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Abstract

We have recently shown that unmyristoylated MARCKS-related protein (MRP) does not bind to neutral phospholipid
vesicles, unless negatively charged phospholipids are present. Similar behaviour has also been reported for MARCKS itself.
Here we have compared the binding of MRP to neutral and negatively charged supported planar lipid bilayer membranes
(SPLM) using two-mode waveguide spectroscopy. We find appreciable binding of unmyristoylated MRP to neutral SPLM.
We propose that hydrophobic residues in the effector domain constitute an additional factor capable of mediating MRP-
membrane interaction. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Members of the myristoylated alanine-rich C kin-
ase substrate (MARCKS) family are acidic rod-
shaped proteins necessary for brain formation [1,2].
Changes in their phosphorylation state, expression
and subcellular localization occur concomitantly
with major cellular events such as attachment, mito-

sis, motility, neurosecretion and phagocytosis [3,4].
The putative functions of MARCKS proteins include
the regulation of the actin cytoskeleton at the mem-
brane [5], the concentration of free cytosolic cal-
modulin [4], membrane tra¤cking [6,7] and phospho-
lipase C activity [8].

Two members of the family are known:
MARCKS itself, a ubiquitous 30 kDa protein, and
MARCKS-related protein (MRP), a 20 kDa protein
highly expressed in brain and reproductive tissues
[2,9,10]. Both contain two conserved domains whose
properties have been well characterized: the N termi-
nus which is posttranslationally myristoylated by
myristoyl CoA:protein N-myristoyl transferase [11],
and the e¡ector domain (also called the phospho-
rylation site domain), a highly acidic amphipathic
segment comprising 24^25 amino acid residues
located in the middle of the primary sequence (mur-
ine MRP: KKKKKFSFKKPFKLSGLSFKRNRK),
which binds to calmodulin and is phosphorylated by
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protein kinase C at two and three serine residues in
MRP and MARCKS respectively [12^14].

Although their function has not yet been estab-
lished with certainty, interaction with intracellular
membranes, in particular with the plasma membrane,
is clearly a key characteristic of these proteins [15]. In
agreement with a study at the cellular level [16], ex-
periments with puri¢ed proteins or peptides and
phospholipid vesicles have shown that both the myr-
istoyl moiety and the e¡ector domain mediate the
interaction of MARCKS proteins with membranes
(Fig. 1). Partitioning studies with a myristoyl-glycine
peptide [17] as well as photolabelling of membrane-
bound MARCKS proteins with a photoreactive
phospholipid probe [18] have shown that the myris-
toyl moiety inserts into the bilayer. Partitioning stud-
ies with peptides corresponding to the e¡ector do-
main of MARCKS [19] as well as with intact
MARCKS [20] and MRP [18,21] have demonstrated
that the positively charged e¡ector domain of
MARCKS proteins interacts with the surface of neg-
atively charged phospholipid vesicles via electrostatic
interactions. Nevertheless, the partition coe¤cients
for the association of the e¡ector peptide of
MARCKS and myristoylated (myr) MARCKS to
neutral and negatively charged vesicles show that
each of these interactions individually is insu¤cient
to account for the intracellular membrane localiza-
tion of MARCKS [19,20]. Hence a cooperative mod-
el has been proposed, in which the binding of one
domain tethers the second domain in close proximity
to the membrane surface, thus increasing the chances
that the second domain will ¢nd the membrane [22].
It provides a rationale for the observation that phos-
phorylation of MARCKS appears to lead to its re-
moval from the plasma membrane [6,7,12,23^25]. Fi-
nally, recent studies have shown that binding of the
e¡ector domain of MARCKS to vesicles induces the
formation of domains enriched in negatively charged
phospholipids [26].

