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ABSTRACT

VIsinin-LIke Proteins (VILIPs) are a subfamily of the Neuronal Calcium Sensor (NCS) proteins, which possess both
N-myristoylation and EF-hand muotifs allowing for a putative ‘calcium-myristoyl switch’ regulation mechanism. It
has previously been established that myristoyl conjugation increases the affinity of proteins for membranes, but,
in many cases, a second feature such as a cluster of positively-charged residues is needed for stable membrane
binding. The interaction of two members of this family, VILIP-1 and VILIP-3, with Langmuir monolayers as
membrane models has been investigated in order to study the effects of both myristoylation and the highly
basic region containing conserved poly-lysine residues on membrane association kinetics and binding properties.
Results show that in the presence of calcium, N-myristoylation significantly increases the kinetic rate of VILIP
adsorption to the membrane. Additionally, the proteins bind to negatively charged phospholipids independently
of the conjugated myristate moiety. Besides the regulatory effect of calcium on the rate of binding presumably
due to exposure of the myristoyl moiety ascribed to their putative ‘calcium-myristoyl switch’, VILIP-1 and -3
also engage specific interactions with biomimetic membranes containing phosphatidylinositol 4,5-bisphosphate
(PIP;). The presence of PIP; increases the membrane association rates of both VILIPs. Taken together, these results
show the major kinetic role of N-myristoylation for membrane binding, and highlight the critical role of specific

phosphoinositide interactions for membrane association of members of the VILIP family.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Visinin-Llke Proteins (VILIPs) are myristoylated proteins belonging
to the family of the Neuronal Calcium Sensor (NCS) proteins, and their
membrane binding capacity is thought to be regulated by a putative
‘calcium-myristoyl switch’ [1-3].

Lipid modifications of proteins play many roles inside and outside
the cell [4]. They facilitate membrane attachment of soluble proteins
by enhancing interactions of proteins with either organelle or plasma
membranes, occur in signaling and subcellular targeting by directing
proteins to various cellular membranes, promote intra- and intermolec-
ular protein—protein interactions, and may modulate protein structure
and function [5-10].
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N-myristoylation of proteins has been identified as an essential reg-
ulatory component of signal transduction networks in many eukaryotic
cells [7,11,12]. It comprises the covalent attachment of the 14-carbon
saturated fatty acid myristate to the N-terminal glycine through a stable
amide bond. One of the major functions of this fatty acid acylation is to
promote membrane binding of a wide variety of proteins by simple in-
sertion of hydrophobic myristate moiety into the lipid bilayer [9,12-15].
The covalent attachment of myristate to a protein results in increased
hydrophobicity of the protein, leading to higher membrane binding af-
finity [4]. However, the increase in hydrophobicity is modest and often
reversible membrane binding is observed. A central tenet, originally
established by Peitzsch and McLaughlin [16] is that the effective dis-
sociation constant Ky (approximately 10~4 M) of membrane-bound
myristoylated peptides corresponds to an energy just enough for at-
tachment of the peptides to the membrane. It is now an established
paradigm that myristoylation, although necessary for membrane
binding, is not sufficient to stably anchor a protein to a lipid bilayer
[9]. Moreover, many myristoylated proteins require a second feature
for stable membrane binding, like an additional domain that interacts
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with another membrane-bound protein [9,15,17,18] or a cluster of
positively-charged residues often localized in the vicinity of the
myristoylation site of the protein [9,12,13,19]. Indeed, the N-
terminal region of myristoylated proteins contains in many cases a
polybasic region capable of electrostatic interactions with acidic
phospholipid headgroups, mainly phosphatidylserine (PS) and phos-
phatidylinositol (PI) which, in healthy cells, are primarily localized to
the inner leaflet of the bilayer, imparting a net negative charge to the cy-
toplasmic leaflet surface [20]. In addition, the occurrence of polybasic
motif is now correlated with the targeting of plasma membrane
proteins due to recognition of polyphosphoinositides, like PI(3,4,5)P3
or PI(4,5)P; [21,22], that are highly charged (valence of —4 at pH 7.0
[23]). Specific interactions with PIPs may target plasma membrane
proteins to distinct cellular signaling processes [24,25].

When both myristate and polybasic motif (‘myristate plus basic’
model) are present within the protein, the hydrophobic and electrostat-
ic forces synergize [ 13], but mechanistic details of this synergy have not
been reported to date. Functionally, protein lipid modifications can also
act as reversible switches to activate or terminate signaling process.
Indeed, the anchorage of N-myristoylated proteins to membranes may
be dynamically regulated via various “myristoyl-switches”. One of
these switches relies on a “ligand”-dependent conformational change
of the protein leading to exposure of the myristoyl moiety, previously
sequestered in a hydrophobic pocket to outside, where it becomes avail-
able to participate in membrane binding. The switch can be triggered by
binding of ligands or drugs, or by multimerization, thereby regulating
the distribution of the myristoylated protein between cytosolic and
membrane-bound states [9]. This concept is exemplified by the binding
of calcium in the intramolecular ‘calcium-myristoyl switch’ [4,6,26]
where the transition of the conjugated myristoyl group from the buried
to the exposed conformation is triggered by the binding of calcium cat-
ions to EF-hand motifs [26,27]. Proteins that are subject to a myristoyl
switch typically exhibit a membrane binding regulation [28], but few
mechanistic insights have been obtained to date.

