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Abstract
Moesin and calmodulin (CaM) jointly associate with the cytoplasmic domain of L-selectin in the
cell to modulate the function and ectodomain shedding of L-selectin. Using fluorescence
spectroscopy, we have examined the association of moesin FERM domain with the recombinant
transmembrane and cytoplasmic domains of L-selectin (CLS) reconstituted in model phospholipid
liposomes. The dissociation constant of moesin FERM domain to CLS in the phosphatidylcholine
liposome is about 300 nM. In contrast to disrupting the CaM association with CLS, inclusion of
anionic phosphatidylserine lipids in the phosphatidylcholine liposome increased the apparent
binding affinity of moesin FERM domain for CLS. Using the environmentally sensitive
fluorescent probe attached to the cytoplasmic domain of CLS and the nitroxide quencher attached
to the lipid bilayer, we showed that the association of moesin FERM domain induced the
desorption of the basic-rich cytoplasmic domain of CLS from the anionic membrane surface,
which enabled subsequent association of CaM to the cytoplasmic domain of CLS. These results
have elucidated the molecular basis for the moesin/L-selectin/CaM ternary complex and suggested
an important role of phospholipids in modulating L-selectin function and shedding.

Keywords
ectodomain shedding; juxtamembrane region; protein-lipid interaction; moesin; l-selectin

Introduction
Protein ectodomain shedding, in which the extracellular domain of a membrane protein is
cleaved by membrane-associated metalloproteinases or shed-dases, is an important step in
many signaling pathways [1]. Alteration in the shedding step can lead to cardiovascular
diseases, cancer and neurologic diseases [2–4]. Ectodomain shedding of many proteins is
mediated by highly regulated mechanisms [5]. Involved in the regulation mechanisms are
certain intracellular proteins, which interact directly with the cytoplasmic domain of either
sheddases or shedding substrates and regulate the proteolysis step on the extracellular side of
the membrane. The molecular mechanisms underlying the across-the-membrane regulation
of ectodomain shedding remain unclear [5].

Intracellular regulation of L-selectin shedding is one of the best-characterized examples [6].
As a primary adhesion receptor mainly expressed on the leukocyte surface, L-selectin binds
to carbohydrate-specific ligand and mediates recruitment of naive lymphocytes from the
bloodstream to secondary lymphoid organs [7]. Treatment of naive lymphocytes with
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phorbol-12-myristate-13-acetate (PMA) induces rapid shedding of surface L-selectin via a
protein kinase C-dependent pathway [8–10]. As a type I transmembrane protein, L-selectin is
composed of an N-terminal C-type lectin domain, an epidermal growth factor-like domain,
two short consensus repeats, a stalk region containing the shedding cleavage site, a
transmembrane domain and a short cytoplasmic tail (Fig. 1a). Upon leukocyte adhesion and
activation, L-selectin is rapidly cleaved at the peptide bond between residues Lys283 and
Ser284 in the stalk region [11]. Containing only 17 residues, the cytoplasmic domain of L-
selectin participates in the regulation of L-selectin shedding, as a number of mutations in the
cytoplasmic domain have been reported to impact either constitutive or PMA-induced
shedding of L-selectin [8,10,12,13].

Moreover, truncation of the cytoplasmic domain or replacement of the transmembrane and
cytoplasmic domains of L-selectin significantly altered the shedding level of L-selectin [14].
Intracellular proteins moesin and calmodulin (CaM) have been found to interact with the L-
selectin cytoplasmic domain and suggested to regulate shedding of L-selectin [6,8,12,13].

Moesin is a founding member of the band 4.1-ezrin-radixin-moesin (FERM) protein family
that shares the namesake structural domain [15,16]. As a cytoskeleton adaptor protein,
moesin is located mainly in filopodia and other membranous protrusions and organizes the
cortical cytoskeleton by linking filamentous actin to the plasma membrane [17]. Moesin is
composed of an N-terminal FERM domain, a long α-helix linker region and a C-terminal
FERM-associating domain (Fig. 1b). The self-associated N- and C-terminal domains mask
the ligand-binding sites in the FERM domain and maintain moesin in a dormant or inactive
state [18]. Binding of phosphatidylinositol-4,5-bisphosphate (PIP2) and/or phosphorylation
of Thr558 in the C-terminal domain induce the activation of moesin by dissociating its N-
domain from C-domain [19–22]. Upon activation, the N-terminal FERM domain becomes
available for binding to the cytoplasmic domain of a number of receptors [23–27]. In
particular, moesin binds to the juxtamembrane region of the L-selectin cytoplasmic tail in
PMA-stimulated but not unstimulated leukocytes [8]. Certain mutations in the cytoplasmic
domain of L-selectin that disrupt the association of moesin and L-selectin have been shown to
confer L-selectin the resistance to PMA-induced shedding, suggesting that moesin
association facilitates shedding of L-selectin [13]. It is thought that moesin may bring L-
selectin close to its sheddase through its link to cortical actin filaments [28]. In contrast to
moesin, CaM was postulated to play an inhibitory role in the regulation of L-selectin
shedding because treatment of CaM inhibitors up-regulated L-selectin shedding in the cell
[6]. CaM interacts with isolated L-selectin cytoplasmic peptide with modest affinity and in a
calcium-independent manner [6,29]. Moreover, it was recently reported that moesin and
CaM can concurrently associate with the L-selectin cytoplas-mic domain [30]. However, it is
not clear how moesin and CaM accomplish their respective effects on L-selectin shedding.

