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The myristoylated alanine-rich C kinase substrate
MARCKS) is a prominent PKC-substrate in the brain,
hich has been implicated in brain development, cy-

oskeletal remodeling, calcium/calmodulin signaling,
nd neuroplasticity. The sequence of the Macs gene
odes for a protein that has three highly conserved do-
ains including a 5* myristoylation region and a 25-

mino-acid phosphorylation site domain (PSD), which
re involved in anchoring MARCKS to the cellular mem-
rane. In this study, we examined the role of the myris-
oylation signal in the regulation of MARCKS in trans-
ected rat hippocampal cells (H19-7) following retinoic
cid (RA) treatment. A mutant MARCKS lacking the my-
istoylation signal was engineered by substitution of
lanine for glycine at position 2 of the Macs gene and
as found to be exclusively expressed in the cytosol

raction of transfected cells. Exposure of the wild-type
ARCKS-transfected cells to RA resulted in an apparent

hift of MARCKS from the membrane to the cytosol,
hile the total protein of wild-type MARCKS was not

ignificantly changed. In contrast, RA-exposed cells
ransfected with the mutant MARCKS revealed a dra-
atic reduction of expression of MARCKS protein in

oth cytosol and total protein fractions. These data sug-
est that the absence of the myristoyl moiety may not
nly alter the anchoring of the protein to the membrane
ut also play a novel role in modulating cellular levels of
ARCKS protein in response to RA. © 2000 Academic Press
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ein kinase C (PKC) results in a wide range of cellu-
ar processes including differentiation, mitogenesis,
nd neurosecretion (see review (1)). The myristoy-
ated alanine-rich C kinase substrate (MARCKS) is a
rominent protein kinase substrate which binds to
alcium/calmodulin and filamentous actin (2), has
een shown to be essential for the development of the
entral nervous system (3–5) and has been impli-
ated in cytoskeletal restructuring (see review (6))
nd neuroplasticity in brain (7–9). MARCKS is an
cidic rod-shaped protein characterized by three
ighly conserved domains: a N-terminal myristoyl-
tion domain, the MH2 domain of unknown function,
nd the phosphorylation site domain (PSD) (2, 6).
-terminal myristoylation is one of the major co-

ranslational modifications of various proteins in sig-
al transduction pathways, and takes place at the
mino terminus resulting in attachment of a 14-
arbon fatty acid myristate through an amide bond
o Gly2 following cleavage of the initiator methionine
10, 11). Some myristoylated proteins may undergo a
ignal-induced conformational change that exposes
he myristoyl moiety and allows binding of these
roteins to membranes (12, 13). This phenomenon
as now evolved as the concept of a myristoyl switch.
n the case of MARCKS, phosphorylation/dephos-
horylation events might be the signals that trigger
uch a myristoyl switch, causing the protein to be
huttled off and on the membrane (14). Mutation of
he N-terminal glycine results in a nonmyristoylat-
ble MARCKS which does not bind to membrane,
nd is phosphorylated at the same sites as the wild-
ype (15), albeit less efficiently in intact cells (16).
his indicates that myristic acid targets MARCKS to
he membrane, where it is efficiently phosphorylated
y PKC. In vivo nonmyristoylatable MARCKS exhib-
ts most of normal physiological functions possessed
0006-291X/00 $35.00
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by myristoylated MARCKS (17); however, the role of
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yristoylation in the regulation of MARCKS is not
ell defined.
Our laboratory has shown that MARCKS is regu-

ated in an immortalized hippocampal cell line (HN33)
y retinoic acid (RA), phorbol ester (PMA), and mood
tabilizers (lithium and valproate) used for the treat-
ent of bipolar disorder (18–20). Lithium- and

alproate-induced down-regulation of MARCKS ex-
ression is thought to utilize PKC-mediated pathways
imilar to that observed following phorbol ester expo-
ure (21). The expression of endogenous MARCKS in
N33 cells was regulated differently following treat-
ent with either PMA or RA (18). While PMA induced
down-regulation of MARCKS in both cytosol and
embrane fractions, RA reduced MARCKS preferen-

ially in the membrane fraction of the cells, with only a
mall reduction noted in the cytosol fraction (18).
hese findings suggested that the RA-induced reduc-
ion of membrane-associated endogenous MARCKS
ay be primarily related to the dissociation of
ARCKS from the membrane through a myristoyl

