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 INVESTIGATION INTO THE MECHANISM REGULATING MRP 
LOCALIZATION 

 
Iman van den Bout, Jacco van Rheenen, Annelies A. van Angelen, Johan de Rooij, Kevin Wilhelmsen, Kees 

Jalink, Nullin Divecha and Arnoud Sonnenberg 

 
 

The major PKC substrates MARCKS and MacMARCKS (MRP) are membrane-binding proteins 
implicated in cell spreading, integrin activation and exocytosis.  According to the myristoyl-
electrostatic switch model the co-operation between the myristoyl moiety and the positively charged 
effector domain (ED) is an essential mechanism by which proteins bind to membranes.  Loss of the 
electrostatic interaction between the ED and phospholipids, such as Ptdins(4,5)P2, results in the 
translocation of such proteins to the cytoplasm.  While this model has been extensively tested for the 
binding of MARCKS far less is known about the mechanisms regulating MRP localization.  We 
demonstrate that after phosphorylation, MRP is relocated to the intracellular membranes of late 
endosomes and lysosomes.  MRP binds to all membranes via its myristoyl moiety, but for its 
localization at the plasma membrane the ED is also required.  Although the ED of MRP can bind to 
Ptdins(4,5)P2 in vitro, this binding is not essential for its retention at or targeting to the plasma 
membrane.  We conclude that the co-operation between the myristoyl moiety and the ED is not 
required for the binding to membranes in general but that it is essential for the targeting of MRP to 
the plasma membrane in a Ptdins(4,5)P2-independent manner. 
 
Introduction 
 
The MARCKS proteins, MARCKS and MARCKS related protein (MRP) are widely distributed membrane-
binding proteins that are major PKC substrates.  Their importance is highlighted by the finding that 
MARCKS is directly involved in the hypersecretion of mucus that occurs during diseases such as asthma, 
chronic bronchitis and cystic fibrosis [1].  MARCKS was shown to stimulate exocytotic secretion by binding 
to the membranes of intracellular mucin granules.  An N-terminal fragment of MARCKS blocks exocytosis, 
providing a possible approach to control these diseases [2].  In other studies MARCKS overexpression 
decreased cell adhesion independently of its phosphorylation status [3].  On the other hand, MRP 
overexpression leads to enhanced cell spreading after PMA stimulation.  This increase in cell spreading is 
due to the enhanced lateral diffusion of the integrin �2 over the membrane, which occurs when 
phosphorylated MRP releases the restriction of the actin cytoskeleton on the movement of the integrin  [4]. 
Furthermore, it was shown, using FRET, that dynamitin binds to MRP at the plasma membrane [5]. 
Dynamitin is a subunit of the dynactin complex that binds to dynein, a minus-end directed microtubule 
motor. Phosphorylation of MRP abrogates its binding to dynamitin and results in the translocation of both 
proteins to the cell interior [6].  
 
MRP and MARCKS are elongated, acidic proteins that contain a positively charged central effector domain 
(ED), an N-terminal myristoylation motif and a MARCKS homology domain 2 (MH2) that shares homology 
with the cytoplasmic tail of the IGF2 receptor [7].  The ability of MARCKS to associate with the plasma 
membrane is dependent on the phosphorylation status of the positively charged central effector domain (ED) 
[8].  A model has been proposed for the mechanism that regulates this association of MARCKS with the 
plasma membrane and is called the myristoyl-electrostatic switch model [9, 10].  Unlike early suggestions 
that MARCKS associates with proteins at the plasma membrane, this model proposes that MARCKS and 
related proteins associate with the plasma membrane through the insertion of the myristoyl moiety into the 
lipid membrane, bringing the ED in close proximity to the membrane which in turn results in the electrostatic 
attraction of the positively charged ED to negatively charged phospholipids, such as phosphatidylserine (PS) 
and Ptdins(4,5)P2.  The additive effect of the two binding motifs then leads to a stable association between 
the protein and the plasma membrane [9]. Moreover, it has been shown that the ED of MARCKS binds to PS 
in membranes but that even with an excess of PS it still sequesters Ptdins(4,5)P2 [11, 12].  The myristoyl-
electrostatic switch model does not only apply to MARCKS since other proteins such as Arl4, a small 
molecular weight G protein, also contain a myristoyl moiety and a polybasic region thought to associate with 
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the plasma membrane according to this model [13].  Upon phosphorylation of the serine residues within the 
ED, the positive charge of the ED is reduced leading to the dissociation of the ED from the lipid membrane.  
This weakens the association between the protein and the lipid membrane sufficiently to cause its 
translocation from the plasma membrane to the cytoplasm.  In support of the above model, it was shown that 
MARCKS translocated to the cytoplasm after being phosphorylated [14].  Later, it was reported that after 
several hours MARCKS re-associates with internal membranes such as lysosomes when it becomes 
dephosphorylated [9, 15].   
 