Using the same type of vesicle-based assay previ-
ously used to measure the membrane interactions of
MARCKS [19,20], we have recently found that the
partition coe¤cient describing the binding of myr
MRP to vesicles containing 20% negatively charged
phospholipids is at least one order of magnitude low-
er than for myr MARCKS [18,21], but, as already
reported for MARCKS [19,20], we could not detect

any binding of unmyristoylated (unmyr) MRP to
phosphatidylcholine vesicles in the absence of nega-
tively charged phospholipids.

Here we measure the interaction between MRP
and supported planar lipid bilayer membranes
(SPLM) deposited on a smooth planar hydrophilic
optical waveguide. This type of SPLM has been
shown to have properties (£uidity, etc.) closely com-
parable to unsupported membranes [27]. We use a
very sensitive technique, optical waveguide lightmode
spectroscopy (OWLS) [28^30] to measure the num-
ber of molecules associated with the membrane.
From accurate measurements of the phase velocities
of two or more guided lightmodes, the amount of
bound protein can be determined to a precision of
þ 10 pg/mm2.

Fig. 1. Model for the membrane topology of MARCKS pro-
teins. The myristoyl moiety at the N terminus inserts into the
membrane [17,18]. The e¡ector domain in the middle of
MARCKS proteins is highly basic with an average net charge
of +0.5/residue. It interacts via electrostatic interactions with
the head groups of negatively charged phospholipids [18^21]
and sequesters these lipids to form microdomains [26]. Large
hydrophobic residues in the e¡ector domain of MARCKS (¢ve
Phe; one Leu) and MRP (four Phe; two Leu) also participate
in the binding by inserting into the outer lea£et of the mem-
brane [18,36]. Overall, MARCKS proteins are acidic with aver-
age net charges of 30.1/residue and 30.2/residue for the amino
acid segments on the N-terminal and C-terminal side, respec-
tively, of the e¡ector domain. The average net charge is de¢ned
as the number of positively charged residues (Arg, Lys) minus
the number of negatively charged residues (Glu, Asp), divided
by the total number of residues in the segment of interest.
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We ¢nd that the pattern of a¤nity di¡ers from
that observed with vesicles. Although removal of
the myristoyl moiety also roughly halves the a¤nity,
binding to 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phatidylcholine (POPC) is closely comparable to
the binding to a mixture of 80% POPC and 20% 1-
palmitoyl-2-oleoyl-sn-gly cero-3-phosphatidylglycerol
(POPG) (this lipid mixture will be referred to as
POPC:POPG 4:1 throughout the text).

The e¡ect of phosphorylating the serine residues of
the e¡ector domain, which should enhance electro-
static repulsion between the protein and negatively
charged membranes, was also investigated, and
found to be minor.

2. Materials and methods

2.1. Materials

The plasmid pET3dF52M1 containing the mrp
gene was a gift from Perry Blackshear (Duke Uni-
versity Medical Center, Durham, NC), and the plas-
mid pBB131NMT containing the gene coding for
myristoyl CoA:protein N-myristoyl transferase was
a gift from Je¡rey Gordon (Washington University
School of Medicine, St. Louis, MO). POPC and
POPG were from Avanti Polar Lipids (Alabaster,
AL). Planar optical waveguides incorporating a gra-
ting coupler (type 2400) were obtained from Arti¢-
cial Sensing Instruments ASI (Zu«rich, Switzerland).

2.2. Proteins and peptides

The unmyr and myr forms of mouse MRP were
expressed in Escherichia coli and puri¢ed as de-
scribed previously [18]. MRP could be stoichiometri-
cally myristoylated by coexpressing myristoyl
CoA:protein N-myristoyl transferase in bacteria, as
judged by radioactive labelling with [3H]myristate
and by a shift in the migration of the MRP band
on SDS-polyacrylamide gels. During puri¢cation
myr MRP is retained on Phenylsepharose CL-4B
(Pharmacia, Uppsala, Sweden) in the presence of
3 M NaCl whereas unmyr MRP is not, ensuring
that the myristoylated protein is not contaminated
with traces of unmyr MRP [18]. The concentration
of MRP was determined by amino acid analysis. The