witch. In order to gain further insight into the role of
yristoylation in the regulation of MARCKS following
A exposure, we have studied the expression of recom-
inant wild-type MARCKS as well as mutant
ARCKS lacking the myristoylation signal in a trans-

ected rat hippocampal cell line (H19-7) that was im-
ortalized by retroviral transduction of temperature-

ensitive Simian Virus 40 large tumor antigen (22) and
oes not express endogenous MARCKS at 33°C (23). In
pite of the similarity in function between myristoy-
ated and nonmyristoylated MARCKS (17), we ob-
erved a myristoylation-dependent RA-induced down-
egulation of MARCKS. Our data suggest that
-terminal myristoylation may play a novel role in
odulating cellular levels of MARCKS protein in re-

ponse to RA exposure.

ATERIALS AND METHODS

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

DNA construct and site-directed mutagenesis. A full-length mu-
ine MARCKS cDNA (a gift of Dr. A. Aderem, Rockefeller University,
Y) (25) was inserted into pcDNA3.1/Zeo (Invitrogen, Carlsbad, CA),
mammalian expression vector driven by cytomegalovirus (CMV)

romoter. The wild-type MARCKS construct is called pcDMum. Site-
irected mutagenesis of pcDMum was accomplished by a PCR
ethod, using a pair of primers in which the upstream primer (GAA
AA GGT ACC ATG GCT GCC CAG) has a single base change in the
184
tream primer is identical to the 39-end of MARCKS cDNA sequence
efore stop codon. The resulting construct encodes a nonmyristoylat-
ble MARCKS called pcDMum/G2A. The sequences of all the DNA
onstructs were confirmed by DNA sequencing.

Cell transfection. 1 mg of the purified MARCKS plasmid DNA
as mixed with 6 ml of lipofectAMINE reagent (Gibco-BRL, Grand

sland, NY) in 600 ml DMEM without FBS, and added to a 60-mm
ish seeded with approximately 1.5 3 106 H19-7 cells the day before.
he transfected cells were grown in DMEM and split into five new
ishes on the next day. After 48 h, 250 mg/ml zeocin (Invitrogen,
arlsbad, CA) was added. Zeocin-resistant clones were then selected
nd tested for the expression of recombinant MARCKS by Western
lotting as described below.

Subcellular fractionation. Cells were treated with 10 mM RA in
0% ethanol or the same concentration of ethanol as controls for 3
ays, scraped into a homogenization buffer (20 mM Hepes, pH 7.4, 2
M EGTA, 1 mM PMSF, 2 mM DTE, and 10 mg/ml aprotinin), and

onicated for 30 sec on ice. The resulting homogenates were sub-
ected to ultracentrifugation at 100,000g for 60 min at 4°C. The
upernatants were collected as cytosol fractions. The pellets were
esuspended in a buffer containing 0.1% Triton X-100 and solubilized
or 30 min. Solubilized fractions were then centrifuged at 30,000g
or 30 min at 4°C and the supernatants containing the solubilized
embrane protein were collected as membrane fractions. Total ho-
ogenates were generated by treatment with 0.1% Triton for 45 min,

nd followed by centrifugation at 100,000g for 30 min at 4°C. The
esulting supernatant was taken as the total protein fraction. The
rotein concentration was determined by Bradford method (Bio-Rad,
ercules, CA).

Western blot analysis. Proteins from SDS–PAGE were trans-
erred to polyvinylidine fluoride membrane (Millipore Corp., Bed-
ord, MA). The membranes containing immobilized proteins were
locked with 5% skim milk in TS buffer (20 mM Tris, pH 7.5, 0.5 M
aCl) and incubated with a polyclonal rabbit antibody to mouse
ARCKS at room temperature. After washes, the membranes were

ncubated with a goat anti-rabbit IgG HRP conjugated antibody as
he secondary antibody in TS buffer. Immunoreactive bands were
isualized by a standard ECL procedure and quantitated by densi-
ometry scan (Bio Rad, Model GS-700 imaging densitometer). The
ata are expressed as % of MARCKS in untreated controls and
epresent a mean of 3–5 individual experiments.