We have previously characterized a recombinant L-selectin fragment named CLS in
phospholipid bilayers [29,31]. CLS contains both transmembrane and cytoplasmic domains
of human L-selectin (Fig. 1a). It is a monomer in detergent micelles and membranes [31].
The transmembrane domain of CLS adopts an α-helical structure that traverses the
membrane bilayer, and the adjacent cytoplasmic domain is enriched in basic residues and
can adhere to the membrane that is enriched with anionic phospholipids [29]. Such
membrane association keeps the L-selectin cytoplasmic tail from interacting with CaM,
suggesting that CaM alone may not regulate L-selectin shedding [29]. Moesin can also bind
PIP2 and, with a weaker affinity, phosphatidyl-serine (PS) [32,33]. To understand how the
membrane bilayer affects the association of L-selectin with moesin, we have characterized
the association of moesin with CLS in membrane conditions. We report that, in contrast to
CaM [29], moesin can bind and move the L-selectin cytoplasmic domain away from the
anionic membrane surface. Such separation allows subsequent CaM association with the L-
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selectin cytoplasmic domain and thus formation of the moesin/CLS/CaM ternary complex.
By elucidating the effect of anionic lipids on these interactions, our finding helps us to shed
light on the molecular mechanisms underlying regulation of ectodomain shedding.

Results
Association of moesin FERM domain with water-soluble L-selectin cytoplasmic peptides

Two synthetic water-soluble peptides were used first in our characterization of the
association between recombinant human moesin FERM domain (moesin-FERM) and the L-
selectin cytoplasmic domain (Fig. 1). The first peptide, named ARR18, corresponds to the
cytoplasmic domain of human L-selectin (residues Ala317–Tyr334). The other pep-tide,
named TMR-ARR18, shares the same sequence except that the N-terminal residue is
changed to cysteine, in which the thiol group is further decorated with a
tetramethylrhodamine-5-maleimide (TMR) fluorophore group. Since ARR18 does not
contain any tryptophan (Trp) residues, the intrinsic Trp fluorescence emission of moesin-
FERM was recorded as ARR18 was added to moesin-FERM in 50 mM Tris–HCl and 150
mM NaCl (pH 7.4) and at the room temperature (Fig. 2a and b). When excited at 295 nm,
moesin-FERM produced a typical Trp emission spectrum with an emission maximum at 333
nm. Addition of ARR18 induced a significant dose-dependent decrease in the Trp
fluorescence emission (Fig. 2a). Titration of ARR18 to moesin-FERM, monitored by the
change in Trp fluorescence, was fitted to the standard hyperbolic function, and an
equilibrium dissociation constant (Kd) of 196 ± 15 nM was obtained (Fig. 2b and Table 1). It
was noted that Trp fluorescence deviated from the fitted curve at high concentration of
ARR18. The association between recombinant moesin in its full-length form and ARR18
was also monitored in a similar fashion. The addition of ARR18 to moesin induced little
detectable change in Trp fluorescence of moesin, indicating that moesin does not associate
with ARR18 (Fig. 2c and d).

The association of moesin-FERM to TMR-ARR18 was monitored by the change in the
TMR fluorescence. When excited at 542 nm, TMR-ARR18 dissolved in the same buffer as
above showed a TMR emission spectrum with an emission maximum at 575 nm. Addition
of moesin-FERM to the TMR-ARR18 solution induced an increase in TMR fluorescence
emission (Fig. 2e). Titration of moe-sin-FERM to TMR-ARR18 could be fitted to the same
hyperbolic function with a Kd of 214 ± 22 nM (Fig. 2f and Table 1). In contrast, addition of
moesin to TMR-ARR18 induced little change in TMR fluorescence (Fig. 2g and h). Overall,
these results demonstrated that moesin-FERM but not full-length moesin interacts with the L-
selectin cytoplasmic domain. The similarity of Kd values obtained from ARR18 and TMR-
ARR18 titration experiments indicates that conjugation of TMR to residue 317 of the L-
selectin cytoplasmic domain does not significantly alter the association of ARR18 with
moesin-FERM.

Association of moesin FERM domain with CLS in membrane bilayers
To assess the effect of membrane bilayer on the association of moesin-FERM with the L-
selectin cytoplasmic domain, we next characterized the association of moesin-FERM with
CLS reconstituted in the 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-choline (POPC)
liposome (CLS/POPC), which provided a neutrally charged membrane environment. As
shown in an earlier study, CLS in the POPC liposome adopts primarily an α-helical
conformation, with its cytoplasmic domain exposed to the aqueous solution [29]. Unlike the
measurements of the ARR18 peptide, Trp fluorescence could not be utilized here because
both CLS and moesin-FERM contain Trp residues. Instead, a TMR group was conjugated to
CLS at residue 317 to generate TMR-CLS(317) and the change in TMR fluorescence was
followed during the titration of moesin-FERM. The labeled CLS was reconstituted in the
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POPC lipo-some at the 1:1000 molar ratio [TMR-CLS(317)/POPC] and diluted in 50 mM
Tris and 150 mM NaCl (pH 7.4) to a final CLS concentration of 5 nM (determination of
CLS concentration is described in Materials and Methods). Moesin-FERM used for the
titration experiment was dissolved in the same buffer containing 5 nM TMR-CLS(317)/
POPC to keep the concentration of CLS constant (Fig. 3a). The dose-dependent change in
TMR fluorescence emission induced by the addition of moesin-FERM was fitted to the
hyperbolic function with a Kd of 322 ± 43 nM (Fig. 3b). Due to the closed structure of a
liposome, about half of TMR-CLS(317) was embedded in the bilayer in an orientation that
placed its cytoplasmic domain inside the liposome and thus unavailable for moesin-FERM
association [29]. In this study, since the concentration of TMR-CLS(317) was much lower
than the obtained Kd, the presence of unbound TMR-CLS(317) inside the liposome should
not affect the measurement.

