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ABSTRACT Phosphatidylinositol 4,5-bisphosphate (PIP2) acts as a signaling lipid, mediating membrane trafficking and
recruitment of proteins to membranes. A key example is the PIP2-dependent regulation of the adhesion of L-selectin to the cyto-
skeleton adaptors of the N-terminal subdomain of ezrin-radixin-moesin (FERM). The molecular details of the mediating behavior
of multivalent anionic PIP2 lipids in this process, however, remain unclear. Here, we use coarse-grained molecular dynamics
simulation to explore the mechanistic details of PIP2 in the transformation, translocation, and association of the FERM/L-selectin
complex. We compare membranes of different compositions and find that anionic phospholipids are necessary for both FERM
and the cytoplasmic domain of L-selectin to absorb on themembrane surface. The subsequent formation of the FERM/L-selectin
complex is strongly favored by the presence of PIP2, which clusters around both proteins and triggers a conformational transition
in the cytoplasmic domain of L-selectin. We are able to quantify the effect of PIP2 on the association free energy of the complex
by means of a potential of mean force. We conclude that PIP2 behaves as an adhesive agent to enhance the stability of the
FERM/L-selectin complex and identify key residues involved. Themolecular information revealed in this study highlights the spe-
cific role of membrane lipids such as PIP2 in protein translocation and potential signaling.
INTRODUCTION
L-selectin is a primary adhesion molecule that mediates the
tethering and rolling of leukocytes on endothelial cells (1,2).
L-selectin belongs to the type I transmembrane (TM) glyco-
proteins and is composed of an extracellular domain, a sin-
gle TM-spanning region, and a short cytoplasmic domain
(3). Although the cytoplasmic domain of L-selectin (CLS)
only consists of 17 residues, the short cytoplasmic region
is crucial for linking the cytoskeleton adaptor proteins of
the ezrin-radixin-moesin (ERM) family (4). Evidence shows
that CLS interacts with the N-terminal subdomain of ERM,
named FERM, when it dissociates from the helix-connected
C-terminal region (Fig. 1). Formation of the L-selectin/
FERM complex then allows the binding of the released
C-terminal region to the a-actinin cytoskeleton, an impor-
tant step in the spatial and temporal organization of cells
(5). Association of FERM and L-selectin also allows the
cleavage of the extracellular L-selectin domain by the mem-
brane-associated metalloproteinases, so-called ‘‘ectodomain
shedding,’’ which is critical for leukocyte adhesion
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and signal transduction (6,7). Because the association of
L-selectin and FERM occurs in proximity to the intracel-
lular membrane leaflet, the lipid composition of the cyto-
plasmic leaflet plays a crucial role in protein recruitment
and orientation. In fact, recent studies have revealed that
an increase of negative surface charge mediates the mem-
brane attachment of CLS and the association between
L-selectin and FERM (8,9), thus underlining the importance
of anionic lipids in regulating the protein translocation,
interaction, and signaling (10,11).

An important anionic lipid of the plasma membrane is
phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2 is a
type of signaling lipid that exclusively distributes in the in-
ner bilayer leaflet. It can carry up to five negative charges,
although a charge from �3 to �4 appears to be more real-
istic under physiological conditions (12). Previous studies
show that PIP2 possesses a remarkable affinity to the jux-
tamembrane domain of TM proteins and regulates the olig-
omerization and conformation of the proteins (13,14).
Many biological functions have been described for PIP2,
including the production of secondary messengers (15),
membrane trafficking (16), mediating structure transforma-
tion, and protein association (17,18). PIP2 is also found
to be involved in the recruitment of cytoskeleton pro-
teins (19,20). Notably, PIP2 is enriched in membrane
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FIGURE 1 A schematic diagram illustrating the

conformational transformation and protein associ-

ation of FERM and L-selectin at the proximity

of the inner plasma membrane. (1) The FERM

domain approaches the membrane surface when

it is released from the helix-connected C-terminal

domain of ERM. (2) FERM interacts with the

CLS domain at the proximity of the anionic inner

membrane, (3) which is favorable for the ‘‘ectodo-

main shedding’’ of the extracellular membrane-

proximal domain. (4) Meanwhile, the C-terminal

domain of ERM is able to connect with the a-acti-

nin cytoskeleton protein. The sequence of L-selec-

tin studied here consists of the TM domain and the

CLS domain (underlined). The ERM (moesin) is

composed of the FERM domain, the C-terminal

domain (gray), and the helical linker (black).