The group of Visinin-LIke Proteins (VILIPs) is comprised of VILIP-1,
VILIP-2, VILIP-3, hippocalcin and neurocalcin 6 [29]. These proteins are
involved in many diseases such as Alzheimer's disease [19,30,31],
schizophrenia [32,33] and cancer [34-36]. Previous studies have
shown that VILIP-1 and VILIP-3 act at the membrane where they reg-
ulate the function of various membrane receptors like adenylate/
guanylate cyclase, nicotinic acetylcholine receptor and natriuretic
peptide receptor B [34,37-39]. Cell biological studies have shown
that VILIPs translocate to membranes upon stimulation by elevated
intracellular calcium levels where they are implicated in signal trans-
duction [1,2,40]. However, at a molecular level, the mechanisms of
membrane association are less clear. It has been established that mem-
bers of the NCS family, including VILIPs, possess both an N-terminal
myristoyl group and EF-hand structural motifs [29,41]. The combination
of these two structural elements is an essential component of the mem-
brane binding regulation by the way of a ‘calcium-myristoyl switch’,
which has been suggested for VILIPs [1,2,41,42], but only show without
ambiguity for recoverin, the prototypic member of the NCS family [27,
43]. Intriguingly, the subcellular membrane localization of VILIPs differs
substantially in living cells [2,40], and may be due to their capability to
specifically bind to phosphatidyl inositides, most likely mediated
through several highly conserved lysine residues in the N-terminal
region of VILIPs [22]. The existence of such a binding site has been
supported by results from docking and molecular dynamics simulations
[22]. Nonetheless, the mechanistic interplay between protein-
membrane electrostatic interactions and the membrane insertion of
the myristoyl moiety in the presence of calcium during the membrane
binding process is not fully understood.

In this work, we investigated the interaction of VILIP-1 and VILIP-3
with membrane models using Langmuir monolayers and Brewster
Angle Microscopy (BAM). These techniques have been previously used
to investigate the contribution of the myristoyl group and hydrophobic

amino acids of recoverin to its binding dynamics [44] and the impor-
tance of polyunsaturated phospholipids which highly favor the binding
of this protein [45]. Recently, it has been employed to evaluate the effect
of membrane composition in terms of charge and acyl chain saturation
on the membrane binding of VILIPs, showing that the proteins initially
interact with the membrane through electrostatic interactions [46].
In the present study, we clearly show, by using myristoylated and
unmyristoylated proteins, that the presence of calcium only increases
the association kinetic rates of the myristoylated proteins with the
membrane. We also demonstrate that membrane binding involves
electrostatic interactions of the proteins with acidic phospholipid
headgroups, and that the rate of binding is enhanced by the inclusion
of PIP, into the membrane. We suggest that interactions of VILIPs
with PIP,, likely due to the presence of the polybasic region at the
N-terminus, strengthens the association of VILIPs with the membrane
and assists conformational changes in the protein triggered by the bind-
ing of calcium in the EF-hand sites, which accelerates the binding of
VILIPs into membranes. These results reveal the major kinetic role of
the N-myristoylation for the binding to the membrane, and highlight
an important mechanistic role of phosphoinositides for membrane as-
sociation of members of the VILIP family.

2. Material and methods
2.1. Chemicals

Ultrapure water was obtained from a PURELAB option Q7 system
(VEOLIA WATER STI, France). Its resistivity and surface tension were
18.2 MQ.cm and 72.8 mN/m at 20 °C, respectively. 4-(2-Hydroxyethyl)-
1-Piperazine ethane sulfonic acid (HEPES), sodium chloride (NacCl),
calcium chloride (CaCl;) and Ethylenediamine tetra-acetic acid
(EDTA) were purchased from Sigma (Saint-Quentin Fallavier, France).
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-phosphoserine (DMPS), 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoserine
(DMPS) and 1,2-dioleoyl-sn-glycero-3-phosphoinositol-4,5-bisphos-
phate (PI(4,5)P,) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). All chemicals were used as received. The phospholipid solu-
tions were prepared in chloroform at a concentration of 1 mg/mL and
stored at —20 °C under argon to prevent lipid oxidation [47].

2.2. Preparation of recombinant VILIP-1 & VILIP-3

The recombinant wild-type proteins were produced as previously
described [41]. Briefly, VILIP-1 (ligated into pET8c [48]) and VILIP-3
(ligated into pRSET_C) were expressed in BL21(DE3) cells, which in
case of myristoylated VILIPs, were co-transformed with either of the
above VILIP expression plasmids as well as N-myristoyl transferase
(NMT; plasmid pBB131). Recombinant proteins were purified by subse-
quent anion exchange chromatography (QA52 column), and hydropho-
bic interaction chromatography, using a phenyl sepharose column. The
purified proteins were stored in buffer containing 20 mM HEPES,
100 mM Nadl, pH 7.4, at a final concentration close to 1 mg/mL. Pro-
tein quality was monitored using denaturing SDS-PAGE and mass
spectrometry.