Compared to the association of moesin-FERM with TMR-ARR18 in aqueous solutions, the
association of moesin-FERM with TMR-CLS(317)/POPC had a slightly larger Kd (Table 1).
The difference is likely due to the presence of the phospholipid bilayer, which may limit to a
certain extent the accessibility of the L-selectin cytoplasmic domain for ligand binding.
Interestingly, the TMR fluorescence emission intensity in TMR-CLS(317)/POPC was
decreased upon moesin-FERM association, in contrast to the increasing effect of moesin-
FERM on the TMR fluorescence in TMR-ARR18 (Figs. 2e and 3a). TMR is an
environmentally sensitive fluorophore [34,35]. An increase in its fluorescence emission
typically indicates a movement of the TMR group to a more hydrophobic environment and
vice versa. Thus, the increased TMR fluorescence in TMR-ARR18 indicates that, upon its
association with moesin-FERM, the environment around residue 317 becomes more
hydrophobic, which is consistent with the model that residue 317 becomes close to moesin-
FERM upon association. Likewise, the decreased TMR fluorescence in TMR-CLS(317)/
POPC indicates that, upon association with moe- sin-FERM, the TMR group attached to
residue 317 is exposed to a less hydrophobic environment. However, since residue 317 is
located at the junction between transmembrane and cytoplasmic domains of L-selectin (Fig.
1), it is not clear whether the moesin-FERM-induced environmental change entails a
separation between residue 317 and the membrane bilayer.

Moesin-FERM association induces the desorption of L-selectin cytoplasmic domain from
the negatively charged membrane surface

To explore the possibility that moesin-FERM association with CLS induces a change in the
cytoplasmic domain, we used TMR-labeled CLS_S329C (TMR-CLS) [29,31] in this study
henceforth. Residue 329 is located in the distal portion of the L-selectin cytoplasmic domain
and outside the basic-rich juxtamembrane region (Fig. 1a). TMR-CLS reconstituted in
phospholipid liposomes have been employed in earlier studies to demonstrate the association
of the cytoplasmic domain of CLS with anionic membrane bilayer [29]. Here, to first
demonstrate the association of TMR-CLS with moesin-FERM, TMR-CLS was reconstituted
in the POPC liposome at the 1:1000 molar ratio (TMR-CLS/POPC) and diluted in 50 mM
Tris and 150 mM NaCl (pH 7.4) buffer. Like TMR-CLS(317)/POPC, titration of moesin-
FERM caused a decrease in the TMR fluorescence (Fig. 3c and d). The Kd fitted to the
titration curve was 302 ± 48 nM, indistinguishable from that obtained for TMR-CLS(317)/
POPC association with moesin-FERM (Table 1). Thus, the conjugation of TMR to residue
329 does not alter significantly the interaction of moesin-FERM with CLS. Moreover, it is
noteworthy that the steady-state TMR fluorescence intensity of TMR-CLS/POPC is
markedly lower than that of TMR-CLS(317)/POPC. This is consistent with the difference in
membrane proximity between residues 317 and 329 in POPC liposomes.
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To characterize the association of moesin-FERM with TMR-CLS in an environment that
mimics the anionic inner leaflet of the plasma membrane, we reconstituted TMR-CLS into
liposomes composed of POPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS) in various ratios. The average content of PS lipids in the leukocyte cell membrane is
roughly 7.5% [36]. Considering the asymmetric distribution of PS in the cell membrane, the
actual content of PS in the inner leaflet of the plasma membrane may be close to 15%. Thus
in this study, the POPS content in the POPC/POPS liposome was varied from 5% to 20% to
mimic the cell membrane. As shown in Fig. 4a, the TMR-CLS fluorescence increases with
the percentage of POPS in the liposome. Such increase is not due to the variation in TMR-
CLS concentration among the CLS liposome samples because all samples produced the
same TMR fluorescence emission spectra after 10% SDS was added to dissolve all the
liposomes (Fig. 4b). Thus, the increase in TMR fluorescence reflects the change in the
environment around the TMR group. It indicates that the liposome with higher PS content
provides a more hydrophobic environment for the TMR group, which is consistent with the
earlier finding that the cytoplasmic domain of CLS associates with the anionic membrane
surface [29].

Addition of moesin-FERM reduced the intensity of TMR fluorescence, and the extent of
reduction was the largest in the liposome with the highest POPS content (Fig. 4c). Each
titration curve was fitted to the simple hyperbolic equation to obtain apparent dissociation
constants that ranged from 133 ± 35 nM in 5% POPS liposomes to 70 ± 9 nM in 20% POPS
liposomes (Table 1). The increased affinity of moesin-FERM for TMR-CLS in POPS-
containing liposomes is consistent with earlier reports that moesin-FERM can interact with
anionic membrane surface [20,32,33,37]. Importantly, the TMR fluorescence at the
saturating concentration of moesin-FERM was largely the same for all TMR-CLS
liposomes, regardless of the lipid composition in each liposome (Fig. 4c), indicating that the
environment around the TMR group in the moesin-FERM/CLS complex is not influenced
by the lipid composition of the liposome. Overall, these results suggest that the TMR group,
and by extension residue 329 and surrounding residues, is separated from the membrane
surface upon association of moesin-FERM.

