integrin, differentiated
PLB985 cells expressing GFP–LCP1were treated with DMSO or 100 ng/ml
PMA for 30 min at 37°C before lysis in lysis buffer for 10 min on ice. After
sonification and centrifugation at 16,000 g for 10 min at 4°C, 1 mg of
protein lysates were incubated with 2–4 µg of the monoclonal mouse anti-β2
integrin antibody (Santa Cruz Biotechnology) for 2 h at 4°C under rotation.
Washed Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology)
(50 μl/sample) were added to the lysates and incubated overnight at 4°C
under rotation. After three washes with lysis buffer and one with PBS,
Laemmli loading buffer was added to the beads and boiled for 7 min at 95°C
to elute bound proteins.

Stability of cell-surface integrins
The half-life of cell-surface proteins was determined as described previously
by means of biotinylation (Böttcher et al., 2012). Briefly, cells were washed
twice in cold PBS and surface-biotinylated with 0.2 mg/ml sulfo-NHS-LC-
biotin (ThermoFisher) in PBS for 45 min at 4°C. Following washes with
cold PBS the cells were incubated in regular growth medium for 0 h and
24 h at 37°C. Cells were lysed in IP buffer (50 mM Tris-HCl, pH 7.5;
150 mM NaCl; 1% Triton X-100; 0.1% sodium deoxycholate; 1 mM
EDTA; protease inhibitors) and biotinylated proteins were pulled down with
streptavidin-sepharose (GE Healthcare). After three washes with lysis
buffer, samples were analyzed using SDS-PAGE and western blotting.

Quantitative real-time polymerase chain reaction
Total RNA was isolated from cultured cells using the RNeasy mini kit
(Qiagen), of which 1000 ng was transcribed into cDNA using the iScript
cDNA Synthesis kit (Bio-Rad). Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed with the LightCycler 480 (Roche) using
SYBR green (Bio-Rad) and the following primers: β2 forward-1, 5′-
CAGGAATGCACCAAGTACAAAGT-3′; β2 reverse-1, 5′-CCTGGTCC-
AGTGAAGTTCAGC-3′; β2 forward-2, 5′-AACGGAAACAGCTATCT-
CCAC-3′; β2 reverse-2, 5′-GAGTAGGAGAGATCCATGAG-3′; αM
forward-1, 5′-ATGGACGCTGATGGCAATACC-3′; αM reverse-1, 5′-
TCCCCATTCACGTCTCCCA-3′; αM forward-2, 5′-CCATGACCTTC-
CAAGAGAATGC-3′; αM reverse-2, 5′-ACCGGCTTGTGCTGTAGTC-
3′; GAPDH forward, 5′-TCCTGCACCACCAACTGCTTAGC-3′; GAPDH
reverse, 5′-TGGATGCAGGGATGATGTTCTGG-3′. Each sample was
measured in triplicate and values were normalized to GAPDH.

Statistical analysis
Statistical significance was determined using two-tailed unpaired Student’s
t-test. Results are expressed as the mean±standard error of the mean (s.e.m.),
unless indicated otherwise. Bar graphs throughout the study were generated
in Microsoft Office.
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