ESULTS AND DISCUSSION

N-terminal myristoylation is a key event for the as-
ociation of certain proteins to the membrane leading
o the subsequent stable anchorage of the protein (10,
1, 26). For MARCKS, the protein is attached to mem-
rane by hydrophobic interactions via myristoyl group
s well as by electrostatic interaction via PSD region
15, 27–30). The purpose of this study is to assess
hether the myristoyl moiety plays a role in the regu-

ation of MARCKS using stable transfection of immor-
alized hippocampal cells with both recombinant wild-
ype MARCKS and mutant MARCKS lacking the
yristoylation signal. Unlike the HN33 cells, H19-7

ells lack endogenous MARCKS expression at 33°C
23). After transfection with recombinant MARCKS
DNA, the transfected H19-7 cells were able to express
onstitutively either wild-type or mutant MARCKS.
tably transfected H19-7 cells that expressed either
ild-type MARCKS or G2A mutant MARCKS were



s
t
c
H
m
c
c
d
I
i
h
n
M
s
t

t
n
G
b
t
m
fi
m
h
R
M
S
w
e
M
u
e
o
c
f
w
M
o
t
m
m
m

In contrast, Fig. 4 shows that the mutant MARCKS
l
d
H
t
o
t
i
R
b
t
M
t
c
w
l
t
s
t
d
t
f
f
a
m
p

f
b
o
t
f
n
f
M

t
s
s
M
t
m

Vol. 276, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
elected for this study. The SDS–PAGE gels showed
hat the expressed recombinant wild-type MARCKS
o-migrated with the endogenous MARCKS present in
N33 cells, while the mutant MARCKS lacking the
yristoylation signal migrated slightly faster than the

orresponding myristoylated form (Fig. 1). This in-
rease in SDS–PAGE mobility of G2A mutant is likely
ue to the lack of myristoyl moiety in the molecule (31).
n addition, the expression level of wild-type MARCKS
n the stably transfected H19-7 cells appears to be
igher than that of G2A mutant MARCKS. This phe-
omenon may be related to the different number of
ARCKS construct copies integrated into the chromo-

ome or maintained as stable episomal plasmids in the
ransfected cells.

Since the G2A mutation (an amino-terminal substi-
ution of alanine for glycine) results in the synthesis of
onmyristoylatable MARCKS protein (15), little or no
2A mutant protein was thus detected in the mem-
rane fraction of the transfected cells (Fig. 2A), consis-
ent with myristoylation acting as an intracellular
embrane-associating signal. Similar to our previous
nding that RA exposure resulted in a reduction of
embrane associated endogenous MARCKS in HN33
ippocampal cell line (18), we observed a significant
A-induced reduction of recombinant wild-type
ARCKS in the membrane fraction of the transfected

V40 immortalized H19-7 hippocampal cells (Fig. 2),
hich are otherwise devoid of endogenous MARCKS
xpression. The level of the recombinant wild-type
ARCKS in the cytosol fraction remained statistically

nchanged although there was a trend in a number of
xperiments for a modest increase (Fig. 3A), suggestive
f a shift of MARCKS from membrane to cytosol. As a
onsequence, the wild-type MARCKS in total protein
raction was only slightly decreased (Fig. 4), consistent
ith the relatively small contribution of membrane
ARCKS to the total protein fraction similar to that

bserved in HN33 cells (18). Thus, these data reinforce
he suggestion that RA-induced reduction of
embrane-associated wild-type MARCKS may be pri-
arily attributable to an altered distribution between
embrane and cytosol.

FIG. 1. Expression of wild-type and mutant MARCKS lacking
he myristoylation signal in transfected H19-7 cells at 33°C. Panel 1
hows the endogenous MARCKS present in HN33 cells. Panel 2
hows an untransfected H19-7 cell that does not express endogenous
ARCKS at 33°C. Panels 3 and 4 present the transfected H19-7 cells

hat express wild-type MARCKS and mutant MARCKS lacking the
yristoylation signal (G2A), respectively.
185
acking the myristoylation signal was significantly re-
uced in the total protein fractions of the transfected
19-7 cells (34.5 6 5% of MARCKS in untreated con-

rols) as compared to the wild-type MARCKS (96 6 8%
f MARCKS in untreated controls). These data suggest
hat the presence of the myristoyl moiety may be play-
ng a role in protecting MARCKS protein from the
A-induced degradation. There are at least two possi-
ilities: (i) cytosolic MARCKS may be more accessible
o cellular proteolytic enzymes than its membrane-
ARCKS; and/or (ii) G2A mutation (or the absence of