To test by another method whether moesin-FERM desorbs the cytoplasmic domain of CLS
from the PS membrane surface, we reconstituted TMR-CLS in the POPC liposome that
contained 10% 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine (DoxylPC) in
addition to 15% POPS and compared it to TMR-CLS in the 85% POPC/15% POPS
liposome at the same peptide concentration and the same 1:1000 peptide-to-lipid molar ratio
(Fig. 5a and b). The nitroxide group at the C5 position in DoxylPC is located in the
hydrophobic portion of the membrane bilayer but close to the hydrophilic surface. Its ability
to quench a nearby fluorophore has been utilized to probe the molecular interactions in lipid
bilayers [38– 40]. Since the cytoplasmic domain of CLS associates with the PS-containing
membrane, it is not surprising that the TMR-CLS fluorescence emission in the 75% POPC/
10% DoxylPC/15% POPS lipo-some was significantly lower than that in the 85% POPC/
15% POPS liposome (Fig. 5a). More importantly, addition of moesin-FERM to TMR-CLS
in the DoxylPC-containing liposome induced an increase in TMR fluorescence and,
therefore, an increase in distance between DoxylPC and TMR (Fig. 5c). The titration curve
was fitted with an apparent Kd of 96 ± 18 nM (Fig. 5d and Table 1), comparable to those
obtained in DoxylPC-free liposomes, which indicated that the association of moesin-FERM
with TMR-CLS was not affected by the presence of DoxylPC. Overall, these results provide
additional evidence to support the conclusion that moesin-FERM association desorbs the
cytoplasmic domain of CLS from the anionic membrane surface.
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Binding of moesin-FERM to CLS in POPS liposome is prerequisite for CaM association
In contrast to the facilitation of moesin-FERM association with CLS by PS lipids, we have
reported earlier that CaM binds to CLS in the POPC liposome but not CLS in the POPC/
POPS liposome [29]. However, in PMA-stimulated cells, moesin and CaM were observed to
form a ternary complex with L-selectin [30]. To elucidate the molecular basis for the
interactions among moesin, CaM and CLS, we first explored the possibility of a direct
interaction between moesin-FERM and CaM. No significant change in Trp fluorescence
emission intensity was observed upon the addition of 10 µM calcium-loaded CaM, which
lacks Trp residues, to moesin-FERM (Fig. 6a). Likewise, the titration of up to 10 µM
moesin-FERM to 5-((((2-iodoacetyl)amino)ethyl) amino)naphthalene-1-sulfonic acid
(IAEDANS)-la-beled CaM (IAEDANS-CaM) produced little change in the IAEDANS
fluorescence emission nor its anisotropy (Fig. 6b and c). This is in clear contrast to the
significant change in IAEDANS fluorescence that was induced by the association of known
CaM ligands as shown in earlier studies [29,41], suggesting that moesin-FERM does not
interact directly with CaM.

To probe the association of CaM with the moesin-FERM/CLS/liposome complex, we
diluted TMR-CLS reconstituted in the 15% POPS/85% POPC lipo-some into 50 mM Tris,
150 mM NaCl and 0.3 mM CaCl2 (pH 7.4) buffer to a final TMR-CLS concentration of 5
nM. Time-based TMR fluorescence emission at 575 nm was recorded during the addition of
moesin-FERM and/or CaM to the TMR-CLS liposome (Fig. 6d and e). Consistent with our
earlier finding that CaM does not associate with CLS in anionic membrane [29,42], addition
of CaM to TMR-CLS/POPS liposome did not induce a significant change in TMR
fluorescence. In comparison, addition of moesin-FERM induced the decrease of TMR
fluorescence emission as expected. Following moesin-FERM, addition of calcium-loaded
CaM or apo-CaM, but not bovine serum albumin, induced an increase of TMR fluorescence
emission (Fig. 6e).

Plotting the TMR fluorescence change as a function of CaM concentration produced an
apparent Kd around 1 μM that was independent of calcium ion (Fig. 6e and Table 1), which
is similar to that of CaM association with CLS/POPC liposome [29,42]. Overall, our results
indicate that association of moesin-FERM with CLS/POPC/POPS desorbs the cytoplas-mic
domain of CLS from the anionic membrane surface and, consequently, makes it accessible
to CaM association.

Discussion
In the present study, we have characterized the association of moesin-FERM with CLS, the
protein fragment that contains both transmembrane and cytoplasmic domains of L-selectin, in
lipid membrane conditions. While the association of moesin-FERM to CLS in a zwitterionic
membrane environment is similar to that of moesin-FERM to the water-soluble L-selectin
cytoplasmic peptide in the aqueous environment, it is strengthened in an anionic membrane
environment, likely due to the affinity of moesin-FERM to anionic lipids. More importantly,
we have found, for the first time, that the association of moesin-FERM leads to the
dissociation of the cytoplasmic domain of L-selectin from the membrane surface, thus
making it accessible to other intracel-lular proteins such as CaM.

It has been reported that moesin from PMA-stimulated but not unstimulated leukocytes
binds immobilized L-selectin cytoplasmic peptide (residues Arg318–Tyr334) [8]. PMA
activates protein kinase C as well as Rho-kinases [43–46], which can phos-phorylate residue
Thr558 in the C-terminal domain of moesin [47–49]. Phosphorylation of Thr558 destabilizes
the self-masked association between N-terminal FERM and C-terminal domains of moesin,
thereby enabling the former to bind other proteins as well as lipids (Fig. 7) [18,45,50].
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Consistently, we have demonstrated in this study that moesin-FERM, but not full-length
moesin, associates with the L-selectin cytoplasmic peptide (Fig. 2). Through fluorescence
titration, a Kd of approximately 200 nM was obtained for the association of moesin-FERM
(residues 1–346) with ARR18, which is similar in magnitude to a Kd of 40 nM reported
earlier for the association of an N-terminal fragment of moesin (residues 1–296) and the
immobilized L-selectin cytoplasmic peptide [8]. The difference in Kd values is likely due to
the difference in constructs (moesin-FERM versus moesin fragment 1–296; water-soluble
ARR18 versus immobilized L-selectin fragment Arg318–Tyr334) and experimental settings
(fluorescence titration versus surface plasmon resonance), particularly that the N-terminal
fragment 1–296 is much less stable than moesin-FERM (data not shown).