2.3. Langmuir monolayer experiments

Monolayers were prepared using a homemade rectangular Lang-
muir PTFE-trough with a symmetrical compression system. The rectan-
gular trough had a volume of 25 mL and a surface area of 49 cm?. A
Wilhelmy balance was used to measure the surface pressure (1), with
an accuracy of 4 0.5 mN/m. The trough was cleaned with successive
baths of dichloromethane, ethanol and water, and filled with a filtered
20 mM HEPES buffer (pH 7.4), 150 mM NaCl, containing either 2 mM
CaCl, or 2 mM EDTA. The subphase buffer was maintained at 20 °C
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during all the experiments. Phospholipid mixture solutions in chloro-
form were gently spread at the air/liquid interface of the HEPES buffer
subphase. After 15 min allowing solvent evaporation, the monolayer
was compressed by the two mobile barriers until the desired surface
pressures ranging from 5 to 20 mN/m and corresponding to the initial
surface pressures (1;). The protein was then injected into the subphase
just beneath the lipid monolayer at a final concentration of 30 nM. The
surface pressure variation induced by the interaction of the protein with
the monolayer was continuously recorded as a function of time by using
a computer-controlled Langmuir film balance (KSV NIMA) until the
equilibrium surface pressure (1) was reached, indicating the end of
the adsorption kinetics. All measurements were repeated at least
three times for each condition and the average values were reported
in this study.

2.4. Adsorption kinetics of VILIPs

The surface pressure increase (Am in mN/m) after injection of the
proteins corresponded to 1. — ;. The curves of surface pressure in-
crease (Am) as a function of time (t) recorded during the adsorption of
VILIPs onto phospholipid monolayers corresponded to the adsorption
kinetics of the protein. They were fitted using the stretched exponential
equation adapted to surface pressure measurements by Pitcher et al.
[49], e = 1 — me — PP where . is the surface pressure of the mono-
layer at time ¢, T is the final equilibrium surface pressure after protein
adsorption, ; is the initial surface pressure, k the rate coefficient of
the binding of the protein onto the monolayer, and 3 is an exponential
scaling factor.

2.5. Determination of the binding parameters of VILIPs

The different parameters that characterize the binding of VILIPs to
different phospholipid membranes were determined as recently
described [50,51]. Briefly, the plot of the surface pressure increases
(Am) as a function of different initial surface pressures m; allowed the de-
termination of three different parameters: the Maximum Insertion
Pressure (MIP) and the Amg by extrapolating the regression of the plot
to x and y axes, respectively; and the synergy factor (a) which is obtain-
ed by adding 1 to the slope of the plot of Am as a function of m; [51]. The
uncertainty was determined as previously described [50]. In this study,
and because the parameter Amg is more difficult to describe and still a
point of debate [50], only MIP and (a) values will be presented.

2.6. Brewster angle microscopy

Brewster Angle Microscopy (BAM) allows the characterization of the
lipid domain morphology of monolayers at the air/water interface [52].
The phospholipid morphology before and after protein injection was
determined using a Brewster angle microscope EP3SW (Accurion,
Germany) equipped with a 532 nm laser, a polarizer, an analyzer and
a CCD camera. BAM image size was 483 x 383 um.

For ultrathin films, the reflectance depends on both thickness and
refractive index of the monolayer. Fitting reflectance data with BAM
modeling software leads to a deduction of film thickness for a given re-
fractive index. This model is based on the proportional relationship be-
tween the reflectance and the square of the interfacial film thickness
when the optical index of the film is assumed constant [53-55]. Accord-
ing to Winsel et al. [54], a reasonable range of the refractive index for
biological materials is comprised between 1.43 and 1.47. Since it was
difficult to determine an accurate experimental refractive index value
for mixed lipid-protein film, it is admitted to use the same average
value of the refractive index 1.45 for both lipid layers and proteins in
order to reduce the number of parameters introduced in the model
[56-60]. The different views of the interfacial film were reconstituted
using BAM software EP3viewer (Accurion, Germany) based on the
brightness of the BAM pictures.

3. Results

To examine the role of both the positively-charged region and the
N-myristoylation in the presence of calcium as putative ‘calcium-
myristoyl switch’ mechanism in the sequential events of the binding of
VILIPs to membranes, we explored the membrane binding properties
of four different proteins, VILIP-1 and VILIP-3 in their myristoylated
and non-myristoylated forms, by using reconstituted monolayers at an
air/liquid interface (Langmuir monolayers). Before characterization of
binding, we investigated the interfacial behavior of each protein at the
air/liquid interface in the absence of lipids in order to determine the
optimal protein concentration to inject into the subphase for subse-
quent protein/lipid interaction analysis.

3.1. Adsorption of VILIPs at an air/liquid interface

Experiments without lipid at an air/liquid interface allow for the
determination of: i) the tensio-active properties of the protein; ii) the
concentration at which the protein saturates the lipid-free interface in
order to minimize the protein aggregation that could result from a
high protein concentration [61,62]; and iii) the concentration that will
be used in the experiments with lipids. Consensually, the protein
concentration is chosen based on these pre-valuations is lower than
the saturation concentration [57].

The adsorption of recombinant protein at varying subphase concen-
trations in the range of 3.75-30 nM was monitored by surface pressure
measurements. At each concentration, the surface pressure equilibrated
to a value indicating the end of the adsorption kinetics; this value indi-
cates the equilibrium adsorption surface pressure (1.). A typical rela-
tionship between 1. and the final protein concentration injected into
the subphase containing 2 mM of CaCl, is shown in Fig. 1A. For each pro-
tein, . values increased in a concentration dependent manner up to a
saturation value. Depending on the individual protein, saturation levels
were reached at a protein concentration of 15 or 30 nM (data not
shown). At 30 nM, we found that myristoylated VILIP-1 and -3 pos-
sessed higher equilibrium adsorption surface pressures than the non-
myristoylated proteins (Fig. 1A — Inset). After injection of myristoylated
VILIP-1 and VILIP-3 into the subphase and equilibration of the surface
pressure (1), BAM images were recorded in order to visualize the
film homogeneity and to determine the estimated thickness of the pro-
tein monolayer from the calibrated reflectance values. These images
(Fig. 1B) revealed that at a concentration of 30 nM, proteins formed a
homogeneous interfacial film without any aggregation, and that the es-
timated thickness of the protein monolayers was about 2.26 4 0.23 nm
and 2.58 £ 0.27 nm for myristoylated VILIP-1 and VILIP-3, respectively.

