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The myristoylated alanine-rich C kinase substrate
(MARCKYS) is a prominent PKC-substrate in the brain,
which has been implicated in brain development, cy-
toskeletal remodeling, calcium/calmodulin signaling,
and neuroplasticity. The sequence of the Macs gene
codes for a protein that has three highly conserved do-
mains including a 5 myristoylation region and a 25-
amino-acid phosphorylation site domain (PSD), which
are involved in anchoring MARCKS to the cellular mem-
brane. In this study, we examined the role of the myris-
toylation signal in the regulation of MARCKS in trans-
fected rat hippocampal cells (H19-7) following retinoic
acid (RA) treatment. A mutant MARCKS lacking the my-
ristoylation signal was engineered by substitution of
alanine for glycine at position 2 of the Macs gene and
was found to be exclusively expressed in the cytosol
fraction of transfected cells. Exposure of the wild-type
MARCKS-transfected cells to RA resulted in an apparent
shift of MARCKS from the membrane to the cytosol,
while the total protein of wild-type MARCKS was not
significantly changed. In contrast, RA-exposed cells
transfected with the mutant MARCKS revealed a dra-
matic reduction of expression of MARCKS protein in
both cytosol and total protein fractions. These data sug-
gest that the absence of the myristoyl moiety may not
only alter the anchoring of the protein to the membrane
but also play a novel role in modulating cellular levels of
MARCKS protein in response to RA.
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Phosphorylation of intracellular substrates by pro-
tein kinase C (PKC) results in a wide range of cellu-
lar processes including differentiation, mitogenesis,
and neurosecretion (see review (1)). The myristoy-
lated alanine-rich C kinase substrate (MARCKS) is a
prominent protein kinase substrate which binds to
calcium/calmodulin and filamentous actin (2), has
been shown to be essential for the development of the
central nervous system (3-5) and has been impli-
cated in cytoskeletal restructuring (see review (6))
and neuroplasticity in brain (7-9). MARCKS is an
acidic rod-shaped protein characterized by three
highly conserved domains: a N-terminal myristoyl-
ation domain, the MH2 domain of unknown function,
and the phosphorylation site domain (PSD) (2, 6).
N-terminal myristoylation is one of the major co-
translational modifications of various proteins in sig-
nal transduction pathways, and takes place at the
amino terminus resulting in attachment of a 14-
carbon fatty acid myristate through an amide bond
to Gly? following cleavage of the initiator methionine
(10, 11). Some myristoylated proteins may undergo a
signal-induced conformational change that exposes
the myristoyl moiety and allows binding of these
proteins to membranes (12, 13). This phenomenon
has now evolved as the concept of a myristoyl switch.
In the case of MARCKS, phosphorylation/dephos-
phorylation events might be the signals that trigger
such a myristoyl switch, causing the protein to be
shuttled off and on the membrane (14). Mutation of
the N-terminal glycine results in a nonmyristoylat-
able MARCKS which does not bind to membrane,
and is phosphorylated at the same sites as the wild-
type (15), albeit less efficiently in intact cells (16).
This indicates that myristic acid targets MARCKS to
the membrane, where it is efficiently phosphorylated
by PKC. In vivo nonmyristoylatable MARCKS exhib-
its most of normal physiological functions possessed
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by myristoylated MARCKS (17); however, the role of
myristoylation in the regulation of MARCKS is not
well defined.

Our laboratory has shown that MARCKS is regu-
lated in an immortalized hippocampal cell line (HN33)
by retinoic acid (RA), phorbol ester (PMA), and mood
stabilizers (lithium and valproate) used for the treat-
ment of bipolar disorder (18-20). Lithium- and
valproate-induced down-regulation of MARCKS ex-
pression is thought to utilize PKC-mediated pathways
similar to that observed following phorbol ester expo-
sure (21). The expression of endogenous MARCKS in
HN33 cells was regulated differently following treat-
ment with either PMA or RA (18). While PMA induced
a down-regulation of MARCKS in both cytosol and
membrane fractions, RA reduced MARCKS preferen-
tially in the membrane fraction of the cells, with only a
small reduction noted in the cytosol fraction (18).
These findings suggested that the RA-induced reduc-
tion of membrane-associated endogenous MARCKS
may be primarily related to the dissociation of
MARCKS from the membrane through a myristoyl
switch. In order to gain further insight into the role of
myristoylation in the regulation of MARCKS following
RA exposure, we have studied the expression of recom-
binant wild-type MARCKS as well as mutant
MARCKS lacking the myristoylation signal in a trans-
fected rat hippocampal cell line (H19-7) that was im-
mortalized by retroviral transduction of temperature-
sensitive Simian Virus 40 large tumor antigen (22) and
does not express endogenous MARCKS at 33°C (23). In
spite of the similarity in function between myristoy-
lated and nonmyristoylated MARCKS (17), we ob-
served a myristoylation-dependent RA-induced down-
regulation of MARCKS. Our data suggest that
N-terminal myristoylation may play a novel role in
modulating cellular levels of MARCKS protein in re-
sponse to RA exposure.