A crystal structure of the radixin FERM domain in complex with inositol trisphosphate
revealed a PIP2-binding site at the junction of F1 and F3 subdomains [51]. In addition,
several lysine residues on the surface of the F3 subdomain have been identified to
participate in PIP2 binding [52]. The FERM domain of moesin can also bind to PS, albeit at
a weaker affinity [32,33]. Thus, it is conceivable that anionic lipids can recruit moesin-
FERM to the membrane and facilitate its association with the cytoplasmic domain of L-
selectin by the proximity effect. Indeed, we observed an approximately 5-fold increase in Kd
for the association of moesin-FERM with CLS in the anionic membrane (Fig. 4 and Table
1). Although the extent of increase in affinity is smaller than those in other reported cases
[53], it is noteworthy that the apparent Kd obtained in this study likely includes the free
energy cost required to break the electrostatic interaction between the cytoplasmic domain
of L-selectin and the anionic membrane surface. Overall, these results suggest that the
membrane bilayer plays a critical role in mediating the association of activated moesin with
L-selectin and emphasize the need to study these interactions in the context of appropriate
membrane conditions.

CaM was postulated to inhibit shedding of L-selectin by binding to the juxtamembrane
region of the L-selectin cytoplasmic domain [6], but the underlying mechanism has remained
unclear. The juxtamembrane region of the L-selectin cytoplasmic domain is enriched in basic
residues, which adheres electrostatically to the anionic membrane bilayer that mimics the
inner leaflet of the plasma membrane [29]. Such adhesion precludes CaM from associating
directly with CLS in POPS-containing liposome [29]. In contrast, when CLS is reconstituted
in the zwitterionic POPC membrane bilayer, the cytoplas-mic domain is not attached to the
membrane surface and it can bind CaM with a modest affinity [29]. Recently, it was shown
that CaM forms a ternary complex with L-selectin and moesin in the cell, with both CaM-
and moesin-binding sites mapped to the juxtamembrane region of the L-selectin cytoplasmic
domain [30]. In this study, we demonstrated that CaM did not bind moesin-FERM directly
and that only after moesin-FERM binding did CaM associate with CLS in POPS liposomes
(Fig. 6). Therefore, our results suggest, as illustrated in Fig. 7, a sequential binding model
for the moesin-FERM/L-selectin/CaM ternary complex: moesin-FERM associates first with
L-selectin to induce the separation of the cytoplasmic domain of L-selectin from the anionic
membrane surface, which makes the latter accessible to subsequent CaM association. It is
also possible that the moesin-FERM association can enable association of another potential
shedding regulator to the L-selectin cytoplasmic domain, provided that it can out-compete
CaM.

It is noteworthy that CaM association in the ternary complex in the POPS liposome did not
require calcium ion (Fig. 6), which is consistent with the earlier report that ethylene glycol
bis(β-aminoethyl ether) N,N′-tetraacetic acid had little effect on the association of CaM with
moesin FERM domain and L-selectin cytoplasmic peptide in solution [30]. The lack of
dependence on calcium ion explains the modest affinity as well as the extended
conformation CaM adopts for the moesin-FERM/CLS complex in the liposome [42]. Our
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earlier analysis showed that CaM association with ARR18 in solution, which exhibited a
similar calcium-independent binding affinity (Table 1), is dynamic and utilizes both of its
lobes [29]. Since calcium-loaded CaM is capable of binding many other intracellular
proteins with a much higher affinity, it is conceivable that, upon calcium influx in the cell,
many intracellular CaM ligands will out-compete moesin-FERM/L-selectin for CaM binding
and thereby induce CaM dissociation from L-selectin. This could explain the dissociation of
CaM from L-selectin upon cell activation and, relatedly, the inhibitory role of CaM in the
regulation of L-selectin shedding [6]. Since moesin-FERM association with the L-selectin
cytoplasmic domain is still required for making the latter accessible for binding with another
potential shedding activator, moesin-FERM binding is therefore facilitative to L-selectin
shedding [8,13]. Many membrane receptors contain in their cyto-plasmic domains a
juxtamembrane region that is enriched in basic residues. This positively charged region
helps to control the transmembrane topology of the host protein [54]. It has been shown in a
number of receptors that this juxtamembrane region adheres to the cytoplasmic surface of
the plasma membrane that is enriched in anionic lipids [55–57]. The desorption of this
region from the membrane surface, as a result of cell activation, change in the lipid
composition or change in sequence modification, is often associated with the regulation of
receptor activity. In this study, we have demonstrated in model phospholipid membranes
that the FERM domain of moesin binds the cytoplasmic domain of L-selectin and desorbs it
from the anionic membrane surface. The FERM domain-induced desorption of the basic-
rich cytoplasmic domain from the anionic membrane surface may be a common
phenomenon in stimulated cells.