catalytic subunit of protein kinase C (PKM) from rat
brain was purchased from Calbiochem (La Jolla,
CA). The tryptic fragment of cytochrome b5 (t-b5)
was a gift from R.C. Willson (University of Houston,
TX). The proteins were stored in 10 mM MOPS-
NaOH, pH 7.4, 0.1 mM EGTA (bu¡er A) at
380³C. A 25 amino acid peptide corresponding to
the e¡ector domain of MARCKS (KKKKKRF-
SFKKSFKLSGFSFKKNKK) was synthesized and
puri¢ed as described previously [31].

2.3. Preparation of the waveguides

Waveguides were soaked overnight in 10 mM
MOPS/NaOH, pH 7.4 plus 0.1 mM EGTA and 0.1
M NaCl (bu¡er B). Bilayers were deposited using a
laboratory-built Langmuir trough ¢lled with bu¡er
B. Lipid monolayers were compressed to a surface
pressure of 32 mN/m (the so-called bilayer equiva-
lence pressure [32]) and deposited using a combina-
tion of vertical (Langmuir-Blodgett) and horizontal
(Langmuir-Schaefer) movements as described previ-
ously [30]. Only bilayers for which the transfer ratio
of each monolayer to the support was 100% were
used. As a control of bilayer quality, t-b5, a 17
kDa protein with the same isoelectric point as
MRP (4.4) but lacking a transmembrane domain,
was used as a probe. It adsorbs to the waveguide
in the absence of membranes [28], but does not, how-
ever, bind to a POPC:POPG 4:1 membrane (Fig. 2),
demonstrating that the bilayer contains no macro-
scopic defects and perfectly insulates the protein sol-
ution from the Si(Ti)O2 surface of the waveguide.

2.4. Measurement of protein binding to SPLM

The membrane-coated waveguides were mounted
in the measuring head of an IOS-1 integrated optics
scanner (Arti¢cial Sensing Instruments ASI, Zu«rich,
Switzerland). A £ow-through cuvette (diameter: 9
mm; height: 0.31 mm) was sealed with an O-ring
over the waveguide surface. Typically 1^5 ml of pro-
tein or peptide solution in bu¡er B were £ushed
through the cuvette over the membrane surface.
The £ow was controlled by a high precision mechan-
ical syringe pusher delivering 7.7 ml/h. The temper-
ature of the measuring head was maintained at
25.0³C. Binding of MRP molecules on the SPLM
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results in a protein adlayer whose refractive index nA

is given by:

nA � nc � cMdn=dc �1�
where nc is the refractive index of the bu¡er, cM is
the concentration of MRP within the adlayer and dn/
dc is the refractive index increment of the protein,
which depends on its polarizability and has a quasi-
universal value of 0.18 cm3/g [33]. The di¡raction
grating incorporated into the waveguide allows an
external He-Ne laser beam to be coupled into the
waveguide provided that the angle of incidence K
onto the grating satis¢es the relation [29,34]:

N � nairsin K� lV=1 �2�
where N is the refractive index of the waveguide, nair

the refractive index of the ambient air, 1 the grating
constant (416.15 nm), l the di¡raction order (1), and
V the wavelength of the laser light (632.8 nm). Meas-
urement of the angles K at which the incoupled
power is at a maximum allowed the zeroth transverse
electric (TE) and transverse magnetic (TM) modes to
be determined according to Eq. 2. These modes sat-
isfy their respective mode equations [28,29,34] which
can be solved simultaneously to yield nA and the
adlayer thickness dA, from which the surface concen-
tration y of MRP at the membrane is determined
according to Eq. 1 and:

y � dAcM �3�

Dissociation of bound protein was determined by
replacing protein £ow with bu¡er B.