Although this model has been extensively tested for MARCKS, no thorough investigation into the 
mechanism regulating MRP localization has been carried out, although there is data suggesting significant 
differences exist between the mechanisms involved in regulating the localization of MARCKS and that of 
MRP.  For instance, in vitro studies using lipid vesicles show that MRP has a 100-fold lower affinity than 
MARCKS for vesicles containing negatively charged phospholipids [16].  A somewhat contentious paper 
using supported lipid bilayers shows that addition of calmodulin or phosphorylation of the serine residues 
inhibits the binding of MARCKS but not of MRP to these membranes [17].  Lastly, within the ED of 
MARCKS there are five serine residues of which 3 can be phosphorylated while in the ED of MRP a proline 
residue is present instead of a serine residue resulting in the phosphorylation of only 2 serine residues [16].   
We are interested in the effects of integrins on the morphology of cells and have previously shown that the 
overexpression of �3 leads to an increase in cell spreading and a loss of cell-cell contacts [18], concomitant 
with a decrease in the expression of MRP [19].  In this study, we want to understand the role of MRP in the 
maintenance of the epithelial morphology that is lost when �3 is overexpressed.     
 
When an MRP-GFP construct was expressed in the GE11 cell line it became localized at the plasma 
membrane.  PMA stimulation led to the rapid translocation of the protein to the lysosomes but, unlike 
MARCKS, we did not observe an increase in the amount of soluble, cytosolic MRP after phosphorylation.  
Our data further demonstrate that MRP always binds to membranes via its myristoylation moiety while the 
ED is essential for its interaction with and its targeting to the plasma membrane.  Interestingly, the ED does 
not exclusively bind to Ptdins(4,5)P2 but also to other PIP2  isomers and to phosphomonoinositides (PIPs).  
Strikingly, our data shows that MRP does not require Ptdins(4,5)P2 to bind to the plasma membrane.  
Overexpression of MRP or any of its mutants had no effect on cell morphology, on the structure of the actin 
cytoskeleton, or on cell spreading.  Instead, we found that MRP overexpression affected the internalization 
of vesicles, suggesting a possible role for MRP in the formation and transport of vesicles during endocytosis. 
 
Materials and Methods 
 
Antibodies and other materials 
 
Antibodies used were mouse monoclonal anti-GFP (clone B34, Covance), mouse monoclonal anti-N-
cadherin (clone 32, BD Transduction labs), rat monoclonal anti-LAMP-1 (Clone 1D4B, Abcam), rabbit 
polyclonal anti-IGF2 receptor (clone 5299HL, kindly provided by Dr. Lobel, University of Medicine 
and Dentistry of New Jersey, USA), and mouse monoclonal anti-Golgin 97 (Clone CDFX, Abcam).  
Texas Red conjugated Phalloidin was obtained from Molecular Probes.  Lysotracker®-red was purchased 
from Invitrogen and TexasRed conjugated dextran (10000 MW) was from Molecular Probes.  The PKC 
inhibitor Ro318220 (used at final concentration 20 �M) was obtained from Roche.  PMA (used at a final 
concentration of 0.1 �g/ml), nocodazole (used at a final concentration of 5 ng/ml), LY294002 (used at final 
concentration of 10 �M) and Gö6983 (used at a final concentration of 0.1 �M) were from Sigma-Aldrich. 
 
Cell lines 
 
�1-knockout neuroepithelial GE11 cells were used for most studies but HEK293 cells were used for the 
FRET analysis.  Cells were cultured in DMEM supplemented with 10% fetal calf serum, penicillin and 
streptomycin. 
 
cDNA, plasmids and mutants 
 
Full-length mouse MRP was a kind gift from Dr. Deborah Stumpo (National Institute of Environmental 
Health Science, Research Triangle Park, NC). MRP was cloned into the pEGFP-N1 vector (BD Biosciences 
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Clontech) by digestion with BamHI and the fragment encoding MRP-GFP was recloned into the retroviral 
vector LZRS-IRES-zeo [20].  The human NK2 receptor with truncation at position 328 [21] was obtained 
from Prof. Wouter Moolenaar (Division of Cellular Biochemistry, Netherlands Cancer Institute, The 
Netherlands).  The PLC�1PH-mRFP and YFP-CAAX constructs have been described previously [22].  For 
the inducible Ptdins(4,5)P2 depletion system FRB-CFP and the FKBP-mRFP-5’ phosphatase deletion 
mutant [23] were obtained from Dr. Tamas Balla (Endocrinology and Reproduction Research Branch, 
National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, USA).  
An adapted FRB-CFP construct where the palmitoylation site was replaced by a CAAX motif was obtained 
from Bas Ponsioen (Division of Cell Biology, Netherlands Cancer Institute, The Netherlands) and used for 
these studies.  
 
Construction of different MRP mutants.  
 
Several mutants of MRP were constructed.  The myristoylation site was mutated by using a primer with a 
mutation coding for an alanine residue instead of the glycine residue (ccgggatggccagccag) together with a 
primer containing the stop codon of the MRP cDNA in the pE-GFP-N1 plasmid (gatggatcccactcattctgctcag).  
The resulting recombinant MRP construct was digested with BamHI and cloned into pE-GFP-N1.   The SA 
and SD mutants of MRP were constructed using primers that led to the replacement of all three serine 
residues in the ED by either alanine or aspartic acid. The same two flanking primers were used for both 
mutants (ccgggatccatgggcagc and gatggatcccactcatt).  For the generation of the SA mutant two internal 
primers were used (aagaaattcgctttcaagaagcctttcaaattggctggcctggccttcaag and 
cttgaaggccaggccagccaatttgaaaggcttgaaagcgaatttctt), and for the SD mutant we used the primers 
aagaaattcgatttcaagcctttcaaattggatggcctggacttcaag and cttgaagtccaggccatccaatttgaaaggcttcttgaaatcgaatttctt. 
The 5’ and 3’ fragments were amplified, denatured and allowed to anneal after which PCR was performed 
using the flanking primers resulting in a full-length mutated MRP construct that was digested with BamHI 
and cloned into pE-GFP-N1. An ED deletion mutant of MRP was a kind gift of Dr. Jianxun Li (Department 
of Oral Biology, College of Dentistry, University of Illinois at Chicago, Chicago, USA) and was digested 
with BamHI and cloned into pE-GFP-N3.  The MRP-GFP construct was subsequently cloned into the EcoRI 
and NotI site of LZRS.   
 