Materials and Methods
Materials

In preparation of L-selectin fragments and fluorescently labeled derivatives, wild-type CaM
and its mutants, the FERM domain of human moesin (residues 1–346) has been described
previously [29,31,42]. Restriction enzymes were from New England Biolabs (Ipswich, MA).
Thrombin and glutathione 4B Sepharose beads were purchased from GE Healthcare
(Pittsburgh, PA). TMR and IAEDANS fluorophores were purchased from Anaspec
(Fremont, CA) and Invitrogen (Carlsbad, CA), respectively. All synthetic phospholipids
were purchased from Avanti Polar Lipids (Alabaster, AL).

Expression and purification of full-length moesin
The DNA fragment encoding human moesin (residues 1–577) was amplified using primers
5′-GCATGAATTC-CATGCCCAAAACGATC-3′ and 5′-GCATCTCGAGTGA-
CATAGACTC-3′ and subcloned as an EcoRI/XhoI fragment into the pHex vector to
produce a glutathione S-transferase (GST)-moesin fusion protein [58]. Expression,
purification and cleavage of the GST-moesin protein was carried out following the protocol
that had been established for the production of moesin FERM domain [42]. After thrombin
cleavage of the GST-moesin fusion protein, the mixture was loaded onto a re-equilibrated
glutathione Sepharose 4B column to separate moesin from GST-containing fragments.
Moesin was further purified by gel-filtration chromatography in buffer A [50 mM Tris–HCl,
150 mM NaCl and 1 mM DTT (pH 7.4)]. Its purity was confirmed by SDS-PAGE, and its
concentration was measured using an extinction coefficient of 58,800 M–1 cm–1 at 280 nm.
The concentrated protein stock was stored at −80 °C before use.

Association of moesin fragments with water-soluble L-selectin fragments
ARR18 and TMR-ARR18 peptides were prepared as described previously [29]. To titrate
full-length moesin or moesin-FERM into TMR-ARR18, we diluted the stock solution of
TMR-ARR18 into buffer A to achieve the final concentration of approximately 5 nM. The
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moesin sample was prepared by diluting the moesin concentrated stock into TMR-ARR18-
containing buffer A so that the TMR-ARR18 concentration was kept constant during the
titration. All the solutions were filtered with 0.2-um filter prior to the experiments. The
steady-state TMR emission fluorescence was acquired on a PTI QuantaMaster spectrometer
(Photon Technology International, Birmingham, NJ) using a 3-ml cuvette. The excitation
and emission wavelength was 542 nm and 575 nm, respectively. The slit widths for
excitation and emission were adjusted to minimize photo bleaching of the sample and to
achieve sufficient fluorescent signal intensity. Titration of unlabeled ARR18 into moesin-
FERM (or full-length moesin) followed similar steps. Emission fluorescence of Trp residues
in moesin was used as the indicator for the titration, with the excitation and emission
wavelengths set to 295 nm and 333 nm, respectively.

When applicable, the plot of fluorescence intensity as a function of ligand concentration was
fitted with the hyperbolic function

where F is the observed fluorescence, Ff is the fluorescence of unbound substrate, Fb is the
fluorescence of the ligand-substrate complex, [ligandf] is the concentration of the free ligand
and Kd is the dissociation constant.

Reconstitution of TMR-CLS in liposomes
CLS containing the S329C mutation has been described previously [31]. The A317C
mutation was introduced to the CLS gene fragment using the primer 5′-
CATTTGGCTGTGTAGGAGATTAAAAAAAGGC and its complementary primer.
Conjugation of TMR to CLS was carried out as described previously [31]. Reconstitution of
TMR-CLS in liposomes consisting of desired phospho-lipids followed the published
procedure that used the mini-extruder and the 400-nm pore-sized filter [29]. The molar ratio
of TMR-CLS to lipid was maintained at 1:1000 throughout this study. The concentration of
TMR-CLS in a liposome sample was determined by diluting 20 μl aliquot into 480 μl of the
same aqueous buffer containing 10% SDS and then measuring the TMR emission
fluorescence intensity (with excitation and emission wavelengths at 542 and 575 nm,
respectively). The fluorescence intensity was used to determine the concentration of TMR-
CLS by comparing to a standard curve as described previously [29].

Association of moesin fragments with TMR-CLS in phospholipid liposomes
Both TMR-CLS(317) and TMR-CLS liposomes were prepared in buffer A. Titration of
moesin to TMR-conjugated CLS (approximately 5 nM final concentration) reconstituted in
the liposome was monitored by the change in TMR fluorescence emission at 20 °C using a
1-ml cuvette. The excitation wavelength was set to 542 nm. Each spectrum was the average
of three scans. Empty liposomes of the same lipid composition but without CLS were used
for correction of background reading. Dissociation constants were obtained by fitting the
titration curves to the hyperbolic equation as described above.

Fluorescence anisotropy measurement
Fluorescence anisotropy experiments were performed on the same PTI fluorimeter with
polarizers installed. For each measurement, desired amount of moesin-FERM in 50 mM
Tris–HCl (pH 7.4) buffer that contained 150 mM NaCl and 0.3 mM CaCl2 was titrated into
125 nM IAEDANS-CaM in the same buffer. The excitation wavelength was set to 340 nm,

Deng et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2014 September 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and the fluorescence emission at 475 nm was measured. Fluorescence anisotropy (A) of
IAEDANS-CaM at any given concentration of moesin-FERM was calculated as previously
described [59] and averaged from three independent measurements.