FERM is represented by the three subdomains

F1 (blue, residue: 1–90), F2 (tan, 91–200), and

F3 (violet, 201–297). To see this figure in color,

go online.
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microdomains like the lamellipodia of migrating cells,
where the cytoskeleton adaptors are active in membrane-
cytoskeleton cross-linking (21,22). Furthermore, there is
evidence that the generation of the active form of FERM
is controlled by PIP2 binding (23–25), which provides a
direct coupling mechanism between the presence of PIP2
on the one hand and the tethering of the cytoskeleton
to the cell membrane on the other hand. The molecular de-
tails underlying this mechanism remain, however, poorly
understood.

A powerful tool to complement experimental studies
on protein-lipid interplay is computational microscopy
(26–28), a technique relying on molecular dynamics (MD)
simulations. To achieve the time- and length scales that
are necessary to observe protein-membrane binding events,
the use of coarse-grain (CG) models, in which small groups
of atoms are united into effective interaction centers, has
proven very efficient (29–32). In particular, the CG Martini
force field (33–36) has been successfully applied to unravel
specific protein-lipid interactions for a wide range of sys-
tems (37–39), including the effect of phosphorylated phos-
phatidylinositols on protein binding and oligomerization
(11,40–46).

Here, we use CG simulations based on the Martini
model to explore the membrane binding and protein asso-
ciation between the cytoskeleton adaptor FERM domain
and the adhesion protein L-selectin dependent on lipid
compositions, especially the presence of PIP2. Our results
highlight a remarkable contribution of PIP2 to controlling
this process. The interface of the FERM/L-selectin protein
heterocomplex that forms during the simulation is consis-
tent with previous results (47,48). The regions of FERM
involved with PIP2 carry the well-known lysine-enriched
motif (49). The molecular information obtained in this
study contributes to our ongoing understanding of the regu-
lation mechanism of PIP2 in protein translocation and
association.
METHODS

Model setup

In our study, we used the Martini force field (33–36) to model the inter-

actions between all system components. The Martini force field acts on a

CG level of resolution in which, in principle, four heavy atoms and their

associated hydrogens are integrated into one bead. Thanks to the reduc-

tion in the particle number and the smoothing of the energy surface, an

effective speedup of about three orders of magnitude with respect to

fully atomistic models is obtained. An extensive discussion of the pros

and cons of the Martini model can be found in (33). To test the effect

of bilayer composition on the binding of L-selectin and FERM, three

asymmetric plasma membrane models were created. In each case, the

outer leaflet is composed of 100% palmitoyl-oleoyl-phosphatidylcholine

(POPC). The inner leaflet consists of varying percentages of POPC,

palmitoyl-oleoyl-phosphatidylserine (POPS), and PIP2, namely 100%

POPC, 80%POPC/20%POPS, and 95%POPC/5%PIP2. The charge on

each PIP2 lipid was set to �4, which is consistent with the possible

charge neutralization by protons or ions (12,50). Hence, the charge den-

sity of the membranes containing phosphatidylserine and PIP2 are the

same. Based on these compositions, simulation boxes in two different

sizes (a small system containing 225 lipids in either leaflet, 12 �
12 � 14 nm3, and a bigger system containing 361 lipids per leaflet,

15 � 15 � 14 nm3) were constructed using the script insane.py (51).