he myristoyl moiety) may induce a conformational
hange in the N-terminus of the MARCKS protein
hich increases the vulnerability of MARCKS to cellu-

ar proteolytic enzymes. In the first case, both wild-
ype and G2A mutant MARCKS in cytosol fractions
hould have been reduced to a similar extent after RA
reatment. However, the G2A mutant MARCKS un-
erwent a dramatic reduction in both the cytosol and
otal protein fractions, while there was little evidence
or a change in the wild-type MARCKS in either cell
raction (Figs. 3 and 4). These findings suggest that the
ltered protein conformation induced by the absence of
yristoyl moiety, rather than the accessibility of the

rotein in cytosol fraction to proteolytic apparatus,

FIG. 2. Absence of G2A mutant MARCKS in the membrane
raction of the transfected H19-7 cells. (A) A representative Western
lot of wild-type and G2A mutant MARCKS in membrane fractions
f the transfected H19-7 cells exposed to 10 mM RA for 3 days. Note
hat G2A mutant MARCKS was rarely detected in the membrane
ractions. (B) Quantitation of membrane-associated MARCKS immu-
oreactive bands by densitometry scan. Data represent mean 6 SEM
rom three independent experiments, and are expressed as % of

ARCKS in untreated controls (P , 0.05 using Student’s t test).
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ay play a critical role in promoting the degradation of
2A mutant protein after RA treatment. Since the two

onstructs used in this study (pcDMum and pcDMum/
2A) are devoid of both 59- and 39-flanking sequences
f the Macs gene and are driven only by the constitu-
ive CMV promoter which is not repressed by RA (32,
3), transcriptional changes in mRNA are highly un-
ikely. Furthermore, examination of RA-treated HN33
ells did not indicate any down-regulation of endoge-
ous MARCKS mRNA (data not shown). Hence, the
ifference observed in recombinant MARCKS protein
xpression likely resulted from the difference in their
osttranslational regulation. While the definitive de-
ermination will require further experiments including
he measurement of the rates of protein turnover for
oth wild-type and mutant MARCKS, existing studies
ave shown that the proteolytic cleavage of MARCKS
rotein may be associated with targeting of the protein
o the lysosomal pathway (34, 35). Based on our data,
e suggest that the absence of the myristoyl moiety
ay alter the conformation of MARCKS protein lead-

ng to enhanced nonmyristoylated MARCKS instabil-
ty in response to RA.

RA is well known to promote differentiation and
nhibit growth of many cell types and tumors (see re-
iews (36 and 37)). For example, RA induces differen-

FIG. 3. Effect of RA on the levels of wild-type MARCKS and G2A
utant MARCKS in the cytosol fractions of the transfected H19-7

ells. (A) A representative Western blot of wild-type and G2A
ARCKS in cytosol fractions of the transfected H19-7 cells exposed

o 10 mM RA for 3 days with a MARCKS-specific antibody. (B)
uantitation of MARCKS immunoreactive bands by densitometry

can. Data represent mean 6 SEM from three independent experi-
ents, and are expressed as % of MARCKS in untreated controls

P , 0.05 using Student’s t test).
186
auses partial differentiation of human neuroblastoma
ells towards a neuronal phenotype (38, 39). Many of
hese actions are mediated by transcriptional effects
hrough nuclear RA receptors known as RARs located
n the 59 promotor regions by which RA activates or
epresses target genes (see review (40)). More recently,
A has also been shown to mediate nontranscriptional
egulation of protein expression following completion
f polypeptide synthesis. Some RA-induced non-
enomic properties include enhancement of retinoyla-
ion (41) of proteins in many eukaryotic cell lines. On
he other hand, studies have shown enhancement of
biquitination and proteolysis of proteins such as cy-
lin D1 in tumor and immortalized human cell lines
fter RA treatment (42, 43). Myristoylation is essential
or proper functioning of a number of proteins. In ad-
ition to its role in membrane association, protein my-
istoylation has also been shown to be involved in
rotein–protein interaction, which can be further reg-
lated by the interplay between protein phosphoryla-
ion, calmodulin binding, and membrane phospholipids
44). In this study, we have demonstrated for the first
ime that myristoylation of MARCKS may posttrans-
ationally regulate the expression of the MARCKS pro-
ein in immortalized hippocampal cells during RA