Since myristoylated VILIPs did not form aggregates under the chosen
conditions, protein-lipid interactions can be investigated at 30 nM pro-
tein concentration at the lipid/liquid interface.

Fig. 2 shows the adsorption kinetics of VILIP-1 in the presence or in
the absence of calcium at the air-liquid interface at a final concentration
of 30 nM. The difference in the adsorption surface pressure (),
although small, is significant. It could be ascribed to an increase in the
hydrophobicity of the protein in the presence of calcium. Furthermore,
the same adsorption surface pressure (m.) was reached if calcium was
absent from the subphase or if the myristoyl moiety was removed
from the protein (non-myristoylated form). This result was in favor of
a probable exposure of the myristoyl group due to the presence of
calcium which arrests the protein at a naked air-liquid interface.

3.2. In the presence of calcium, N-myristoylation accelerates the binding of
VILIPs to membranes

Next we investigated the membrane binding properties of
myristoylated and unmyristoylated VILIP-1 and -3 using reconstituted
monolayers at an air/liquid interface, in the presence or in the absence
of calcium ions. Langmuir phospholipid monolayer films have become
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Fig. 1. Adsorption of protein at an air/liquid interface. (A) Typical curve of the equilibrium adsorption surface pressure (1) reached at the end of the adsorption kinetics for different pro-
tein concentration injected into the subphase. Each point corresponds to the mean value of three kinetic experiments. (Inset) values of (1) for each protein at 30 nM. (B) BAM images at
equilibrium surface pressure after injection of myr-VILIP1 or myr-VILIP3 at a final concentration of 30 nM, with corresponding reflectance and estimated thickness for a reflective index

value of 1.45. Subphase: 20 mM HEPES 150 mM NaCl 2 mM CaCl,.

a standard model for studying lipid-protein interactions and they serve
as mimics of biological membranes to study protein-membrane associ-
ation [46,51,60,63-65]. As electrostatic interactions are believed to be
involved in the association of VILIPs to membranes [41,46], phospholip-
id monolayers composed of negatively charged (PS) and neutral lipids
(PC) were used; both types of phospholipids are components of the
inner leaflet of the plasma membrane.

The monolayers were compressed to an initial surface pressure (11;)
of 15 mN/m. Upon injection of protein into the subphase, the surface
pressure variation (Am in mN/m) was recorded as a function of time,
and the adsorption kinetics were fitted to the Pitcher's equation to de-
termine the rate of binding k (Fig. 2) [49,50]. The final surface pressure

N
o

0

Surface pressure variation (A mN/m)
o

-
5 ;’/
-
-
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Fig. 2. Adsorption kinetics of VILIPs in the presence or in the absence of calcium at the
air-liquid interface for a final concentration of 30 nM. Representative surface pressure
variation as a function of time for myristoylated (circle) or unmyristoylated (square)
VILIP-1 injected into the buffer. The curves render during adsorption of the protein at
the air-liquid interface in the presence of 2 mM CaCl, (black) or 2 mM EDTA (white).

variations (Am in mN/m) were independent of the presence or absence
of calcium (Fig. 3A). However, the maximum Am values were lower for
the unmyristoylated compared to the myristoylated proteins. The
absence or presence of calcium did not alter the kinetic curves for
the unmyristoylated proteins, but caused slight differences for the
myristoylated proteins.

The capacity of unmyristoylated proteins to interact with the biomi-
metic membrane indicates the existence of another binding site distinct
from the conjugated lipid group. Nevertheless, the highest final values
of Am were obtained for the myristoylated proteins emphasizing the
role of this lipo-conjugate in VILIP membrane association by either
strengthening the protein binding to the membrane or anchoring
more protein molecules to the membrane. Intriguingly, this effect elicit-
ed by the myristoyl group is independent of the presence of calcium
since the same Am values were obtained with or without calcium for
both myristoylated proteins at the end of the adsorption process (after
~50 min). The presence of calcium did not seem to affect the final affin-
ity of VILIPs for membranes.

The second parameter characterizing monolayer adsorption kinetics
is the rate of binding “k”. Determination of this parameter is possible by
fitting the kinetic curve to the Pitcher's equation. It allows discrimina-
tion between different protein behaviors, when similar Am is observed
[50].

In the case of VILIPs, a clear effect of calcium was observed on the
rate of binding k of the myristoylated proteins (Fig. 3B). In the presence
of calcium, we observed an increase of 53% and 135% of the k value for
myristoylated VILIP-1 and VILIP-3 respectively, compared to the values
obtained in the presence of EDTA. This effect was not observed for the
unmyristoylated proteins. One explanation for these observations is
that the myristoyl moiety could be more rapidly available to interact
with the monolayer in the presence of Ca®*. Without N-myristoylation,
calcium has no effect on the kinetics. Intriguingly, the values of k deter-
mined for myristoylated proteins in the absence of calcium were equal
to those obtained for the unmyristoylated proteins in the presence or ab-
sence of calcium (Fig. 3B). This suggests that binding involves another
site, which is consistent with the existence of electrostatic interactions be-
tween VILIP-1 and -3, and the surface of membrane, as previously shown
[41,46].
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Fig. 3. Adsorption kinetics of VILIPs onto DOPC/DOPS (1:3) phospholipid monolayers. (A) Representative surface pressure variation as a function of time for myristoylated (circle) or
unmyristoylated (square) VILIP-3 injected underneath the monolayer initially compressed at an initial surface pressure (m;) of 15 mN/m. The curves render during adsorption of the pro-
tein in the presence of 2 mM CaCl, (black) or 2 mM EDTA (white). All kinetics are fitted to the Pitcher's equation which allowed the determination of the rate of binding (k). The same
variation profile has been obtained with VILIP-1. (B) Rate of binding for VILIP-1 and VILIP-3 (*p < 0.05; **p < 0.01).