Standard CG water was used to solvate the membranes. For the proteins,

the software Pymol (Schrödinger, Cambridge, MA) (52) was used

to construct the L-selectin structures (the wild-type (WT) and the

K362IK363I mutant), which were then transformed into the CG model

by the tool martinize.py (http://www.cgmartini.nl). The L-selectin stud-

ied here consisted of the TM domain and the juxtamembrane domain

of 17 residues (cf. Fig. 1). The TM domain was defined as a-helix,

and the CLS was modeled as random-coil in accordance to the
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experimental data (9). The CG model of the FERM domain of moesin

was built based on the crystal structure (Protein Data Bank: 1SGH)

(53). An elastic network was applied on FERM to maintain the confor-

mational stability during the simulations (54). L-selectin was inserted

into the bilayer parallel with membrane normal, exposing the CLS to

the solvent. For simulations involving the interaction between L-selectin

and FERM, the latter was initially placed in the proximity of the mem-

brane with FERM 1.0 nm apart from the membrane surface. The distance

between CLS and FERM was set to 5 or 10 nm (for the smaller and

bigger membrane patches, respectively) along the diagonal direction of

the simulation box to provide the least possible bias to their interaction.

Counterions of sodium were added to neutralize all systems.
Simulation details

All simulations were conducted with the software package Gromacs-

4.6.3 (55). The systems first underwent an energy minimization for

5000 steps using the steepest-descent method, followed by an NVT

equilibration of 200 ns using the Berendsen thermostat (56) with a refer-

ence temperature of 323 K and a time constant of 1.0 ps. Subsequently,

for each system, an NPT equilibration of 500 ns was conducted with a

semiisotropic coupling pressure of 1.0 bar, a compressibility constant

of 4.5 � 10�5 bar�1, and a time constant of 5.0 ps. During equilibration,

a harmonic potential with a force constant of 1000 kJ ∙ mol�1 ∙ nm�2

was applied in all three dimensions to the protein backbone beads to

constrain their positions. After equilibration, production simulations

ran for 3 ms without any position restriction of the proteins. For each sys-

tem, three independent runs (‘‘replicas’’) were conducted for analysis. In

all cases, a shift function was used for the nonbonded electrostatic and

Lennard-Jones interactions. The former decreased to zero from the dis-

tance of 0–1.2 nm, and the latter were shifted to zero from 0.9 to 1.2 nm.

Periodic boundary conditions were used, and the time step was set as

20 fs, with the atom-pair list updating every 10 steps. These settings

closely correspond to the ‘‘common’’ parameter set of the Martini force
FIGURE 2 Conformational changes of L-selectin in the presence of anionic li

POPS, and (C) 80%POPC/5%PIP2. L-selectin is depicted in green, with only the

silver, ice blue, and orange, respectively. The headgroups of POPC and PIP2 are s

view are supplemented for the membranes containing POPS or PIP2. Solvent

different membrane environments along the membrane normal are given. (E an

CLS are given. For POPC, only molecules in the lower leaflet are considered. T
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field (57). The association free energy of L-selectin/FERM (58) in

anionic membranes both with and without PIP2 was estimated by

the umbrella sampling method. During the pulling process, the back-

bone of FERM was restricted in position by a harmonic potential of

1000 kJ ∙ mol�1 ∙ nm�2 in all three dimensions. 25–27 separated win-

dows within a pulling distance of 6.0 nm were created to generate well-

overlapping configuration distributions. The association energy was

computed with the Weighted Histogram Analysis Method (59). Statisti-

cal errors were estimated with bootstrap analysis (60). The complete his-

tograms were considered as the independent data points to which random

weights were assigned for bootstrap. More details can be seen in our pre-

vious study (61). All the simulation snapshots in this study were made

with the VMD software package.
RESULTS

Conformation of L-selectin is regulated by PIP2
lipids

Conformational changes play a crucial role in determining
the signaling pathway of TM proteins. Based on a previous
study that shows the importance of an anionic membrane
surface in regulating the conformation and activity of CLS
(8,9), we simulated three membrane models with different
anionic lipid ratios in the presence of L-selectin, thereby us-
ing the small simulation box setup (see Methods for details).
Starting from a random initial lateral distribution of lipids
and a solvent-exposed conformation of CLS as found in ex-
periments (9), the simulations ran for 3.0 ms. Representative
snapshots of the simulation and the averaged density distri-
bution profiles of CLS are shown in Fig. 2, A–D. In the
pids. The lower leaflet is composed of (A) 100%POPC, (B) 80%POPC/20%