2.5. Phosphorylation of unmyr MRP

Unmyr and myr MRP were phosphorylated for 3 h
at 30³C in a volume of 400 Wl. The solutions con-
tained 3^5 WM MRP, 3 nM PKM, 6 mM MgCl2, 100
mM NaCl, 0.1 mM ATP, 0.2 mM CaCl2, 0.1 mM
EGTA and 10 mM MOPS (pH 7.4). The extent of
modi¢cation was estimated by phosphorylating 20 Wl
aliquots in the presence of 0.5 WCi [Q-32P]ATP as
previously described [35]. The stoichiometry of phos-
phorylation was determined by phosphorimaging the
gels containing phosphorylated MRP together with a
nitrocellulose membrane on which known amounts
of [Q-32P]ATP (0^200 pmol in 5 Wl) had been spotted
[35]. The conditions (amount of radioactivity and
exposure time) were chosen such that the signals
from phosphorylated MRP and from the calibration
curve were in the linear range. Although phospho-
peptide analysis showed that two serine residues are
modi¢ed in MRP [14,35] we could only incorporate
1.39 þ 0.15 mol phosphate/mol myr MRP (n = 4) and
0.93 þ 0.15 mol phosphate/mol unmyr MRP (n = 4).
For comparison, a value of 2.5 mol phosphate/mol
protein has been reported for unmyr MRP [14]. This
value should be reduced to 1.6 mol phosphate/mol
protein since amino acid analysis has shown that the
Lowry assay overestimates the concentration of
MRP by a factor of 1.6 [35]. To follow the binding
of phosphorylated MRP to SPLM the solutions were
diluted to 0.2 WM MRP with bu¡er B. A control
experiment was performed by omitting PKM from
the reaction solution.

3. Results

Following equilibration with bu¡er B, a solution
containing 0.6 WM myr MRP was £ushed over a
SPLM containing 20% anionic phospholipids
(POPC:POPG 4:1), resulting in binding of the pro-
tein to the bilayer (Fig. 2, arrow 1). The protein
solution was then replaced by bu¡er B (arrow 2),
resulting in release of the protein from the mem-
brane. Fig. 1 also shows that removal of the myris-
toyl moiety of MRP roughly halves the amount of

Fig. 2. E¡ect of myristoylation on the binding of MRP to
SPLM. Following equilibration of a POPC:POPG 4:1 SPLM
with bu¡er B, a solution containing 0.6 WM myr (b), or unmyr
(a) MRP, or 0.25 WM t-b5 (U) was passed over the membrane
(starting at arrow 1). At the times indicated by arrows 2 the
protein £ow was replaced by bu¡er B.
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protein binding to POPC:POPG 4:1, in reasonable
agreement with previous results from vesicles [18,21].

Fig. 3 shows that comparable amounts of unmyr-
istoylated protein bind to POPC and POPC:POPG
4:1, in marked contrast to the results with vesicles,
for which no attachment to POPC could be detected.
Replacing POPG by 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylserine, another acidic phospholipid,
gave the same behaviour as POPG (not shown).
The only hint of enhanced attraction between the
protein and the membrane when negatively charged

phospholipids are present is the rapid initial rate of
attachment.

Fig. 4 compares the binding of a peptide whose
sequence corresponds to the e¡ector domain of
MARCKS to POPC and POPC:POPG 4:1. In this
case, POPG very signi¢cantly enhances the binding,
in agreement with results obtained using this peptide
in the presence of lipid vesicles [19]. The residual
binding of the peptide to POPC membranes, which
may re£ect insertion of hydrophobic residues (¢ve
Phe and one Leu) into the bilayer [18,35], has also
been observed with other membrane model systems,
including monolayers and black lipid membranes (G.
Ba«hr, A. Diederich, G. Verge©res, M. Winterhalter,
unpublished work).

Fig. 5 shows that phosphorylation has very little
e¡ect on the attachment of unmyr MRP to POPC:
POPG 4:1. Again, a hint of electrostatic attraction in
the non-phosphorylated case is given by the faster
initial binding kinetics. It was veri¢ed that the low
concentrations of PKM, CaCl2, MgCl2 and ATP
present in the solutions did not in£uence the adsorp-
tion kinetics of MRP onto the membranes.