Time-based TMR fluorescence measurement
TMR-CLS/15% POPS/85% POPC liposome stock was diluted into 2 ml of 50 mM Tris–HCl
(pH 7.4) buffer that contained 150 mM NaCl and 0.3 mM CaCl2 to achieve a final
concentration of approximately 5 nM. Both moesin-FERM and CaM in the same buffer
were added at various time points into this solution. The TMR emission fluorescence was
recorded over time with excitation and emission wavelengths set to 542 nm and 575 nm,
respectively. A stirring bar was put in the cuvette to ensure thorough mixing of the samples.
The recording was paused when titrating samples into the cuvette. The scanning speed was
once per second.
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Fig. 1.
Sequence and schematic representation of (a) L-selectin-derived fragments and (b) moesin-
derived fragments that are used in this study. Notable domains in both proteins, as well as
residue numbers indicating the length of individual fragments, are marked. Sequences of
CLS and other L-selectin peptides are shown. The position of TMR conjugation in each
fragment is indicated by a star. The shedding cleavage site in L-selectin is indicated by the
inverted triangle.
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Fig. 2.
L-selectin cytoplasmic peptide binds to moesin-FERM, but not to full-length moesin. (a) Trp
fluorescence emission spectra of moesin-FERM in the absence (broken line) and in the
presence (continuous line) of 3 μM ARR18 peptide. Moesin FERM domain was dissolved in
50 mM Tris and 150 mM NaCl (pH 7.4) to a final concentration (5 nM). ARR18 peptide in
the same solution was added in room temperature. The Trp fluorescence emission spectra
were recorded from 310 nm to 400 nm with the excitation wavelength at 295 nm. Each
spectrum was the average of three scans and corrected for background signals from the
buffer. (b) Binding of ARR18 to moesin-FERM monitored by the change in Trp
fluorescence at 333 nm. The broken line indicates the fitted binding curve. (c) Trp
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fluorescence emission spectra of full-length moesin in the absence (broken line) and in the
presence (continuous line) of 3 μM ARR18. The experimental setting was the same as
described in (a). (d) Lack of association of ARR18 with moesin as indicated by the lack of
change in Trp fluorescence at 333 nm. (e) TMR fluorescence emission spectra of TMR-
ARR18 in the absence (broken line) and in the presence (continuous line) of 3 μM moesin-
FERM. The buffer was the same as above. The fluorescence spectra were recorded for 550–
650 nm with the excitation wavelength at 542 nm. (f) Binding of moesin-FERM to TMR-
ARR18 monitored by the change in TMR fluorescence at 575 nm. The broken line indicates
the fitted binding curve. (g) TMR fluorescence emission spectra in the absence (broken line)
and in the presence (continuous line) of 3 μM moesin. The experimental setting was the
same as in (e). (h) Lack of association of moesin with TMR-ARR18 as indicated by the lack
of change in TMR fluorescence at 575 nm.
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Fig. 3.
Association of moesin-FERM with TMR-CLS(317) and TMR-CLS reconstituted in the
POPC liposome, monitored by the change in TMR fluorescence emission. (a and c) TMR
fluorescence emission spectra of 5 nM TMR-CLS(317)/POPC or TMR-CLS in the absence
(broken line) and in the presence (continuous line) of 3 µM moesin-FERM. The TMR
fluorescence emission spectra were recorded for 555–650 nm with the excitation wavelength
at 542 nm. Each spectrum was the average of three scans and corrected for background
signals from the buffer and the empty liposome. (b and d) Binding of moesin-FERM to
TMR-CLS(317)/POPC or TMR-CLS/POPC, monitored by the change in TMR fluorescence
at the indicated wavelength. The broken line indicates the fitted binding curve.
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Fig. 4.
POPS facilitates the association of moesin-FERM with TMR-CLS reconstituted in the
phospholipid liposome. TMR-CLS/POPC/POPS liposomes, at the pep-tide-to-lipid molar
ratio of 1:1000, were prepared and diluted in 50 mM Tris and 150 mM NaCl (pH 7.4) to the
final TMR-CLS concentration of 5 nM. Moesin-FERM dissolved in the same buffer
containing 5 nM TMR-CLS/POPC/POPS was titrated to the TMR-CLS/POPC/POPS
liposome. (a) TMR fluorescence emission spectra of TMR-CLS reconstituted in liposomes
of various POPC/POPS composition. Each spectrum is denoted by the percentage of POPS
in the liposome. The emission spectra were recorded for 555–650 nm with the excitation
wavelength at 542 nm. Each spectrum was the average of three scans and corrected for
background signals from the buffer and the empty liposome. (b) TMR fluorescence emission
spectra of the same TMR-CLS liposome samples after the addition of 10% SDS to dissolve
the liposome. (c) Binding of moesin-FERM to TMR-CLS reconstituted in liposomes of
various POPC/POPS composition, monitored by the change in TMR fluorescence at 575
nm. The lines are fitted binding curves to each titration.
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Fig. 5.
Association of moesin-FERM desorbs the cytoplasmic domain of TMR-CLS from the
surface of the anionic liposome. (a) TMR fluorescence spectra of TMR-CLS reconstituted in
POPC liposomes that also contained 15% POPS (PC/PS) or 10% DoxylPC and 15% POPS
(DoxylPC/PS). The TMR-CLS liposome at the same concentration was dissolved in 50 mM
Tris–HCl and 150 mM NaCl (pH 7.4). The spectra were recorded for 555–650 nm with the
excitation wavelength at 542 nm. Each spectrum was the average of three scans and
corrected for background signals from the buffer and the empty liposome. (b) TMR
fluorescence emission spectra of the same TMR-CLS liposome samples after the addition of
10% SDS. (c) TMR fluorescence spectra of TMR-CLS/DoxylPC/PS liposome in the
absence (●) and in the presence (○) of 3 μM moesin-FERM. (d) Increase of TMR
fluorescence emission as a result of titration of moesin-FERM to the TMR-CLS/DoxylPC/
PS liposome. The broken line indicates the fitted binding curve.
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Fig. 6.
CaM interacts only with the moesin-FERM/TMR-CLS complex in the 85% POPC/15%
POPS liposome. (a) Trp fluorescence emission spectra of 5 nM moesin-FERM in the
absence (broken line) and in the presence (continuous line) of 10 μM CaM in 50 mM Tris–
HCl (pH 7.4) buffer containing 150 mM NaCl and 0.3 mM CaCl2. The excitation
wavelength was at 295 nm. (b) IAEDANS fluorescence emission spectra of IAEDANS-
CaM in the absence (broken line) and in the presence (continuous line) of 10 μM moesin-
FERM in the same buffer as above. The excitation wavelength was at 340 nm. Each
spectrum was the average of three scans and corrected for background signals from the
buffer. (c) Titration plot of fluorescence anisotropy of IAEDANS-CaM versus concentration
of moesin-FERM added to the mixture. The excitation wavelength was at 340 nm. (d and e)
TMR fluorescence emission of TMR-CLS/POPC/POPS liposome at 575 nm was recorded in
a time-based fashion with the addition of CaM and/or moesin-FERM at indicated time
points. All the additives contained 5 nM TMR-CLS/POPC/POPS. At time point 1, 3 μM Ca/
CaM was added to 5 nM TMR-CLS/POPC/POPS liposome in the same buffer shown in (a);
at time point 2, 400 nM moesin-FERM was added; at time points 3–6, 100 nM moesin-
FERM was added each time; at time points 7 and 8, 1.5 μM CaM was added each time; at
time point 9, 400 nM moesin-FERM was added; at time point 10, 1 μM bovine serum
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albumin was added. The excitation and emission wavelengths were 542 nm and 575 nm,
respectively. (f) Binding of calcium-loaded CaM [Ca/CaM (●)] or apo-CaM (○) to the
moesin-FERM/TMR-CLS complex in POPC/POPS liposome, monitored by the change in
TMR fluorescence emission at 575 nm. We mixed 400 nM moesin-FERM with 5 nM TMR-
CLS/POPC/POPS liposome in the same buffer as above, except that 1 mM
ethylenediaminetetraacetic acid instead of 0.3 mM CaCl2 was included for titration of apo-
CaM. Broken lines indicate fitted binding curves.
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Fig. 7.
A model illustrating formation of the moesin/L-selectin/CaM ternary complex at the
membrane interface. The FERM domain of moesin (moesin-FERM) is shown in the yellow-
coated ribbon diagram. The transmembrane and cytoplasmic domains of L-selectin are
shown in gray, with the former embedded in the membrane bilayer and the latter adhered to
the anionic membrane surface. The large extracellular domain of L-selectin is not shown.
CaM is shown with its two lobes (shown in dark blue and purple) separated and in an
extended conformation. (Left) The FERM domain of moesin is recruited to the membrane
due to its association with anionic phospholipids. Meanwhile, the cytoplasmic domain of L-
selectin that is enriched in basic residues is associated with anionic membrane surface [29].
(Middle) The FERM domain of moesin binds the cytoplasmic domain of L-selectin and
desorbs it from the membrane surface, as shown in this study. CaM alone does not interact
with the membrane-adhered cytoplasmic domain of L-selectin [29]. (Right) Only after
moesin association does CaM bind the cytoplasmic domain of L-selectin to form the ternary
complex, in which CaM takes on an extended conformation [42].
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Table 1
Apparent equilibrium dissociation constants measured for various interactions among
moesin, L-selectin and CaM fragments