Membrane fractionation assay 
 
Cells were seeded in a 10 cm dish and grown overnight.  The next day they were washed once in PBS, and 
then lysed in 1 ml fractionation lysis buffer (10 mM Hepes pH 7.5, 1.5 mM MgCl2, 5 mM KCl, 0.25 M 
sucrose, 1 mM DTT and 1 mM Sigma inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)). The cells were 
kept on ice for 10 minutes, collected by scraping and dounced with 30 strokes of a dounce homogenizer. The 
lysate was then centrifuged for 5 minutes at 2200 rpm and the supernatant transferred to a new tube 
containing 20 �l 0.25 M EDTA, pH 8. The supernatant was centrifuged at 55.000 rpm for 45 minutes at 4�C 
after which the supernatant was transferred to a new tube, 200 �l 3x protein loading buffer was added and 
the sample was boiled for 5 minutes.  The pellet was washed with lysis buffer, centrifuged at 55.000 rpm for 
30 minutes and 60 �l 1x protein loading buffer was added. 20 �l of each sample was loaded on SDS-PAGE 
gel, separated and transferred to polyvinylidene difluoride membranes (Millipore) and analyzed by Western 
blotting followed by ECL using the Super signal system (Pierce Chemical Co.). 
 
Isolation of GST-tagged proteins 
 
The (wt)MRP, (SA)MRP and (SD)MRP constructs were digested with BamHI and cloned into the pRP265 
vector.  GST-tagged proteins were isolated from lysates of transformed BL21 bacterial cells.  Briefly, cells 
were transformed and grown overnight on LB plates containing ampicilin.  A colony was inoculated and 
grown overnight in 3 ml Luria Broth (LB) with ampicilin. 2 ml culture was added to 200 ml fresh culture 
broth and incubated for ~3 hours at 37ºC until absorbance at 595 nm was 0.6.  IPTG was added to 0.4 mM 
and incubation continued for a further 3 hours.  Cells were subsequently pelleted and incubated for 15 
minutes in lysis buffer (50 mM Tris, pH 8.0, 5 mM EDTA, 10% glycerol, 0.5% Nonidet P40, 50 mM NaCl 
and protease inhibitors) before being sonicated 3 times for 20 seconds on ice.  The lysate was then 
centrifuged and the supernatant added to pre-washed glutathione agarose beads.  The mixture was incubated 
overnight at 4ºC.  The beads were collected and washed with cold PBS.  The beads were then transferred to a 
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Biorad column and the protein was eluted with 5 mM glutathione. Fractions of 1 ml were collected and 
analyzed for protein.   
 
Immunofluoresence and flow cytometry 
 
For immunofluorescence, cells were fixed in 2% paraformaldehyde for 15 minutes and subsequently 
permeabilized with 0.2% Triton X-100 for 5 minutes. Coverslips were subsequently blocked with 2% BSA 
in PBS for 1 hour at room temperature (RT). Coverslips were incubated with primary antibodies for 1 hour at 
RT, washed three times in PBS and incubated with FITC- or Texas Red-conjugated secondary antibody 
(Jackson ImmunoResearch Laboratories) for 1 hour at RT. Slides were mounted in MOWIOL 4-88 solution 
supplemented with DABCO (Calbiochem) and examined with a confocal Leica TCS NT microscope. 
 
Determining localization of MRP at the plasma membrane by FRET ratiometry 
 
Localization of MRP at the plasma membrane was determined by monitoring FRET between CFP-CAAX 
and YFP-MRP.  CFP-CAAX is localized at the plasma membrane so that, if YFP-MRP is in close proximity 
to the plasma membrane FRET will occur.  FRET ratiometry was measured as described previously [22].  In 
brief, cells were transfected with CFP-CAAX and YFP-MRP at a 1:1 ratio and were placed on an inverted 
ZEISS Axiovert 135 microscope equipped with a dry Achroplan x 63 (NA 0.75) objective. Excitation was at 
425+/-5 nm, and emission was collected simultaneously at 475+/- 15 nm (CFP) and 540+/- 20 nm (YFP) 
using photomultipliers.  FRET is expressed as the ratio of YFP to CFP and at the start of the experiment the 
ratio was set to 1.  FRET changes were expressed as a percentage deviation from the base line.  
 
In vitro lipid binding assay 
 
Lipid samples (as indicated) were washed with 2.4 M HCl in order to generate the acid forms and dissolved 
in chloroform at 100 pmoles/�l.  Serial doubling dilutions were carried out on ice and 1 �l was spotted on 
nitrocellulose membranes 1 cm apart. The lipids were dried at room temperature for 10 minutes before 
wetting the nitrocellulose membrane in distilled water and then in TBS-Tween-20 (50 mM Tris-HCl pH 8.0, 
140 mM NaCl, 0.05% (v/v) Tween-20).  The membrane was blocked using TBS-Tween, 1% BSA for 30 
minutes and then incubated overnight with the indicated GST-fusion products (0.1 �g/ml) diluted in TBS-
Tween, 1% BSA at 4oC.  The membrane was washed three times (5 minutes each) with TBS-Tween and then 
incubated for 1 hour with a monoclonal antibody directed against GST (clone 2F3) diluted (1:100) in TBS-
Tween, 1% BSA. The membrane was washed three times (5 minutes each) with TBS-Tween and then 
incubated for 20 minutes with an anti-mouse antibody conjugated to horseradish peroxidase (DAKO) diluted 
(1:20000) in TBS-Tween, 1% BSA.  The membrane was washed three times (5 minutes each) with TBS-
Tween and then once with distilled water. The interaction between the GST protein and lipid was visualized 
using a chemiluminescent reagent (Super Signal, Pierce).   
 