MATERIALS AND METHODS

Cell culture. The rat hippocampal H19-7 are clonal cells derived
from embryonic hippocampal cells and immortalized by retroviral
transduction of temperature-sensitive Simian Virus 40 large tumor
antigen (22). H19-7 cells were cultured in Dulbecco’s modified Ea-
gle’'s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (Gibco-BRL, Grand lIsland, NY) at 33°C, and used for trans-
fection assays. The mouse immortalized hippocampal cell line HN33
was derived from the fusion of primary mouse hippocampus neurons
of the postnatal day 21 mice with the N18TG2 neuroblastoma cell
line (24). HN33 cells were grown in DMEM containing 5% FBS at
37°C, and used for detection of endogenous MARCKS.

DNA construct and site-directed mutagenesis. A full-length mu-
rine MARCKS cDNA (a gift of Dr. A. Aderem, Rockefeller University,
NY) (25) was inserted into pcDNA3.1/Zeo (Invitrogen, Carlsbad, CA),
a mammalian expression vector driven by cytomegalovirus (CMV)
promoter. The wild-type MARCKS construct is called pcDMum. Site-
directed mutagenesis of pcDMum was accomplished by a PCR
method, using a pair of primers in which the upstream primer (GAA
GAA GGT ACC ATG GCT GCC CAG) has a single base change in the
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second codon of Macs gene (GGT/gly — GCT/ala) and the down-
stream primer is identical to the 3’-end of MARCKS cDNA sequence
before stop codon. The resulting construct encodes a nonmyristoylat-
able MARCKS called pcDMum/G2A. The sequences of all the DNA
constructs were confirmed by DNA sequencing.

Cell transfection. 1 ug of the purified MARCKS plasmid DNA
was mixed with 6 ul of lipofect AMINE reagent (Gibco-BRL, Grand
Island, NY) in 600 wl DMEM without FBS, and added to a 60-mm
dish seeded with approximately 1.5 x 10° H19-7 cells the day before.
The transfected cells were grown in DMEM and split into five new
dishes on the next day. After 48 h, 250 ug/ml zeocin (Invitrogen,
Carlsbad, CA) was added. Zeocin-resistant clones were then selected
and tested for the expression of recombinant MARCKS by Western
blotting as described below.

Subcellular fractionation. Cells were treated with 10 uM RA in
70% ethanol or the same concentration of ethanol as controls for 3
days, scraped into a homogenization buffer (20 mM Hepes, pH 7.4, 2
mM EGTA, 1 mM PMSF, 2 mM DTE, and 10 ug/ml aprotinin), and
sonicated for 30 sec on ice. The resulting homogenates were sub-
jected to ultracentrifugation at 100,000g for 60 min at 4°C. The
supernatants were collected as cytosol fractions. The pellets were
resuspended in a buffer containing 0.1% Triton X-100 and solubilized
for 30 min. Solubilized fractions were then centrifuged at 30,0009
for 30 min at 4°C and the supernatants containing the solubilized
membrane protein were collected as membrane fractions. Total ho-
mogenates were generated by treatment with 0.1% Triton for 45 min,
and followed by centrifugation at 100,000g for 30 min at 4°C. The
resulting supernatant was taken as the total protein fraction. The
protein concentration was determined by Bradford method (Bio-Rad,
Hercules, CA).

Western blot analysis. Proteins from SDS-PAGE were trans-
ferred to polyvinylidine fluoride membrane (Millipore Corp., Bed-
ford, MA). The membranes containing immobilized proteins were
blocked with 5% skim milk in TS buffer (20 mM Tris, pH 7.5, 0.5 M
NaCl) and incubated with a polyclonal rabbit antibody to mouse
MARCKS at room temperature. After washes, the membranes were
incubated with a goat anti-rabbit 1gG HRP conjugated antibody as
the secondary antibody in TS buffer. Immunoreactive bands were
visualized by a standard ECL procedure and quantitated by densi-
tometry scan (Bio Rad, Model GS-700 imaging densitometer). The
data are expressed as % of MARCKS in untreated controls and
represent a mean of 3-5 individual experiments.