backbone beads shown. Lipid tails of POPC, POPS, and PIP2 are shown in

hown by pink, blue, and red spheres, respectively. Visualizations in a bottom

molecules are omitted for clarity. (D) The density distributions of CLS in

d F) The radial distribution functions of the three lipid species relative to

o see this figure in color, go online.
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membranes solely composed of the neutral POPC lipids,
CLS always separates away from the bilayer surface.
When 20%POPC lipids are substituted by the anionic
POPS in the lower leaflet, CLS inclines to approach to the
membrane surface, which is consistent with experimental
results (9). Intriguingly, by replacing the POPS lipids by
5%PIP2, a further translocation of CLS, which becomes
buried between the lipid headgroups, toward the membrane
is observed.

The PIP2 lipids are found to cluster in the vicinity of
L-selectin, which can be inferred from the snapshot
(Fig. 2 C) and the two significant peaks in the radial distri-
bution function of PIP2 around the L-selectin TM domain
(Fig. 2 F). In contrast, the enrichment of anionic POPS
lipids is, though present in a higher number than that of
POPC, much weaker compared to PIP2 (Fig. 2 E). These re-
sults are consistent with previous studies revealing the pro-
pensity of PIP2 to cluster around juxtamembrane domains
of TM proteins (45,46) and underline the direct role of
FIGURE 3 Tethering of FERM to the membrane with different lipid environm

brane in different compositions, consistent with the order of Fig. 2, A–C, are sho

bilayer contact intensity of FERMwith different membrane surfaces is given. The

that were at a distance closer than 0.6 nm from any phosphate beads of the lipids

three membrane systems, including L-selectin and (F) excluding L-selectin, are
PIP2 in regulating both the binding and the conformational
state of L-selectin.
FERM domain requires anionic lipids for stable
membrane binding

Subsequently, the membrane-affinity of FERM dependent
on lipid composition was explored. FERM was initially
put below the cytoplasmic membrane leaflet at a distance
of 1.0 nm. Meanwhile, the distance between FERM and
L-selectin was set to 5.0 nm separation, which is the
maximal distance that can be achieved for the small sys-
tem studied here. Snapshots of the final configurations
of the systems, obtained after 3.0 ms, are shown in
Fig. 3, A–C. For each of the three membrane compositions
studied, we observed spontaneous binding of FERM to
L-selectin. The same was observed in all three replicas
performed for each case (data not shown). However, the
position and orientation of the FERM domain appears to
ents. (A–C) Snapshots of the spatial position of FERM relative to the mem-

wn. Coloring of the FERM domain is consistent with that of Fig. 1. (D) The

contact intensity was calculated by counting the number of beads of FERM

. (E) The density distributions of FERM along the membrane normal in the

shown. To see this figure in color, go online.
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be strongly dependent on membrane composition. In the
case of the pure POPC membrane, FERM stays away
from the membrane surface (Fig. 3, A and E). The addi-
tion of 20%POPS enables FERM to absorb onto the mem-
brane surface (Fig. 3, B and E), in line with experimental
data that an anionic membrane surface is necessary for
FERM to attach upon (8). The FERM-membrane interac-
tion is most pronounced in the case of the bilayer contain-
ing 5%PIP2 (Fig. 3, C and E). The presence of PIP2
lipids allows FERM to embed itself deeply in the bilayer
together with the CLS domain. Again, the formation
of PIP2 clusters around the FERM-L-selectin complex
is observed (Fig. 3 C), similarly to the case of sole
L-selectin.