In vivo phosphorylation of MRP 
 
(wt)MRP cells were starved of phosphate for 1 hour. 2 mCi [32P]-orthophosphate was then added to the cells 
and they were incubated for an additional 3 hours before 0.1 �g/ml PMA was added, followed by an 
incubation for 15 minutes at 37°C. MRP-GFP was isolated with the monoclonal antibody against GFP.  
Briefly, the cells were lysed with m-Per buffer (Pierce), containing protease inhibitors. After the lysates were 
cleared by centrifugation at 14.000 x g for 10 minutes at 4°C, antibody was added and the mixture was 
incubated overnight at 4°C. The next day, GammaBind G Sepharose (Amersham Biosciences), pre-incubated 
with BSA to block nonspecific binding sites, was incubated with the lysates for 1 hour at 4°C. The beads 
were washed three times with m-Per buffer and dissolved in SDS-sample buffer. The entire sample was run 
on an SDS-PAGE gel and the gel was subsequently dried and exposed to film.  
 
Results 
 
Phosphorylated MRP is translocated to internal membranes 
 
The changes in localization of MRP were investigated by expressing a MRP-GFP construct in GE11 cells 
((wt)MRP) and stimulating these cells with the PKC activating phorbol ester, PMA.  (wt)MRP cells were 
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fixed and stained for F-actin at different time points (Figure 1A).  Before stimulation with PMA, the cells 
formed islands with a cortical actin ring spanning their circumference and MRP was visible at the basolateral 
plasma membrane and at cell-cell junctions.  Within 10 minutes after PMA stimulation the actin cytoskeleton 
was profoundly reorganized and lamellipodia appeared at the free borders of the cells (Figure 1A).  At the 
same time, (wt)MRP disappeared from the plasma membrane and became localized on internal membranes 
in the vicinity of the nucleus where it remained while cells migrated away from one another.  The 
phosphorylation of the serine residues was visualized by incubating (wt)MRP cells and cells expressing a 
mutant MRP in which the serine residues of the ED had been mutated to alanine, called (SA)MRP, with 
[32P]-orthophosphate.  Proteins were subsequently immunoprecipitated and analyzed by SDS-PAGE (Figure 
1B).  In (wt)MRP cells, some MRP was already phosphorylated but phosphorylation increased after PMA 
stimulation. In (SA)MRP cells, no phosphorylated MRP was detected, indicating that only the wild type ED 
is phosphorylated after stimulation with PMA.   
 

 
 
Figure 1.  Phosphorylated MRP is translocated to vesicles in the perinuclear region. (A) (wt)MRP cells were 
grown on coverslips, incubated for different lengths of time with PMA and fixed.  F-actin was visualized with 
phalloidin.  (B)  Phosphorylation of (wt)MRP and (SA)MRP cells before and after PMA stimulation.  The degree of 
MRP phosphorylation is shown in the autoradiogram while MRP expression is visualized in the bottom panel.  GE11 
cells were used as negative control.  (C)  Fractionation assays were performed at several time points after PMA 
stimulation. Blots were stained for GFP to identify MRP-GFP while N-cadherin staining acts as a membrane fraction 
control.  (D)  (wt)MRP were stimulated with PMA, or pre-treated with Nocodazole and then stimulated with PMA and 
images were taken after 10 minutes. 
 
To investigate if MRP remains associated with membranes during translocation, a fractionation assay was 
performed in which the cytoplasm was separated from the membrane (Figure 1C).  Prior to PMA 
stimulation, nearly all the (wt)MRP protein was present in the membrane fraction.  Surprisingly, the ratio of 
membrane to cytoplasmic (wt)MRP remained similar before and after PMA treatment.  Thus, even at early 
time points, phosphorylated MRP is associated with membrane and a cytoplasmic phase could not be 
detected. 
 
If MRP is membrane-bound during its internalization, we hypothesized that it is transported along the 
microtubule network to the perinuclear region.  Indeed, when cells were pre-treated with the microtubule-
destabilizing agent, Nocodazole, MRP remained in close proximity to the plasma membrane and did not 
become concentrated on vesicles around the nucleus after stimulation with PMA (Figure 1D).  Thus, MRP 
transport and translocation onto vesicles to the perinuclear region depends on the integrity of the microtubule 
network.   
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Phosphorylated MRP is present on lysosomes and the trans golgi network 
 
To identify the internal membrane compartments to which MRP is localized after phosphorylation, cells 
were co-stained for markers that define different intracellular vesicular compartments.  Cells were incubated 
with Lysotracker®, which becomes fluorescent in an acidic environment such as in lysosomes or late 
endosomes (Figure 2A). Within 2 minutes after the addition of PMA, the majority of MRP disappeared from 
the plasma membrane and became co-localized with Lysotracker® positive vesicles.  Interestingly, some 
MRP present in close proximity to the nucleus (white arrow) was not co-localized with Lysotracker®.  To 
determine the identity of the intracellular structures with which MRP became co-localized, cells were 
stimulated with PMA, fixed and stained for the lysosomal marker LAMP-1, and the trans golgi network 
(TGN) markers golgin97 and IGF2R (Figure 2B).  Within 5 minutes of PMA stimulation, MRP was mainly 
present on LAMP-1 positive vesicles but some co-localization of MRP with golgin97 and with IGF2R was 
seen.  Thus, after phosphorylation MRP is present on lysosomes and the TGN.   
 