RESULTS AND DISCUSSION

N-terminal myristoylation is a key event for the as-
sociation of certain proteins to the membrane leading
to the subsequent stable anchorage of the protein (10,
11, 26). For MARCKS, the protein is attached to mem-
brane by hydrophobic interactions via myristoyl group
as well as by electrostatic interaction via PSD region
(15, 27-30). The purpose of this study is to assess
whether the myristoyl moiety plays a role in the regu-
lation of MARCKS using stable transfection of immor-
talized hippocampal cells with both recombinant wild-
type MARCKS and mutant MARCKS lacking the
myristoylation signal. Unlike the HN33 cells, H19-7
cells lack endogenous MARCKS expression at 33°C
(23). After transfection with recombinant MARCKS
cDNA, the transfected H19-7 cells were able to express
constitutively either wild-type or mutant MARCKS.
Stably transfected H19-7 cells that expressed either
wild-type MARCKS or G2A mutant MARCKS were
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FIG. 1. Expression of wild-type and mutant MARCKS lacking
the myristoylation signal in transfected H19-7 cells at 33°C. Panel 1
shows the endogenous MARCKS present in HN33 cells. Panel 2
shows an untransfected H19-7 cell that does not express endogenous
MARCKS at 33°C. Panels 3 and 4 present the transfected H19-7 cells
that express wild-type MARCKS and mutant MARCKS lacking the
myristoylation signal (G2A), respectively.

selected for this study. The SDS-PAGE gels showed
that the expressed recombinant wild-type MARCKS
co-migrated with the endogenous MARCKS present in
HN33 cells, while the mutant MARCKS lacking the
myristoylation signal migrated slightly faster than the
corresponding myristoylated form (Fig. 1). This in-
crease in SDS—-PAGE mobility of G2A mutant is likely
due to the lack of myristoyl moiety in the molecule (31).
In addition, the expression level of wild-type MARCKS
in the stably transfected H19-7 cells appears to be
higher than that of G2A mutant MARCKS. This phe-
nomenon may be related to the different number of
MARCKS construct copies integrated into the chromo-
some or maintained as stable episomal plasmids in the
transfected cells.

Since the G2A mutation (an amino-terminal substi-
tution of alanine for glycine) results in the synthesis of
nonmyristoylatable MARCKS protein (15), little or no
G2A mutant protein was thus detected in the mem-
brane fraction of the transfected cells (Fig. 2A), consis-
tent with myristoylation acting as an intracellular
membrane-associating signal. Similar to our previous
finding that RA exposure resulted in a reduction of
membrane associated endogenous MARCKS in HN33
hippocampal cell line (18), we observed a significant
RA-induced reduction of recombinant wild-type
MARCKS in the membrane fraction of the transfected
SV40 immortalized H19-7 hippocampal cells (Fig. 2),
which are otherwise devoid of endogenous MARCKS
expression. The level of the recombinant wild-type
MARCKS in the cytosol fraction remained statistically
unchanged although there was a trend in a number of
experiments for a modest increase (Fig. 3A), suggestive
of a shift of MARCKS from membrane to cytosol. As a
consequence, the wild-type MARCKS in total protein
fraction was only slightly decreased (Fig. 4), consistent
with the relatively small contribution of membrane
MARCKS to the total protein fraction similar to that
observed in HN33 cells (18). Thus, these data reinforce
the suggestion that RA-induced reduction of
membrane-associated wild-type MARCKS may be pri-
marily attributable to an altered distribution between
membrane and cytosol.
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In contrast, Fig. 4 shows that the mutant MARCKS
lacking the myristoylation signal was significantly re-
duced in the total protein fractions of the transfected
H19-7 cells (34.5 = 5% of MARCKS in untreated con-
trols) as compared to the wild-type MARCKS (96 = 8%
of MARCKS in untreated controls). These data suggest
that the presence of the myristoyl moiety may be play-
ing a role in protecting MARCKS protein from the
RA-induced degradation. There are at least two possi-
bilities: (i) cytosolic MARCKS may be more accessible
to cellular proteolytic enzymes than its membrane-
MARCKS; and/or (ii) G2A mutation (or the absence of
the myristoyl moiety) may induce a conformational
change in the N-terminus of the MARCKS protein
which increases the vulnerability of MARCKS to cellu-
lar proteolytic enzymes. In the first case, both wild-
type and G2A mutant MARCKS in cytosol fractions
should have been reduced to a similar extent after RA
treatment. However, the G2A mutant MARCKS un-
derwent a dramatic reduction in both the cytosol and
total protein fractions, while there was little evidence
for a change in the wild-type MARCKS in either cell
fraction (Figs. 3 and 4). These findings suggest that the
altered protein conformation induced by the absence of
myristoyl moiety, rather than the accessibility of the
protein in cytosol fraction to proteolytic apparatus,
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FIG. 2. Absence of G2A mutant MARCKS in the membrane
fraction of the transfected H19-7 cells. (A) A representative Western
blot of wild-type and G2A mutant MARCKS in membrane fractions
of the transfected H19-7 cells exposed to 10 uM RA for 3 days. Note
that G2A mutant MARCKS was rarely detected in the membrane
fractions. (B) Quantitation of membrane-associated MARCKS immu-
noreactive bands by densitometry scan. Data represent mean = SEM
from three independent experiments, and are expressed as % of
MARCKS in untreated controls (P < 0.05 using Student’s t test).
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FIG. 3. Effect of RA on the levels of wild-type MARCKS and G2A
mutant MARCKS in the cytosol fractions of the transfected H19-7
cells. (A) A representative Western blot of wild-type and G2A
MARCKS in cytosol fractions of the transfected H19-7 cells exposed
to 10 uM RA for 3 days with a MARCKS-specific antibody. (B)
Quantitation of MARCKS immunoreactive bands by densitometry
scan. Data represent mean = SEM from three independent experi-
ments, and are expressed as % of MARCKS in untreated controls
(P < 0.05 using Student's t test).