The time-averaged number of contacts between the
FERM domain and the membrane lipids further illustrates
the strengthened binding when PIP2 is present, whereas
for the pure POPC membrane, protein-lipid contacts only
happen stochastically (Fig. 3 D). To exclude the influence
of L-selectin, the membrane-association of FERM was
also investigated in the case of pure membranes. In
the absence of the anionic lipids, the FERM domain has
no membrane affinity and is found at a larger distance
(Fig. 3 F). When anionic lipids are present, however,
FERM remains in close proximity to the membrane,
showing that anionic lipids by themselves provide the
driving force for FERM in membrane adhesion. This result
matches to previous experiments showing that the mem-
FIGURE 4 Formation of the L-selectin/FERM heterocomplex in different me

L-selectin and FERM as a function of simulation time in the membranes compo

PIP2 is shown. (D) Snapshots of the CLS position relative to the membrane sur

membrane are shown. (E) The distance evolution of the C-terminal bead of CLS

without (red line) FERM is shown. To see this figure in color, go online.
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brane binding of FERM gets strengthened by the presence
of anionic lipids in the inner leaflet (20). Taken together,
our results provide clear evidence for the importance of
anionic lipids, especially PIP2, in stably tethering FERM
to the membrane.
Formation of L-selectin/FERM heterocomplex is
accelerated by PIP2 lipids

To probe the association kinetics of L-selectin/FERM in
more detail, we performed additional simulations using a
larger simulation box, in which the initial distance between
the two proteins was elongated to 10 nm. It allows investi-
gating the spatiotemporal details for FERM complexation
to L-selectin regulated by the membrane environment.
Three simulation runs of 3 ms each were performed for
each of the three membrane compositions studied. We
monitored the distance evolution between L-selectin and
FERM as shown in Fig. 4, A–C. We consider the proteins
bound if the distance between their centers-of-mass is less
than 3.0 nm. In the pure POPC membrane, as expected,
no stable binding is observed (Fig. 4 A) (8). In this case,
the FERM domain has difficulties attaching to the mem-
brane and gaining access to L-selectin, despite the CLS be-
ing pendulous outside the membrane. In the membrane with
20%POPS in the lower leaflet, FERM is able to adhere to
the membrane (as shown in Fig. 3 E), and the protein
association is observed on a timescale between 1 and 3 ms
mbrane environments. (A–C) The distance between the centers-of-mass of

sed of (A) 100%POPC, (B) 80%POPC/20%POPS, and (C) 95%POPC/5%

face in the FERM-unbound and FERM-bound states in the PIP2-contained

from the center layer of the PIP2-contained membrane with (black line) and
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(Fig. 4 B). Remarkably faster complex formation is
observed when PIP2 is present. In each simulation run,
binding occurs within 0.5 ms (Fig. 4 C). Once bound, the
complex remains intact throughout the rest of simulation
(3 ms). Apparently, PIP2 can efficiently bring the two
proteins together, presumably by merging the PIP2 clusters
that form around each of the individual proteins (Fig. 4 D).
Our results thus suggest a clear contribution of PIP2 to
the formation of the L-selectin/FERM heterocomplex. The
phenomenon is also observed in a recent study on the com-
plex of CD44, another adhesion protein, and FERM (ezrin),
showing the association to be highly dependent on the addi-
tion of PIP2 (62).

To quantify the contribution of PIP2 to the protein associ-
ation, the association free energy of the FERM/L-selectin
complex in different membranes was computed using the
umbrella sampling technique (see Methods for details).
The association free energy as a function of the separation
distance between the centers-of-mass of the proteins (calcu-
lated by the potential of mean force (PMF)) is shown in
Fig. 5, in the case of the phosphatidylserine- or PIP2-con-
tained membranes. The energy cost for completely dissoci-
ating the protein complex is 9 (5 1.5) kJ/mol in the
membrane without PIP2. In contrast, the energy cost in-
creases to 24 (5 2) kJ/mol in the presence of 5% PIP2,
indicating the stronger association of the protein complex
mediated by PIP2. The result therefore confirms that PIP2
acts as an effective glue for association of FERM and
L-selectin.
Conformation of L-selectin changes to maximize
binding efficiency to FERM