 
 
Figure 2.  MRP associates with lysosomes and the TGN. (A) Cells were pre-incubated with Lysotracker and then 
stimulated with PMA.  Images were taken after PMA stimulation at the time points indicated.  The arrow indicates the 
region where there was no co-localization of MRP and Lysotracker.  (B) To identify the intracellular membranes at 
which MRP is localized, (wt)MRP cells were fixed and stained for LAMP-1, golgin97 and IGF2R before and after 
PMA stimulation. 
 
MRP is targeted to the plasma membrane by the ED domain but membrane binding is myristoylation-
dependent 
  
To understand by which mechanism MRP is membrane-bound when it is translocated away from the plasma 
membrane, several mutants of MRP were constructed.  To investigate the importance of the phosphorylation 
of the serine residues within the ED, these residues were mutated to alanine mimicking the non-
phosphorylated state of MRP, called (SA)MRP, or to aspartic acid mimicking the phosphorylated state, 
called (SD)MRP.  Like (wt)MRP, (SA)MRP was present at the cell-cell contacts and the plasma membrane 
but it did not appear on vesicles after PMA stimulation, whereas most of the (SD)MRP was present at the 
plasma membrane but also on vesicles in the vicinity of the nucleus before stimulation with PMA and this 
distribution was unaffected after PMA stimulation. (Figure 3A)  A mutant of MRP from which the complete 
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ED had been deleted ((�ED)MRP) was absent from the plasma membrane but was associated with vesicles 
around the nucleus like phosphorylated MRP.  To establish the importance of the myristoylation site of MRP 
(gly 2), it was mutated to alanine creating the (GA)MRP mutant. (GA)MRP was present in the nucleus and 
cytoplasm but was absent from the plasma membrane or internal membranes.  (wt)MRP, (SD)MRP and 
(�ED)MRP cells were stained for LAMP-1 or golgin97 (Figure 3B).  Co-localization of MRP was observed 
with LAMP-1 and golgin97 in all three cell lines, indicating that the two mutants are also localized at 
lysosomes and the TGN.  To confirm that these mutants of MRP are still able to bind to membranes, a 
fractionation assay was performed (Figure 3C).  Interestingly, (SD)MRP was predominantly present in the 
membrane fraction before and after stimulation with PMA while (�ED)MRP was present in both the 
membrane and the cytosolic fraction, but (GA)MRP was only present in the cytosolic fraction.  Thus, while 
the myristoylation site of MRP is essential for its ability to bind to membranes, it is the ED that is required 
for its targeting to the plasma membrane.    

 

 
 
Figure 3.  The localization of MRP is regulated by the ED but membrane binding is dependent on the 
myristoylation site. (A) The myristoylation mutant, (GA)MRP, ED deletion mutant (�ED)MRP, and the 
phosphorylation mutants (SA)MRP and (SD)MRP were expressed in GE11 cells.  Images were taken of cells before 
and after 10 minutes incubation with PMA.  (B) The (SD)MRP and (�ED)MRP cells were fixed and stained for LAMP-
1 and golgin97 to visualize co-localization with the lysosomes and TGN.  (C) A fractionation assay was performed as 
described for the (SD)MRP, (�ED)MRP and (GA)MRP cell lines.  Membranes were stained for GFP to visualize MRP-
GFP and as control for the membrane fraction stained for N-cadherin.   
 
Ptdins(4,5)P2 binding does not mediate MRP localization 
 
We hypothesized that the binding of the ED to certain phospholipids is important for the association of MRP 
with the plasma membrane.  The phospholipids that interact with MRP were identified in an in vitro lipid 
overlay assay. Nitrocellulose membranes, displaying an array of immobilized phospholipids at increasing 
concentrations, were incubated with purified (wt)MRP, (SA)MRP or (SD)MRP protein (Figure 4A).  Unlike 
the PH-domain of PLC�1 that specifically binds Ptdins(4,5)P2 both (wt)MRP and (SA)MRP were able to 
bind to different isomers of PIP2  and to PIP lipids.  In contrast, (SD)MRP was unable to bind to any of the 
phospholipids tested.  Therefore, it is clear that the unfolded MRP binds non-specifically to all isomers of 
PIP2 and PIP.  We visualized the co-localization of MRP and Ptdins(4,5)P2 by expressing MRP-GFP and the 
PH-domain of PLC�� in HEK293 cells and observed extensive co-localization at the plasma membrane 
(Figure 4B).  When cells were subsequently stimulated with PMA, this co-localization rapidly disappeared as 
MRP-GFP was translocated away from the plasma membrane.  Moreover, vesicles were observed (inset) that 
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only contain MRP-GFP and no PH-mRFP, suggesting that MRP associates with these membranes, although 
they do not contain high levels of Ptdins(4,5)P2.  To show that MRP binds directly to the plasma membrane 
and is translocated after PKC activation, FRET studies were performed in HEK293 cells expressing the 
plasma membrane-specific YFP-CAAX marker and a MRP-CFP construct (Figure 4C).  Since FRET only 
occurs when CFP and YFP are in close proximity (<10 nm) and YFP-CAAX only labels the plasma 
membrane, FRET will indicate whether MRP is directly associated with the membrane.  Indeed, FRET was 
observed suggesting that MRP is directly associated with the plasma membrane.  After PMA stimulation the 
FRET signal rapidly decreased.  However, when cells were pre-incubated with the PKC inhibitor Ro318220 
the FRET signal did not decrease after PMA stimulation, confirming that the translocation of MRP away 
from the plasma membrane is mediated by PKC.   
 