In summary, these results show that a part of the binding kinetics is
independent of the presence of the myristoyl moiety. However, in the
presence of calcium, it appears that the N-myristoylation accelerates
binding of VILIPs to membranes. The kinetics is much faster than that
of the non-myristoylated form. This last result is consistent with that
previously reported for recoverin [45].

3.3. Effect of the myristoyl group on VILIP membrane binding properties

To further characterize the effects of the myristoyl group on the
interaction of VILIPs with membranes, we monitored the surface pres-
sure (Am) after injection of the protein underneath the compressed
monolayer with varying initial surface pressure (;), ranging from 5 to
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20 mN/m (Fig. 4). Such correlations are frequently analyzed to assess
lipid-protein interactions and to distinguish electrostatic and hydro-
phobic interactions [60,62,63,66,67].

As shown in Fig. 4A and B, the maximum insertion pressure (MIP)
was significantly higher for myristoylated VILIP-1 and -3 than their
unmyristoylated forms. In the presence of 2 mM CaCl,, MIP values for
VILIP-1 were 23.7 4+ 2.8 mN/m and 18.6 + 1.1 mN/m, respectively
(Fig. 4A). In the presence of 2 mM EDTA, MIP values were 22.7 +
1.4 mN/m and 19.5 4 1.5 mN/m. For myristoylated and unmyristoylated
VILIP-3 (Fig. 4B) MIP values of 26.6 4+ 0.5 mN/m and 15.5 4+ 0.8 mN/m
were obtained in presence of 2 mM CaCl,. In the presence of 2 mM
EDTA, MIP values were 24.4 + 1.4 mN/m and 17.1 4+ 3.4 mN/m. These
results are in agreement with our previous conclusions on the role of
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Fig. 4. Determination of the maximal insertion pressure (MIP) and synergy factor (a) of VILIPs. (Left) Plot of the surface pressure increase (Am) as a function of the initial surface pressure
(m;) to determine the MIP and the synergy factor (a) for myristoylated (square) and unmyristoylated (circle) VILIP-1 (A) and for myristoylated (triangle) and unmyristoylated (diamond)
VILIP-3 (B) in interaction with a DOPC/DOPS (3:1) phospholipid monolayer. The subphase was supplemented by 2 mM CaCl. (Right) Histograms of MIP(C) and synergy factor (a) (D) for
VILIPs in the presence of calcium. Same results and effects have been obtained in the absence of calcium (data not shown).
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the N-myristoylation (see above). In the presence of calcium, the highest
MIP values obtained for the myristoylated proteins demonstrate the
membrane anchoring effect of the myristoyl group (Fig. 4C). In contrast,
removal of the myristate decreases the membrane affinity. However,
MIPs determined for both myristoylated proteins in the absence of calci-
um were similar to those obtained in the presence of the cation. No effect
was observed on the final association of the proteins to the membrane.
When the myristoylated proteins are already in contact with the mono-
layer, the calcium no longer has an effect on the extent of binding. The
phenomenon was not observed in the absence of lipid at the air-liquid
interface (Fig. 2).

It has been previously shown by Salesse's group [50] that the syner-
gy factor “a” can deliver insights into mechanisms governing protein
binding to lipid monolayers. A positive a value indicates favorable con-
ditions for protein monolayer binding. A synergy factor of zero corre-
sponds to a stationary state, without any favored or disfavored protein
membrane binding. Finally, a negative synergy factor indicates repul-
sion between the protein and the monolayer. Here, our data yield syner-
gy factors with substantially positive values for myristoylated proteins
(a = 0.522 4 0.059 for myristoylated VILIP-1 and 0.312 + 0.007 for
myristoylated VILIP-3), and around zero for the unmyristoylated pro-
teins (Fig. 4D). These values agree with the notion that the presence
of the myristoyl group facilitates the association of VILIPs to the mono-
layer. In the absence of N-myristoylation, the membrane binding
properties of VILIPs are markedly less sensitive to the compaction of
the lipid in the monolayer. Since the synergy factor is a measure of the
sensitivity for the packing of phospholipid acyl chains, the insertion of
the myristoyl group within the monolayer is favored by the hydropho-
bic chain organization. Membrane binding becomes insensitive to the
acyl chain organization when it is only mediated by surface electrostatic
interactions.

3.4. VILIPs bind to negatively charged phospholipids

In order to assess the potential organizational changes within the
monolayer upon lipid/protein interactions, Brewster angle microscopy
(BAM) was used to scrutinize the morphologies of phospholipid mono-
layers. As shown in Fig. 5 (top line), DOPC/DOPS (1:3) monolayers are
homogenous irrespective of the surface pressures applied. By using
BAM calibration procedure and thickness model [53,57], an estimated
thickness of 1.4 nm was determined from true reflectance values for
pure lipid monolayers compressed at 15 or 25 mN/m, respectively,

+Myr-VILIP1
M =21mN/m.