Upon binding of the FERM domain to L-selectin, we
observe a conformational change of L-selectin relative to
the membrane surface. The change is clearly visible
FIGURE 5 Energetics of the FERM/L-selectin complex. PMF profiles

are shown as a function of distance between the dissociated FERM and

L-selectin. Three independent PMFs were calculated for the L-selectin-

WT in systems containing 20%POPS and 5%PIP2 and the L-selectin

K362IK363I mutant in 5%PIP2. To see this figure in color, go online.
in the snapshots of the simulations (Fig. 4 D), as well
as in the time-dependent distance evolution of the C-termi-
nal of CLS with respect to the center of the membrane
(Fig. 4 E). Before interacting with FERM, CLS in the pres-
ence of PIP2 is buried at the membrane surface as dis-
cussed above (Fig. 2 C). Along with FERM approaching
to L-selectin, CLS can detach from the membrane surface,
ending up at the surface of FERM in an extended orienta-
tion (Fig. 4 E). Note that the membrane-detachment of
CLS occurs briefly (0–250 ns) before the complete forma-
tion of the L-selectin/FERM complex. A visual inspection
shows that the PIP2 lipids, which were previously stabiliz-
ing CLS in the membrane-embedded conformation, detach
from CLS and reorganize around the heterocomplex during
the protein association (Video S1). The resulting solvent-
exposed conformation of CLS appears to be favorable for
binding to FERM. In a previous study based on the
CD44/ezrin heterocomplex, a ‘‘sandwich’’-like structure
of the proteins and PIP2 formed in solution, with PIP2
lipids residing in the interlayer (62). The results of our sim-
ulations question this model and suggest a direct interac-
tion between FERM and L-selectin taking place in a
more realistic membrane environment, with PIP2 lipids
in a stabilizing role by accumulating around the hetero-
complex (Fig. 6 C).

To provide more insights into the binding mode of the
L-selectin/FERM complex, the details of the protein-protein
interface and PIP2 binding regions were analyzed. The res-
idues on FERM involved in PIP2 contacts distribute around
several conserved regions, including the two well-known
regions enriched with positively charged lysine residues
(49,63,64) (Fig. 6 A). This result thus corroborates the
important role of electrostatic interactions in stabilizing
FERM on the anionic membrane surface. Consistently,
PIP2 mainly interacts with the basic residues on CLS, espe-
cially in KKxKK363, which is found at the membrane-prox-
imal region (upper panel in Fig. 6 D). When tethered by
FERM, the PIP2-contact intensity decreases dramatically
from the position of K365 to the L-selectin C-terminal
because of the membrane detachment of CLS. All simula-
tion replicas exhibit two subdomains (residues of 0–20
and 55–70) at the N-terminal of FERM in contact with
CLS (Fig. 6 B). It is noteworthy that the second subdo-
main overlaps with the PIP2-contacted involved region of
KKVTAQDVRK72 on FERM, suggesting the guiding
role of PIP2 in association of FERM on the L-selectin
tail. Meanwhile, FERM-contact residues of CLS distribute
at the membrane-distal region, especially of the
KKSK362–365 motif (lower panel in Fig. 6D). These findings
match to the known structural results that K362 and K365 act
as the key sites in stabilizing the FERM/L-selectin complex
(47,48). Moreover, a previous study shows that FERM and
calmodulin (CaM) compete to bind CLS (65), whereas the
phosphorylation of S364 can reduce association of CaM on
CLS (66). It thus reflects the importance of S364 in the
Biophysical Journal 114, 1858–1868, April 24, 2018 1863



FIGURE 6 Residue analysis revealing contacts

between PIP2 and proteins. (A) The distribution

of the residues of FERM in contacting PIP2 is

given. The two subdomains, consistent with a pre-

vious study (49), are denoted by black arrows, and

the sequences are shown. (B) Contact maps of the

residues of FERM that interact with CLS are

shown. The residue number 0–80 is highlighted

in the lower figure. The two subdomains are sur-

rounded by the green dashed brackets. (C) A

snapshot of the ternary complex of PIP2/FERM/

L-selectin is shown. KK363 residues are shown as

yellow branches. The two subdomains revealed

in (B) are shown extra in silver. (D) Contact

maps of CLS residues in binding to PIP2 (upper

panel) and FERM (lower panel) are shown. The

residues concurrently contacting PIP2 and FERM

are marked by the green rectangle. To see this

figure in color, go online.
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interaction between FERM and CLS, providing the rationale
for the competition between FERM and CaM in binding to
L-selectin.
Mutations of L-selectin linker region weaken
complex formation