There is some controversy whether proteins containing a polybasic region associate with the plasma 
membrane because of the negative potential of the inner leaflet of the plasma membrane [24] or whether 
these proteins bind to specific phosphoinositides [13].  We investigated if MRP associates with the plasma 
membrane through an interaction between MRP and PtdIns(4,5)P2 , by expressing the G-protein coupled 
NKA receptor which, when stimulated, will activate PLC resulting in hydrolysis of PtdIns(4,5)P2 at the 
plasma membrane [25].  Upon NKA stimulation FRET between MRP and YFP-CAAX rapidly diminished 
(Figure 4D).  However, when cells were pre-incubated with the PKC inhibitor, Ro318220, the FRET signal 
did not decrease after NKA addition.  Thus, the degradation of Ptdins(4,5)P2 at the plasma membrane does 
not directly lead to the displacement of MRP but rather the degradation products of Ptdins(4,5)P2, IP3 and 
DAG, activate PKC [26], which in turn leads to the loss of MRP from the plasma membrane.  To confirm 
that MRP localization at the plasma membrane is not dependent on the level of Ptdins(4,5)P2, we employed 
a rapamycin dependent system of targeting the 5’ specific Ptdins(4,5)P2 phosphatase, Inp54p, to the plasma 
membrane [23].  This will lead to a reduction in the levels of Ptdins(4,5)P2 without the production of DAG, 
preventing the activation of PKC.  Additionally, we added the PI3K inhibitor, LY294002 to deplete 
Ptdins(3,4,5)P3 levels since it has been suggested that the ED of MARCKS binds to Ptdins(3,4,5)P3 as well 
as Ptdins(4,5)P2 at the plasma membrane [13].  Addition of rapamycin led to a rapid reduction of 
Ptdins(4,5)P2 at the plasma membrane (Figure 5C) as shown by the translocation of the PLC-PH domain 
from the membrane to the cytosol.  However, when rapamycin and/or LY294002 were added to cells 
expressing MRP-GFP, MRP was not translocated (Figure 4E).  In fact, only when PMA was added to cells 
did MRP disappear from the plasma membrane.  Therefore, loss of Ptdins(4,5)P2 and Ptdins(3,4,5)P3 at the 
plasma membrane does not induce the translocation of MRP, suggesting that these phospholipids are not 
involved in the association of MRP with the plasma membrane.  
 
A phosphorylation cycle maintains lysosomal targeting and relocalization of MRP at membranes in resting 
cells 
   
It is clear that PMA stimulation causes a massive relocation of MRP.  We wondered whether MRP is 
translocated to vesicles in cells not stimulated by PMA,.  The microtubule network was disrupted to retain 
vesicles containing MRP that would otherwise be recycled.  This was done by incubating cells for 5 hours 
with Nocodazole, after which the cells were fixed and stained for LAMP-1 (Figure 5A).  In (wt)MRP cells 
large vesicles appeared at the cell periphery on which MRP and LAMP-1 was co-localized.  In contrast, 
MRP was still present on the plasma membrane in (SA)MRP cells while LAMP-1 staining was much weaker 
and LAMP-1 positive vesicles were smaller.  Therefore, in unstimulated cells, MRP can be translocated to 
LAMP-1 positive vesicles when the microtubule network is disrupted suggesting that a phosphorylation 
cycle of MRP drives a continuous shuttling of MRP between the plasma membrane and internal vesicles in 
resting cells. 
 
Dephosphorylated MRP returns to the plasma membrane also when Ptdins(4,5)P2 is depleted 
 