FIG. 4. Retinoic acid induces a marked down-regulation of G2A
utant MARCKS lacking the myristoylation signal in total protein

raction of the transfected H19-7 cells. (A) A representative Western
lot of wild-type and G2A MARCKS in total protein fractions of the
ransfected H19-7 cells exposed to 10 mM RA for 3 days with a
ARCKS-specific antibody. (B) Quantitation of MARCKS immuno-

eactive bands by densitometry scan. Data represent mean 6 SEM
rom three independent experiments, and are expressed as % of

ARCKS in untreated controls (P , 0.001 using Student’s t test).
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ependent regulation of cytoskeletal restructuring as-
ociated with a role for MARCKS in cellular processes
uch as transformation, differentiation, and neuroplas-
icity in the brain (5, 7, 8).

CKNOWLEDGMENTS

We thank Dr. Richard Schnizer for his site-directed mutagenesis
ork and Ms. Kelly Schraufnagel for her excellent technical assis-

ance. We are grateful to Drs. Michael Bubb and Robert McNamara
or helpful comments on the manuscript. These studies were sup-
orted in part through NIMH RO1 56247 and a NARSAD Distin-
uished Investigator Award (R.H.L).

EFERENCES

1. Tanaka, C., and Nishizuka, Y. (1994) The protein kinase C
family for neuronal signaling. Annu. Rev. Neurosci. 17, 551–567.

2. Blackshear, P. J. (1993) The MARCKS family of cellular protein
kinase C substrates. J. Biol. Chem. 268, 1501–1504.

3. Blackshear, P. J., Lai, W. S., Tuttle, J. S., Stumpo, D. J., Ken-
nington, E., Nairn, A. C., and Sulik, K. K. (1996) Developmental
expression of MARCKS and protein kinase C in mice in relation
to the exencephaly resulting from MARCKS deficiency. Brain
Res. Dev. Brain. Res. 96, 62–75.

4. Stumpo, D. J., Bock, C. B., Tuttle, J. S., and Blackshear, P. J.
(1995) MARCKS deficiency in mice leads to abnormal brain
development and perinatal death. Proc. Natl. Acad. Sci. USA 92,
944–948.

5. McNamara, R. K., and Lenox, R. H. (1998) Distribution of the
protein kinase C substrates MARCKS and MRP in the postnatal
developing rat brain. J. Comp. Neurol. 397, 337–356.

6. Aderem, A. (1992) in Cell, pp. 713–716.
7. McNamara, R. K., Stumpo, D. J., Morel, L. M., Lewis, M. H.,

Wakeland, E. K., Blackshear, P. J., and Lenox, R. H. (1998)
Effect of reduced myristoylated alanine-rich C kinase substrate
expression on hippocampal mossy fiber development and spatial
learning in mutant mice: Transgenic rescue and interactions
with gene background. Proc. Natl. Acad. Sci. USA 95, 14517–
14522.

8. McNamara, R. K., Y. J., Streit, W. J., and Lenox, R. H. (2000)
Facial motor neuron regeneration induces a unique spatial and
temporal pattern of myristoylated alanine-rich C kinase sub-
strate expression. Neuroscience, in press.

9. Ramakers, G. M., McNamara, R. K., Lenox, R. H., and De Graan,
P. N. (1999) Differential changes in the phosphorylation of the
protein kinase C substrates myristoylated alanine-rich C kinase
substrate and growth-associated protein-43/B-50 following
Schaffer collateral long-term potentiation and long-term depres-
sion. J Neurochem. 73, 2175–2183.

0. Mumby, S. M., Heukeroth, R. O., Gordon, J. I., and Gilman, A. G.
(1990) G-protein alpha-subunit expression, myristoylation, and
membrane association in COS cells. Proc. Natl. Acad. Sci. USA
87, 728–732.

1. Jones, T. L., Simonds, W. F., Merendino, J. J., Jr., Brann, M. R.,
and Spiegel, A. M. (1990) Myristoylation of an inhibitory GTP-
binding protein alpha subunit is essential for its membrane
attachment. Proc. Natl. Acad. Sci. USA 87, 568–572.