M. =15 mN/m M, = 25 mN/m

DOPC/DOPS (1:3)

+Myr-ViLIP1
M =19 mN/m

Fl

DMPC/DMPS (1:3)

consistent with the thickness of one membrane leaflet in a fluid phase
(Table 1). After injection of myristoylated VILIPs beneath mono-
layers compressed at ; of 15 mN/m, and subsequent equilibration
(me = 21 mN/m for myristoylated VILIP-1 and 25 mN/m for VILIP-3),
the monolayers remained homogeneous (Fig. 5 — top line). The global
estimated thickness of the film increased from 1.43 to 2.19 nm for
myristoylated VILIP1, and from 1.43 to 2.56 nm for myristoylated
VILIP-3, due to the interaction of these proteins with the fluid monolay-
er. The phase transition temperature of phospholipids can affect the oc-
currence of morphological changes in the membrane. Since 1,2-dioleyl-
sn-glycero-3-phospholipids (DOPC and DOPS) remained in the fluid
phase in the experimental conditions used in this study, we also tested
1,2-dimyristoyl-sn-glycero-3-phospholipids, DMPC and DMPS, which
possess different phase transition temperatures to examine the effect
of phospholipid reorganization upon interactions [63,67]. In the
absence of protein, DMPC/DMPS (1:3) monolayers exhibited a classical
phase segregation mediated by the presence of calcium in the sub-
phase: the negatively-charged phospholipids DMPS segregated into
condensed domains (bright clusters), while DMPC remained in the
fluid phase (dark background) (Fig. 5 — bottom line). The estimated
thickness of each phase was 2.37 nm and 1.79 nm, respectively, consis-
tent with those expected for a condensed or a fluid phase (Table 1). In
the presence of myristoylated VILIPs at equilibrium surface pressure, a
drastic modification of the monolayer morphology was observed with
a large rearrangement of the phospholipid organization compared to
the pure monolayers at similar surface pressures. Although no signifi-
cant change was detected in the estimated thicknesses upon injection
(Table 1), in the condensed phase of DMPC/DMPS (1:3) bright dots ap-
peared in the BAM images, especially in the presence of myristoylated
VILIP-3 (Fig. 5 — Inset — red arrows). The film thickness in the area of
these bright dots was determined to ~3.3 nm for both myristoylated
VILIPs (Table 1). Although this thickness does not correspond to the
sum of monolayer and protein thicknesses, one can assume that VILIPs
may preferentially interact with the negatively charged condensed do-
mains of PS. In line with this assumption are the results obtained with
unmyristoylated VILIPs in this experiment (Fig. 5 and Table 1) which
show the same membrane reorganization and estimated thicknesses.

Clearly, these effects are independent of the myristoylation state and
thus due to other interactions between VILIPs and the membrane. The
BAM images suggest that VILIPs bind to the negatively charged phos-
pholipids, suggesting that the basic residues in the N-terminal region
of the proteins are involved in the association process.

+unmyr-VILIP3"
T, = 22 mN/m

+unmyr-VILIP1
T = 20 mN/m

+Myr-VILIP3
M, = 25 mN/m

+unmyr-VILIP3
M, = 18 mN/m...

+unm§fr-_\’/lLIP1
1, = 19 mN/m

o

+Myr-VILIP3 |
, =22 mN/m

#504m

Fig. 5. Effects of the VILIPs adsorption on the lipid monolayer morphology. Interface visualization using Brewster angle microscopy of DOPC/DOPS (1:3) (top line) or DMPC/DMPS (1:3)
(bottom line) monolayer at 15 mN/m or 25 mN/m, and at . after injection of notified VILIPs (m; = 15 mN/m). Red arrows indicated bright dots in condensed phase.
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Estimated thicknesses and reflectance values of the film present at air buffer interface. Thickness values were estimated using the reflectance value, for a refractive index value of 1.45.

Estimated thickness (nm) — reflectance

Lipids composition ~ Phase Lipid monolayer Lipid monolayer in interaction with
15 mN/m 25 mN/m Myr-VILIP1 unmyr-VILIP1 Myr-VILIP3 unmyr-VILIP3
DOPC/DOPS (1:3)  Fluid 143 £ 0.15 1.46 + 0.15 219 4+ 0.20 1.94 + 0.20 256 &+ 0.26 1.93 £ 0.20
0.74E7% + 0.76E"%  0.77E"® £ 057E~% 1.72E75 4+ 148E~% 1.35E7° £ 141E~% 235E76 £ 2.62E7°% 1.34E7° i+ 1.40E~%
DMPC/DMPS (1:3)  Fluid 1.81 £ 0.18 1.79 + 0.18 1.83 + 0.19 1.69 + 0.17 1.81 +£0.18 1.80 + 0.18
118E7% £ 127E7%  1.15E76 4+ 1.21E7% 121E®+ 131E°% 1.03E7 %+ 098E~® 1.18E7°+ 098E~% 1.16E~° + 1.23E~8
Condensed 239 & 0.24 237 + 024 243 4+ 025 252 4+ 0.26 246 £+ 025 250 &+ 0.25
2.05E7°% + 212E7%  202E7® £ 2.05E7% 1.97E7° £ 222E7% 220E7°® + 244E~% 217E76 £ 231E7% 224E° + 2.39E7®
Bright dots 3.17 £ 0.32 3.36 + 0.34 3.31 + 0.33 3.38 £ 0.34
(condensed) 3.61E7° £ 3.60E"% 4.06E° &£ 415E"% 3.94E 6 + 3.82E7% 4.10E~° 4+ 4.18E~%