may play a critical role in promoting the degradation of
G2A mutant protein after RA treatment. Since the two
constructs used in this study (pcDMum and pcDMum/
G2A) are devoid of both 5’- and 3’-flanking sequences
of the Macs gene and are driven only by the constitu-
tive CMV promoter which is not repressed by RA (32,
33), transcriptional changes in mRNA are highly un-
likely. Furthermore, examination of RA-treated HN33
cells did not indicate any down-regulation of endoge-
nous MARCKS mRNA (data not shown). Hence, the
difference observed in recombinant MARCKS protein
expression likely resulted from the difference in their
posttranslational regulation. While the definitive de-
termination will require further experiments including
the measurement of the rates of protein turnover for
both wild-type and mutant MARCKS, existing studies
have shown that the proteolytic cleavage of MARCKS
protein may be associated with targeting of the protein
to the lysosomal pathway (34, 35). Based on our data,
we suggest that the absence of the myristoyl moiety
may alter the conformation of MARCKS protein lead-
ing to enhanced nonmyristoylated MARCKS instabil-
ity in response to RA.

RA is well known to promote differentiation and
inhibit growth of many cell types and tumors (see re-
views (36 and 37)). For example, RA induces differen-
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tiation of acute promyelocytic leukemia (APL) cells and
causes partial differentiation of human neuroblastoma
cells towards a neuronal phenotype (38, 39). Many of
these actions are mediated by transcriptional effects
through nuclear RA receptors known as RARs located
in the 5’ promotor regions by which RA activates or
represses target genes (see review (40)). More recently,
RA has also been shown to mediate nontranscriptional
regulation of protein expression following completion
of polypeptide synthesis. Some RA-induced non-
genomic properties include enhancement of retinoyla-
tion (41) of proteins in many eukaryotic cell lines. On
the other hand, studies have shown enhancement of
ubiquitination and proteolysis of proteins such as cy-
clin D1 in tumor and immortalized human cell lines
after RA treatment (42, 43). Myristoylation is essential
for proper functioning of a number of proteins. In ad-
dition to its role in membrane association, protein my-
ristoylation has also been shown to be involved in
protein—protein interaction, which can be further reg-
ulated by the interplay between protein phosphoryla-
tion, calmodulin binding, and membrane phospholipids
(44). In this study, we have demonstrated for the first
time that myristoylation of MARCKS may posttrans-
lationally regulate the expression of the MARCKS pro-
tein in immortalized hippocampal cells during RA
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FIG. 4. Retinoic acid induces a marked down-regulation of G2A
mutant MARCKS lacking the myristoylation signal in total protein
fraction of the transfected H19-7 cells. (A) A representative Western
blot of wild-type and G2A MARCKS in total protein fractions of the
transfected H19-7 cells exposed to 10 uM RA for 3 days with a
MARCKS-specific antibody. (B) Quantitation of MARCKS immuno-
reactive bands by densitometry scan. Data represent mean = SEM
from three independent experiments, and are expressed as % of
MARCKS in untreated controls (P < 0.001 using Student’s t test).
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treatment. This process may be integral to activity-
dependent regulation of cytoskeletal restructuring as-
sociated with a role for MARCKS in cellular processes
such as transformation, differentiation, and neuroplas-
ticity in the brain (5, 7, 8).
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