Ligands L-Selectin fragment Kd

Moesin-FERM ARR18 196 ± 15 nM

Moesin-FERM TMR-ARR18 214 ± 22 nM

Moesin ARR18 n.d.a

Moesin TMR-ARR18 n.d.a

Moesin-FERM TMR-CLS(317)/POPCb 322 ± 43 nM

Moesin-FERM TMR-CLS/POPCb 302 ± 48 nM

Moesin-FERM TMR-CLS/5% POPS/95% POPCb 133 ± 35 nM

Moesin-FERM TMR-CLS/10% POPS/90% POPCb 74 ± 10 nM

Moesin-FERM TMR-CLS/15% POPS/85% POPCb 67 ± 8 nM

Moesin-FERM TMR-CLS/20% POPS/80% POPCb 70 ± 9 nM

Moesin-FERM TMR-CLS/15% POPS/10% DoxylPC/75% POPCb 96 ± 18 nM

Ca/IAEDANS-CaM ARR18 2.1 ± 0.1 µMc

CaM ARR18 2.5 ± 0.1 µMc

Ca/CaM TMR-CLS/POPC 1.5 ± 0.5 µMc

CaM TMR-CLS/POPC 1.7 ± 0.6 µMc

Ca/IAEDANS-CaM CLS/POPC 2.0 ± 0.4 µMc

IAEDANS-CaM CLS/POPC 3.0 ± 0.4 µMc

Ca/CaM TMR-CLS/15% POPS/85% POPC n.d.a,c

Ca/CaM moesin-FERM n.d.a

Ca/CaM CLS/moesin-FERM/15% POPS/85% POPCb 1.5 ± 0.3 µM

CaM CLS/moesin-FERM/15% POPS/85% POPCb 0.8 ± 0.2 µM

Kd was obtained by assuming a simple binding reaction as described in Materials and Methods.

a
Binding was not detected.

b
The peptide-to-lipid ratio is 1:1000.

c
This association was examined in an earlier report [29].
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