2. Randazzo, P. A., Terui, T., Sturch, S., Fales, H. M., Ferrige,
A. G., and Kahn, R. A. (1995) The myristoylated amino terminus
of ADP-ribosylation factor 1 is a phospholipid- and GTP-
sensitive switch. J. Biol. Chem. 270, 14809–14815.
187
switch. Proc. Natl. Acad. Sci. USA 89, 11569–11573.
4. McLaughlin, S., and Aderem, A. (1995) The myristoyl-

electrostatic switch: A modulator of reversible protein- mem-
brane interactions. Trends Biochem. Sci. 20, 272–276.

5. Graff, J. M., Gordon, J. I., and Blackshear, P. J. (1989) Myris-
toylated and nonmyristoylated forms of a protein are phosphor-
ylated by protein kinase C. Science 246, 503–506.

6. Seykora, J. T., Myat, M. M., Allen, L. A. H., Ravetch, J. V., and
Aderem, A. (1996) Molecular determinants of the myristoyl-
electrostatic switch of MARCKS. J. Biol. Chem. 271, 18797–
18802.

7. Swierczynski, S. L., Siddhanti, S. R., Tuttle, J. S., and Blacks-
hear, P. J. (1996) Nonmyristoylated MARCKS complements
some but not all of the developmental defects associated with
MARCKS deficiency in mice. Dev. Biol. 179, 135–147.

8. Watson, D. G., Wainer, B. H., and Lenox, R. H. (1994) Phorbol
ester- and retinoic acid-induced regulation of the protein kinase
C substrate MARCKS in immortalized hippocampal cells.
J. Neurochem. 63, 1666–1674.

9. Watson, D. G., and Lenox, R. H. (1996) Chronic lithium-induced
down-regulation of MARCKS in immortalized hippocampal cells:
Potentiation by muscarinic receptor activation. J. Neurochem.
67, 767–777.

0. Watson, D. G., Watterson, J. M., and Lenox, R. H. (1998) Sodium
valproate down-regulates the myristoylated alanine-rich C ki-
nase substrate (MARCKS) in immortalized hippocampal cells: A
property of protein kinase C-mediated mood stabilizers. J. Phar-
macol. Exp. Ther. 285, 307–316.

1. Manji, H. K., and Lenox, R. H. (1999) Ziskind-Somerfeld Re-
search Award. Protein kinase C signaling in the brain: Molecular
transduction of mood stabilization in the treatment of manic-
depressive illness. Biol. Psych. 46, 1328–1351.

2. Eves, E. M., Tucker, M. S., Roback, J. D., Downen, M., Rosner,
M. R., and Wainer, B. H. (1992) Immortal rat hippocampal cell
lines exhibit neuronal and glial lineages and neurotrophin gene
expression. Proc. Natl. Acad. Sci. USA 89, 4373–4377.

3. Watson, D. G., Malhotra, J. K., Eves, E. M and Lenox, R. H.
(1994) Regulation of the PKC substrate MARCKS in retrovirus
transduced hippocampal cells: Effect of lithium and temperature
induced differentiation. Soc.Neurosci. Abstr. 20, 1318.

4. Lee, H. J., Hammond, D. N., Large, T. H., Roback, J. D., Sim,
J. A., Brown, D. A., Otten, U. H., and Wainer, B. H. (1990)
Neuronal properties and trophic activities of immortalized hip-
pocampal cells from embryonic and young adult mice. J. Neuro-
sci. 10, 1779–1787.

5. Seykora, J. T., Ravetch, J. V., and Aderem, A. (1991) Cloning and
molecular characterization of the murine macrophage “68- kDa”
protein kinase C substrate and its regulation by bacterial lipo-
polysaccharide. Proc. Natl. Acad. Sci. USA 88, 2505–2509.

6. Wang, Y., Windh, R. T., Chen, C. A., and Manning, D. R. (1999)
N-Myristoylation and betagamma play roles beyond anchorage
in the palmitoylation of the G protein alpha(o) subunit. J. Biol.
Chem. 274, 37435–37442.

7. James, G., and Olson, E. N. (1989) Myristoylation, phosphoryla-
tion, and subcellular distribution of the 80- kDa protein kinase C
substrate in BC3H1 myocytes. J. Biol. Chem. 264, 20928–20933.