To investigate the fate of MRP when it is no longer phosphorylated, (wt)MRP cells were treated with PMA 
for 10 minutes after which the PMA containing medium was replaced with fresh medium or with medium 
containing the PKC inhibitor, Gö6983 (Figure 5B).  After another incubation of 10 minutes, cells were fixed 
and stained for LAMP-1.  In cells without the inhibitor, there was no MRP at the plasma membrane and it 
was co-localized with LAMP-1 on vesicles.   
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Figure 4.  MRP binds to PIP2 and PIP in vitro but the association of MRP with the plasma membrane is not 
regulated by Ptdins(4,5)P2. (A) Different MRP-GST constructs were incubated with membranes with increasing 
concentrations (bar below image) of different phosphoinositides.  PLC�-PH GST was used as positive control for 
Ptdins(4,5)P2 binding while GST alone was used as negative control.  (B) (wt)MRP cells were transfected with a 
PLC�PH-mRFP construct and life-imaged during PMA stimulation.  The inset represents an enlarged area of the picture 
showing a vesicle being transported from the plasma membrane to the interior of the cell.  Images were taken every 
minute. (C) FRET was measured in HEK293 cells transfected with MRP-YFP and CAAX-CFP and stimulated with 
PMA represented by the blue trace in the left-hand graph showing the ratio of MRP-YFP-CAAX-CFP.  Alternatively, 
cells were pre-incubated for 30 minutes with the PKC inhibitor Ro318220 before being stimulated with PMA.  FRET 
was measured and is represented by the red trace.  The right panel represents the average difference in amplitude before 
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and after PMA stimulation.  Averages are taken of at least 6 experiments.  The blue bar represents cells not incubated 
with the inhibitor while the red bar represents cells incubated with the PKC inhibitor.  Difference was calculated with a 
students T-test and was found to be significant (p<0.01).  (D) A similar FRET analysis was performed in cells 
transfected with MRP-YFP, CAAX-CFP and the NKA receptor.  The left panel shows a representative trace in blue 
without the inhibitor and red with the inhibitor.  The right panel shows the average difference in amplitude before and 
after NKA stimulation.  (E) HEK293 cells were transfected with FRB-CAAX-CFP, FKBP-mRFP-5’phosphatase and 
MRP-YFP and stimulated with 0.2 �M rapamycin and 10 �M LY29 and later PMA.  Images were taken every 20 
seconds.  Fluorescence of a region of interest in the nucleus and the cytoplasm was measured over time and is given as a 
ratio. 
 
These cells had lamellipodia and their cell-cell contacts were disrupted.  However, when cells were 
incubated with Gö6983, epithelial islands reformed, lamellipodia disappeared and MRP became re-localized 
at the plasma membrane where it was not co-localized with LAMP-1.  To determine if Ptdins(4,5)P2  is 
important for the return of MRP to the plasma membrane, Ptdins(4,5)P2 levels were depleted by targeting 
Inp54p to the plasma membrane before adding the PKC inhibitor to cells.  Firstly, when the PKC inhibitor 
Gö6983 was added to cells pre-incubated with PMA, a rapid return of MRP from vesicles to the plasma 
membrane was seen (Figure 5C).  Interestingly, when Ptdins(4,5)P2 was depleted before the PKC inhibitor 
was added, MRP still returned to the plasma membrane.  Therefore, MRP is transported back to the plasma 
membrane when the ED is not phosphorylated and this targeting is not dependent on the level of 
Ptdins(4,5)P2  in the plasma membrane.   
 
MRP overexpression augments internalization of vesicles 
 
To test if internalization of vesicles is affected by MRP we incubated GE11, (wt)MRP, (SA)MRP and 
(SD)MRP cells with TexasRed labeled dextran.  Cells were fixed at different time points and the number of 
dextran-loaded vesicles per cell was counted to measure the efficiency of vesicle internalization (Figure 6).  
We observed a significant increase in the number of dextran-positive vesicles in (wt)MRP cells indicating 
that internalization occurs more efficiently in (wt)MRP cells.  The overexpression of (SA)MRP or (SD)MRP 
did not alter the rate of internalization when compared to that in GE11 cells such as (wt)MRP, suggesting 
that the effect on internalization depends on the ability of MRP to shuttle between the plasma membrane and 
internal vesicles.  Therefore, we suggest that MRP plays a role in internalization through an as yet unknown 
mechanism.   
 
Discussion 
 
A plethora of phosphoinositide binding proteins are present in cells carrying out numerous functions.  The 
affinity of the binding between these proteins and the phosphoinositides in membranes is often very low and 
an additional binding site is required for a stable, high affinity association of these proteins with membranes 
[27].  The regulated spatial distribution of phosphoinositides on different organelles allows targeted protein 
localization within the cell [27].   
 
An alternative model to achieve high affinity and spatially regulated binding of proteins to lipid membranes 
relies on the presence of a membrane binding moiety and a polybasic region within the protein.  The 
myristoyl electrostatic switch model predicts that a protein binds to lipid membranes through the additive 
effect of two distant binding motifs, an N-terminal myristoylation motif and a positively charged central 
effector domain (ED) [8, 9].  When the electrostatic attraction between the positively charged ED and the 
negatively charged phosphoinositides within the membrane decreases after phosphorylation, the overall 
affinity of the protein for the membrane will be sufficiently lowered to cause its dissociation.  Extensive 
studies of MARCKS have substantiated this model.  Further studies also suggest that MARCKS is a 
pipmodulin that sequesters the free phosphoinositide Ptdins(4,5)P2 at the plasma membrane [11, 12, 28].  
The level of homology between MARCKS and MRP is relatively high, suggesting that they are both 
governed by this same mechanism.  However, this has not yet been demonstrated.  Importantly, there are 
some crucial differences between MARCKS and MRP.  For instance, the ED of MARCKS contains five 
serine residues of which three can be phosphorylated by PKC.  In contrast, the ED of MRP has only three 
serine residues of which two can be phosphorylated [7]. 
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Figure 5.  MRP cycles between the lysosomes and the plasma membrane in resting GE11 cells.  (A) (wt)MRP and 
(SA)MRP cells were incubated with Nocodazole for 5 hours before being fixed and stained for LAMP-1.  (B) (wt)MRP 
cells were first incubated for 10 minutes with PMA, then washed and incubated for a further 10 minutes in fresh 
medium or medium containing Gö6983. Cells were fixed and stained for LAMP-1.  (C) HEK293 cells were transfected 
with FRB-CAAX-CFP, FKBP-mRFP-5’phosphatase and MRP-YFP.  The ratio of cytoplasmic vs. nuclear level of MRP 
was measured and is represented in the graph.  Cells were either stimulated with rapamycin and Gö6983 (solid line) or 
with Gö6983 alone (dotted line).  As a control for the depletion of Ptdins(4,5)P2, cells were also transfected with the 
Ptdins(4,5)P2 sensor PLC-PH-YFP treated with rapamycin and the same ratio of sensor was measured (dashed line).   
 