It should be noted that the residues of K362K363 on CLS
are concurrently involved in interacting with FERM and
PIP2 (Fig. 6, C and D). To verify the importance of
these residues, we performed additional simulations of an
L-selectin mutant in which the K362K363 residues were re-
placed by isoleucines. Consequently, the association of
CLS and FERM is significantly slower as compared to
the WT (Fig. 7 A). The lipid/protein complex also became
weaker, as demonstrated by the reduced contact intensity
of the protein counterparts and the reduced enrichment of
PIP2 around CLS (Fig. 7 B). Analysis of the spatial distri-
bution of FERM with respect to L-selectin (Fig. 7, C
and D) furthermore shows that FERM displays a wide
range of binding geometries in the case of the mutant
L-selectin, whereas the heterocomplex involving the WT
is relatively well defined. The weakened binding mode of
the mutation is also reflected in the association free energy,
which is more favorable by �5 kJ/mol for the WT (Fig. 5).
Taken together, our data show that the K362K363 residues
play an important role in binding PIP2 to L-selectin and
modulating the stability of the CLS-FERM complex.
1864 Biophysical Journal 114, 1858–1868, April 24, 2018
DISCUSSION

In this study, we investigated the role of anionic lipids in
general, and PIP2 in particular, in membrane binding and as-
sociation of L-selectin and FERM. Our simulations reveal
that anionic lipids cluster around CLS and facilitate the
attachment of the FERM complex to the membrane, which
is a precondition for FERM to associate to CLS. Impor-
tantly, we show that PIP2 lipids act as a remarkable acceler-
ator for the association of L-selectin and FERM.

The membrane attachment of FERM observed in this
study confirms the importance of the lysine-enriched subdo-
mains, which has been reported in previous experiments
(49). In all replicas, FERM adapted a similar orientation
on the membrane (Fig. 6), and thus the structural orientation
of FERM to the membrane appears determined by the
electrostatic interactions between the positively charged res-
idues and the anionic lipids. Moreover, the second lysine-
enriched subdomain of FERM binds both PIP2 and CLS
(Fig. 6, B and D), which suggests the importance of PIP2
in forming and stabilizing the final protein complex. Based
on MD simulations, Herzog et al. also report changes of
FERM orientation relative to the membrane when PIP2
is present, proposing that the conformational rolling of
FERM is involved in expanding the lifetime of the kinase
domain in a FERM-dissociated state (67). Moreover, they
highlight the importance of the basic patch residues (220–
225) in contacting PIP2, which was also revealed in this
work (Fig. 6 A). Together, these data indicate the importance



FIGURE 7 Comparing WT and mutant L-selec-

tin to assess the importance of lysine residues. (A)

The time evolution of the distance between L-se-

lectin-K362IK363I and FERM is shown. (B) The

contact intensities of L-selectin-WT and

-K362IK363I in associating with FERM are shown.

(C) The two-dimensional spatial distribution of

FERM (center of mass) on the x-y plane relative

to the L-selectin-TM domain (centered in the mid-

dle of this figure) of the WT and (D) K362IK363I is

shown. To see this figure in color, go online.
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of the anionic lipids in determining how the FERM domain
binds and orients at the membrane.

Compared to PIP2, a clustering of POPS around L-selec-
tin and FERM is not evident from our simulations. It is well-
known that POPS widely distribute in the inner leaflet of
plasma membranes, whereas PIP2 lipids are reported to
preferentially locate in specific microdomains of mem-
branes, including the cellular lamellipodia related to cell
migrating and adhering (22). The microvillar positioning
of L-selectin is necessary for leukocyte tethering (68). A
previous study revealed the reduced association of FERM
to the K262A mutant of L-selectin and a preclusion of this
L-selectin mutant from microvilli (47). Our simulation re-
flects that K262 is highly involved in binding of CLS to
PIP2 (Fig. 6 D), suggesting the pivotal function of PIP2 in
regulating the association of L-selectin and FERM by con-
trolling the former distribution in the membranes.