8. George, D. J., and Blackshear, P. J. (1992) Membrane associa-
tion of the myristoylated alanine-rich C kinase substrate
(MARCKS) protein appears to involve myristate-dependent
binding in the absence of a myristoyl protein receptor. J. Biol.
Chem. 267, 24879–24885.

9. Kim, J., Shishido, T., Jiang, X., Aderem, A., and McLaughlin, S.
(1994) Phosphorylation, high ionic strength, and calmodulin re-



verse the binding of MARCKS to phospholipid vesicles. J. Biol.

3

3

3

3

3

3

36. Love, J. M., and Gudas, L. J. (1994) Vitamin A, differentiation

3

3

3

4

4

4

4

4

Vol. 276, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Chem. 269, 28214–28219.
0. Vergeres, G., Manenti, S., Weber, T., and Sturzinger, C. (1995)

The myristoyl moiety of myristoylated alanine-rich C kinase
substrate (MARCKS) and MARCKS-related protein is embed-
ded in the membrane [published erratum appears in J. Biol.
Chem. 270(47), 28494, 1995]. J. Biol. Chem. 270, 19879 –
19887.

1. Swierczynski, S. L., and Blackshear, P. J. (1995) Membrane
association of the myristoylated alanine-rich C kinase substrate
(MARCKS) protein. Mutational analysis provides evidence for
complex interactions. J. Biol. Chem. 270, 13436–13445.

2. Ghazal, P., DeMattei, C., Giulietti, E., Kliewer, S. A., Umesono,
K., and Evans, R. M. (1992) Retinoic acid receptors initiate
induction of the cytomegalovirus enhancer in embryonal cells.
Proc. Natl. Acad. Sci. USA 89, 7630–7634.

3. Angulo, A., Suto, C., Heyman, R. A., and Ghazal, P. (1996)
Characterization of the sequences of the human cytomegalovirus
enhancer that mediate differential regulation by natural and
synthetic retinoids. Mol. Endocrinol. 10, 781–793.

4. Spizz, G., and Blackshear, P. J. (1997) Identification and char-
acterization of cathepsin B as the cellular MARCKS cleaving
enzyme. J. Biol. Chem. 272, 23833–23842.

5. Allen, L. A., and Aderem, A. (1995) Protein kinase C regulates
MARCKS cycling between the plasma membrane and lysosomes
in fibroblasts. EMBO J. 14, 1109–1120.
188
and cancer. Curr. Opin. Cell. Biol. 6, 825–831.
7. Evans, T. R., and Kaye, S. B. (1999) Retinoids: Present role and

future potential. Br. J. Cancer 80, 1–8.
8. Cheung, W. M., and Ip, N. Y. (1998) Interaction of neurotrophins

and retinoic acid in neuronal differentiation. Mol. Cells 8, 496–502.
9. Preis, P. N., Saya, H., Nadasdi, L., Hochhaus, G., Levin, V., and

Sadee, W. (1988) Neuronal cell differentiation of human neuro-
blastoma cells by retinoic acid plus herbimycin A. Cancer Res.
48, 6530–6534.

0. Minucci, S., and Ozato, K. (1996) Retinoid receptors in transcrip-
tional regulation. Curr. Opin. Genet. Dev. 6, 567–574.

1. Takahashi, N., and Breitman, T. R. (1990) Retinoylation of
HL-60 proteins. Comparison to labeling by palmitic and myristic
acids. J. Biol. Chem. 265, 19158–19162.

2. Langenfeld, J., Kiyokawa, H., Sekula, D., Boyle, J., and
Dmitrovsky, E. (1997) Posttranslational regulation of cyclin D1
by retinoic acid: A chemoprevention mechanism. Proc. Natl.
Acad. Sci. USA 94, 12070–12074.

3. Spinella, M. J., Freemantle, S. J., Sekula, D., Chang, J. H.,
Christie, A. J., and Dmitrovsky, E. (1999) Retinoic acid promotes
ubiquitination and proteolysis of cyclin D1 during induced tumor
cell differentiation. J. Biol. Chem. 274, 22013–22018.

4. Taniguchi, H. (1999) Protein myristoylation in protein–lipid and
protein–protein interactions. Biophys. Chem. 82, 129–137.


	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	FIG. 1
	FIG. 2
	FIG.3
	FIG. 4

	ACKNOWLEDGMENTS
	REFERENCES