3.5. Phosphoinositides enhance membrane interaction of VILIPs

It has been suggested that VILIPs can bind to phosphoinositol deriv-
atives such as PI(4,5)P, [22] In order to investigate potential effects of
phosphoinositides on the adsorption kinetics of VILIPs, we conducted
time-dependent adsorption experiments to DMPC/DMPS (1:3) mono-
layers containing 1% PIP, while maintaining a constant net negative
charge on the monolayer surface. The exact composition of the mono-
layer was thus DMPC 25%, DMPS 74%, PIP, 1%. No particular change
was observed either for the morphology (Fig. 6A) or the estimated
thickness (data not shown) of the films in the presence of myristoylated
VILIPs when compared to a DMPC/DMPS (1:3) monolayer without
proteins. Similarly, no major differences were observed at the end of
the adsorption process: PIP, did not induce significant variations of
the final surface pressure increase (Am values) upon VILIPs interaction
(Fig. 6B). In contrast, a significant effect was observed for the values of
the rate of binding k (Fig. 6C). Despite the net negative charge being
the same in the monolayers with and without 1% PIP,, the binding
rate of all proteins was significantly increased in the presence of PIP,
(30% increase in the case of the myristoylated proteins).

These results are in agreement with the suggestion that VILIPs can
interact specifically with phosphoinositides and demonstrate that the
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Fig. 6. Influence of PIP, on VILIPs membrane binding properties. (A) Interface visualization
using Brewster angle microscopy of DMPC/DMPS (1:3) containing 1% PIP at negative con-
stant charge. (B) Surface pressure increase (AIT) upon interaction of VILIPs injected under
DMPC/DMPS (1:3) + 1%PIP, monolayers in the presence of 2 mM calcium. (C) Rate of
binding determined in the same experimental conditions (*p < 0.02).

main effect of PIP-containing membranes is of a kinetic nature. Again,
since this increase was observed for myristoylated and unmyristoylated
proteins in this study, we can assume that this specific interaction is in-
dependent of lipo-conjugation of VILIPs and most likely localizes to the
binding site identified in previous modeling/molecular dynamics exper-
iments [22]. It is consistent with the fact that any protein with a cluster
of four or more basic residues located at the membrane-solution inter-
face should laterally sequester PIP, [68]. Importantly, specific interac-
tions of VILIPs with PIPs support the notion of PIP-targeting by VILIPs
as a way to regulate its subcellular location.

4. Discussion

VILIPs have been implied in signal transduction processes [34,37-39],
since they translocate to the plasma membrane following a stimulus that
provides elevated intracellular calcium concentration. This translocation
is thought to rely on a putative intramolecular ‘calcium-myristoyl switch’
[1,2,40-42]. Moreover, a putative basic cluster of conserved poly-lysine
residues in the N-terminal region of N-myristoylated VILIPs, could provide
a potential site for binding specifically phosphoinositides, and more pre-
cisely PIP, [22], and thus provide a molecular mechanism for the different
subcellular localizations of VILIPs in the living cells [2]. As mentioned in
the introduction, the two-signal model ‘myristate plus basic’ is well
known to mediate efficient membrane binding. However, the interrela-
tionship between the electrostatic interactions mediated by the polybasic
domain and the insertion of the myristoyl group in the membrane in pres-
ence of calcium during the binding, potentially regulated by a ‘calcium-
myristoyl switch’ mechanism, has not been reported yet.

In this study, we have investigated the membrane binding proper-
ties of VILIP-1 and VILIP-3 by using Langmuir monolayers as membrane
models which offer the possibility to analyze in detail the membrane
binding kinetics. The choice of this system was based on its simple ex-
perimental design and its compatibility with monotopic protein inser-
tion in the membrane. By using a set of myristoylated and non-
myristoylated proteins, we demonstrated that a part of the kinetics of
binding to PS-containing monolayer is likely controlled by electrostatic
interactions. Interestingly, the rate of binding k is of the same order of
magnitude for unmyristoylated proteins (with or without calcium)
and myristoylated proteins in the absence of calcium, for which the
myristoyl group is supposed to be buried. This result suggests that
the interactions between VILIPs and negatively-charged membranes
involve other structural features aside from the myristate, and cor-
roborates with recent finding indicating that a certain amount of
VILIP-1 localizes to the plasma membrane even in the absence of
the myristoyl group [69]. Similar results have previously been obtained
for the NADH-cytochrome b5 reductase, where the association with the
membrane of the non-myristoylated form of the enzyme was not differ-
ent from that of the natural, myristoylated form [70]. These interactions
are most likely of electrostatic nature and presumably mediated by
the conserved basic residues found on the surface of VILIPs in the
N-terminal region [41].
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In the presence of calcium, the association of myristoylated forms is
markedly accelerated (highest k values), but at the end, the same final
organization is reached (same Am values obtained for wild-type pro-
teins in the presence or not of Ca®™, Fig. 3). The presence of calcium
affects the kinetics of binding of the proteins but not the final affinity.
Again this result presents striking similarity with the finding of
Strittmatter et al. who reported that the effect of N-myristoylation
appears to be restricted to facilitate and stabilize the interaction of the
cytochrome b5 reductase NADH with phospholipid vesicles [70].