Our simulations reveal that the complexes of L-selectin/
PIP2 and FERM/PIP2 are responsible for the rapid associa-
tion of these proteins. The self-clustering propensity of PIP2
lipids helps in merging the embedded proteins together. An
addition of PIP2 efficiently reduces the time required for the
docking of CLS to FERM, which is in line with the PIP2-
dependent assembling of TM and peripheral proteins (62).
Clustering of PIP2, induced by TM and cytosolic proteins,
is a known behavior. Notably, PIP2 is found to be necessary
for clustering of cellular adhesion protein CD44 on the one
hand, and on the other hand it regulates ezrin to transform
into the extended structure, which together enables the
formation of a heterotetramer complex (62). In addition,
coaccumulation of PIP2 and sequestering of proteins in
membrane microdomains is reported (11), showing the
extensive biological relevance of PIP2 in associating and
separating TM proteins. Considering the enrichment of
basic residues on the juxtamembrane domain of L-selectin,
which is conserved with the known TM proteins in clus-
tering, oligomer/cluster of L-selectins can be sequestered
in the PIP2-included membranes. The PIP2-cluster-depen-
dent regulation is believed to be driven by the charge
compensation of the anionic PIP2 by positively charged pro-
tein residues. Note that the POPS lipids cannot provide a
comparable contribution to protein translocation and associ-
ation like PIP2. Given the similar lipid tails of the two lipid
species, the mechanism for accelerating protein association
can be addressed to the special structure of PIP2 head-
groups, in particular the multivalent negative charge of the
PIP2 lipids. Furthermore, efficient stacking of the inositol
rings may facilitate PIP2 clustering and drive the PIP2-
mediated protein association (Fig. 2, E and F). In addition,
a previous study reveals the importance of the hydrogen
bond network between the inositol rings, which is found
to regulate PIP2 localization and protein recognition (69).

Another interesting aspect of our simulations is the obser-
vation that the CLS region becomes linear to the TM domain
of L-selectin when bound to FERM, whereas the CLS re-
mains membrane-adsorbed in the presence of PIP2 without
FERM. Thus, an autoregulation of L-selectin structure is
required for CLS docking to FERM because PIP2 hides
CLS in the membrane surface (Fig. 2 C). Based on our
data, we propose that FERM competes to attract the PIP2
lipids in the vicinity of L-selectin, which leads to the detach-
ment of CLS from the membrane. We show that the removal
of the basic residues on the juxtamembrane domain of
L-selectin reduces the protein associating efficiency and
Biophysical Journal 114, 1858–1868, April 24, 2018 1865
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loosens the L-selectin/FERM complex. The basic residues
therefore act as the key factors in regulating the PIP2 bind-
ing and protein-interacting ability. It has been speculated
that the conformational alteration of L-selectin from the
‘‘hook’’ shape (induced by PIP2) is related to the membrane
cross-regulation for ‘‘ectodomain shedding’’ of L-selectin
because the linear shape of L-selectin makes it easier to
expose the ectodomain cleavage sites. However, it should
be noted that the regulation on the interaction between
L-selectin and the cytosolic protein counterparts is multifac-
eted. Protein modifications such as phosphorylation and
ionic mediation also play important roles in steering protein
association (70,71).

In summary, we studied the association of L-selectin
and FERM in the vicinity of anionic membranes by CG
molecular dynamic simulations. Based on the results, two
spatiotemporal aspects explain why PIP2 accelerates the
formation of the FERM/L-selectin complex: a strong affin-
ity of PIP2 to the proteins, and the favorable merging of the
PIP2 lipid clusters. The molecular details provided in this
study contribute to our understanding of the important role
of PIP2 lipids in protein association and signaling.
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