4. Discussion

4.1. E¡ect of lipid composition

From our observation that the presence of nega-

Fig. 3. E¡ect of anionic phospholipids on the binding of MRP
to SPLM. Following equilibration of either a POPC (b) or a
POPC:POPG 4:1 (a) SPLM with bu¡er B, a solution contain-
ing 1.8 WM unmyr MRP was passed over the membrane (start-
ing at arrow 1). At the times indicated by arrows 2, the protein
£ow was replaced by bu¡er B. Similar observations were made
with myr MRP (not shown).

Fig. 4. E¡ect of anionic phospholipids on the binding of the ef-
fector domain of MARCKS to SPLM. Following equilibration
of either a POPC (b) or a POPC:POPG 4:1 (a) SPLM with
bu¡er B, a solution containing 0.25 WM peptide corresponding
to the e¡ector domain of MARCKS was passed over the mem-
brane (starting at arrow 1). At the times indicated by arrows 2,
the protein £ow was replaced by bu¡er B.

Fig. 5. E¡ect of phosphorylation on the binding of MRP to
SPLM. Following equilibration of a POPC:POPG (4:1) SPLM
with bu¡er B, a solution containing 0.2 WM dephospho (b) or
phospho (a) unmyr MRP was passed over the membrane
(starting at arrow 1). At the times indicated by arrows 2, pro-
tein £ow was replaced by bu¡er B.
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tively charged lipids in the membrane does not sig-
ni¢cantly a¡ect the binding, we infer that electro-
static interactions play a minor role in modulating
the interactions of MRP with SPLM at neutral pH
and physiological ionic strength. In contrast, binding
of a peptide corresponding to the e¡ector domain of
MARCKS is strongly increased by the presence of
POPG. Hence interactions other than, or additional
to, the hydrophobic insertion of the myristoyl group
into the bilayer and the electrostatic attraction of
positively charged amino acid residues in the e¡ector
domain with anionic phospholipids must be involved
in the binding of MRP to SPLM.

4.2. E¡ect of phosphorylation

Numerous in vitro and in vivo studies conclude
that phosphorylation could regulate the intracellular
localization of MARCKS by decreasing its a¤nity
for phospholipid membranes (see Section 1). We al-
ready found that phosphorylation has a barely sig-
ni¢cant e¡ect on the binding of myr MRP to vesicles
[21], and now we ¢nd the same using SPLM. Hence
PKC-dependent phosphorylation may not signi¢-
cantly regulate the interaction of MRP with lipid
membranes, in agreement with several cellular stud-
ies [37^39]. This does not exclude the possibility that
phosphorylation regulates the interaction of MRP
with other membrane-bound proteins, and by this
means its intracellular localization.

4.3. Conclusions

What is the origin of the striking di¡erences be-
tween MRP binding to vesicles and to SPLM? An
obvious di¡erence between the two membrane sys-
tems is their curvature, which Honig and coworkers
have proposed is coupled to hydrophobicity in pro-
tein-membrane interactions [40]. A further di¡erence
is that a higher adsorbed protein/lipid ratio was at-
tained with SPLM compared to vesicles; a high ratio
favours protein-protein interactions which may pro-
mote binding. Note that there is no prima facie case
for excluding the possibility that unmyr MRP can
bind to pure POPC. Even though electrostatic attrac-
tion of the e¡ector domain to the membrane is then
absent, other known forces could be involved: the

e¡ector domain of MARCKS proteins contains six
hydrophobic residues (MRP: four Phe+two Leu;
MARCKS: ¢ve Phe+one Leu) which should actually
contribute to the association of MRP with mem-
branes, and there is already some evidence for it
[18,37] (see Fig. 1). These aspects will be discussed
in more detail in a subsequent article.
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