Given that the same Am value is obtained in the absence and in the
presence of calcium, one could postulate that the myristoyl group of
the protein is extracted from its protein-buried location and inserted
into the monolayer whatever the concentration of calcium is. This phe-
nomenon is not observed if the lipids are not present at the air-liquid
interface; on the contrary, the kinetics are not changed and the equilib-
rium surface pressure T, is higher for the N-myristoylated proteins in
the presence of calcium (Fig. 2).

Altogether, this result highlights a putative synergy between electro-
static interactions and N-myristoylation in the presence of calcium, for
VILIP binding to membranes. As previously shown [46], electrostatic
interactions are likely responsible for the very first interactions of the
protein with the membrane. In the absence of calcium, once associated
to the membrane, one could postulate that some conformational changes
might operate to ensure the extrusion of the myristoyl moiety from its
hydrophobic pocket and anchor the protein to the membrane, thus
leading to no apparent change in the final affinity of N-myristoylated
proteins. In the presence of calcium, the ejection is triggered and the
insertion of the myristate within the membrane is faster, which only
impacts the adsorption kinetics of the N-myristoylated proteins (not
the final membrane-bound state). This kinetic role is consistent with
the possible function of the N-myristoylated proteins regulated by a
‘calcium-myristoyl switch’ in the activation (or termination) of signaling
process. Since in the absence of electrostatic interactions (interface
without lipid), the myristoyl group does not eject if calcium is not pres-
ent (Fig. 2), it may be also assumed that the electrostatic interactions
prefigure the rapid conformational changes triggered by the calcium
binding.

The analysis of the influence of the lipid packing on VILIP-membrane
interaction has shown that N-myristoylated proteins exhibit a higher
affinity than unmyristoylated forms as shown by the higher MIPs
(Fig. 4). This result is consistent with the two-signal model ‘myristate
plus basic’ in which the hydrophobic and electrostatic forces synergize
to mediate efficient membrane binding: the positively charged residues
associate electrostatically with acidic phospholipids to stabilize mem-
brane binding, while myristate provides membrane-binding energy via
hydrophobic interactions, giving a great binding ability to the wild-
type proteins [9]. As revealed by the analysis of the synergy factor, the
insertion of the myristoyl moiety within the monolayer is favored
by the packing of the phospholipid acyl chains. (Membrane binding
of VILIPs becomes insensitive to the acyl chain organization when it
is only mediated by electrostatic interactions). Adding a myristate
confers a relatively small hydrophobicity to the protein because this
saturated acyl chain is short. If the penetration of the myristate into
the membrane is favored by the packing chain, it is probably because
the hydrophobic interactions are more stronger in a more condensed
monolayer and this result in the stabilization of the myristate moiety
in the membrane after insertion (approximately 10 of the 14 carbons
penetrate the hydrocarbon core of bilayer [13]). This point may be cor-
related to the possible targeting of lipid-modified proteins to plasma
membrane nanodomains, when a second acylation occurs [12].

BAM analysis of the morphology changes of a mixed monolayer of
DMPC/DMPS (1:3) segregated by the presence of calcium in the sub-
phase upon interaction of both N-myristoylated and non-myristoylated
forms of VILIPs has clearly evidenced that VILIPs interact more specifical-
ly with phosphatidylserine (PS) (red arrows, Fig. 5). This result confirms
that VILIPs can interact with acidic phospholipid headgroups. This

interaction could presumably be mediated by the conserved polybasic
residues in the N-terminus [22]. But, more interesting is the specific
effect of PIP, on the membrane binding of VILIPs. Adding only 1% of
PIP, - which corresponds to the percentage of this phosphoinositide in
the cytoplasmic leaflet of the plasma membrane [24,68] - to DMPC/
DMPS mixture while maintaining constant the negative charge amount
in the monolayer provokes an increase of the binding kinetics rate of
all myristoylated and unmyristoylated proteins (higher rates of binding
k, Fig. 6) without changing their final membrane-bound states (same
Am values, Fig. 6). This phenomenon is probably the result of specific
electrostatic interactions between the conserved polybasic domain and
the highly charged PIP, headgroup [22] which reinforces the association
of VILIPs to the membrane. In the case of N-myristoylated proteins, we
can conclude that this tightening may assist the conformational changes
triggered by the calcium binding. This effect is in perfect agreement with
a PIP-dependent targeting mechanism that directs VILIPs to particular
subcellular localization where it can promote distinct cellular processes
[2].

In conclusion, all results obtained in this present report highlight the
distinct role of electrostatic interactions which could presumably be
mediated by the polybasic domain in the N-terminal region of VILIPs,
and interaction of the myristoyl moiety with the membrane, which
might be triggered by calcium binding. We propose that electrostatic
interactions would be responsible for the very first interactions of
the protein with the membrane, and the extrusion of the myristoyl
group would have only an impact on the adsorption kinetic rates of
the N-myristoylated proteins. Additionally, membrane interactions
that would solely be mediated by electrostatic interactions would also
presumably lead to an extrusion of the myristoyl moiety. In view of
the present results, one could postulate that electrostatic interactions
help to the efficiency of the calcium binding to the protein by inducing
subtle conformational changes that would assist the binding of calcium
that triggers the release of the myristoyl group. This point seems to be
exemplified by the specific interactions with PIP,. The specific electro-
static interactions with PIP, would be not simply requested for the
first step of the membrane targeting: they could contribute also to an
accelerated membrane binding process. This kinetic effect is consistent
with the activation of subcellular signaling processes mediated by the
specific interactions with PIPs of proteins which are addressed to the
plasma membrane where they regulate the function of various mem-
brane receptors.
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