Thus, the ED of MRP has a lower negative charge after phosphorylation than the ED of MARCKS.  In a 
study using lipid vesicles containing negatively charged phospholipids, MARCKS was shown to have a 
much higher affinity for these vesicles than MRP but after phosphorylation the affinity of MARCKS for 



 72

these vesicles was reduced while that of MRP remained similar [16].  Additionally, separate reports show 
that MARCKS binds and cross-links actin filaments [29] while MRP only binds to actin filaments [30].  
Lastly, there are differences in the localization of MARCKS and MRP [14, 31].  
 
In this study we investigated the mechanism governing the localization of MRP.   We first focused on the 
translocation of MRP that occurs after PKC is activated.  We show that MRP is translocated from the plasma 
membrane to lysosomes, possibly via a cytoplasmic intermediate phase, in a matter of minutes in contrast to 
MARCKS that remains cytoplasmic for two hours and only then associates with lysosomes [14, 15].     
 

 
 

Figure 6.  (wt)MRP overexpression increases internalization.  The different cell lines were incubated with 
TexasRed-conjugated dextran for different times and fixed.  Three independent experiments were done with at least 20 
cells analyzed per experiment. The stack focuser tool in the ImageJ software package was used to visualize all vesicles 
within the z-stack made of each cell.   A representative graph of the average number of dextran-containing vesicles 
present per cell over time is shown with significant differences between (wt)MRP and the non-expressing cell line 
tested with the students T test   * = p<0.05, ** = p<0.01. 
 
In vitro analysis of the binding of MRP to different phosphoinositides suggests that MRP does not 
specifically bind to Ptdins(4,5)P2 but can also bind to other PIP2 isomers and to all PIP isomers. However, 
MRP does not depend on Ptdins(4,5)P2 for its localization at the plasma membrane, since FRET analysis 
shows that the breakdown or the dephosphorylation of Ptdins(4,5)P2 does not lead to the translocation of 
MRP from the plasma membrane.  It could be argued that the increase in PIP levels after the 
dephosphorylation of Ptdins(4,5)P2 by Inp54p might rescue the association of MRP with the plasma 
membrane but this increase does not occur when Ptdins(4,5)P2 is broken down into IP3 and DAG after NKA 
stimulation.  A number of papers report that in vitro, full-length MARCKS and the ED of MARCKS bind to 
and sequester Ptdins(4,5)P2 in lipid vesicles and bilayers [12, 32].  However, there is some controversy 
whether MARCKS only sequesters multivalent lipids such as Ptdins(4,5)P2 [12] or also other lipids like the 
monovalent PS [32].  A recent study shows that the binding of 37 proteins containing a polybasic cluster to 
the plasma membrane is not regulated by the level of Ptdins(4,5)P2 alone, but also by Ptdins(3,4,5)P3 [13].  
Since we found that the inhibition of both Ptdins(4,5)P2 and Ptdins(3,4,5)P3 did not result in the 
translocation of MRP, we suggest that MRP binds to other acidic lipids such as PS or PIP.  It is clear that the 
ED is important for the association of MRP with the plasma membrane because the deletion of this domain 
from MRP resulted in the permanent localization of the protein on lysosomes and the TGN.  Therefore, the 
ED is an essential plasma membrane-specific binding motif and it is important for the localization of MRP at 
the plasma membrane.  However, membrane binding itself is dependent on the myristoylation motif since 
MRP became completely cytoplasmic when this motif was mutated.  
 
Our studies show that MRP needs to remain phosphorylated by PKC for its localization on vesicles because 
inhibition of PKC results in a return of MRP to the plasma membrane.  This implies that under physiological 
conditions a phosphatase actively dephosphorylates MRP while it is localized on the vesicles.  Such a 
phosphatase could be Protein phosphatase-1 that has been shown to regulate the translocation of MARCKS 
from the cytoplasm to the plasma membrane during myoblast fusion [33].       
 
Overexpression of MRP has been shown to increase cell spreading and integrin activation [6].  Moreover, 
MRP overexpression results in increased integrin diffusion over the cell surface while overexpression of the 
SA mutant of MRP did not have this effect [34].  MARCKS is implicated in exocytosis in mucin producing 
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cells but is also important for PKC-mediated basolateral endocytosis in epithelial cells [1,35].  Our data show 
that MRP overexpression has no effect on the actin cytoskeleton or cell morphology in the GE11 cell line.  
We do, however, find that MRP overexpression increases the efficiency of endocytosis or pinocytosis.  Since 
the overexpression of the SA and SD mutants had no effect on internalization of vesicles we suggest that the 
phosphorylation-dependent shuttling of MRP between the internal membranes and the plasma membrane is 
important for its role in vesicle internalization.      
 
We conclude that the association of MRP with the plasma membrane is dependent on its effector domain but 
not on the Ptdins(4,5)P2 present at the plasma membrane.  Furthermore, the myristoylation motif is essential 
for membrane binding in general while dissociation of MRP from the plasma membrane requires continuous 
phosphorylation of the serine residues within the ED.     
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