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We have isolated a mouse brain cDNA clone encoding a protein of 200 amino acids (M, 20 165) with partial homology with MARCKS (myristo- 
ylated alanine-rich C-kinase substrate). TWO regions show similarity with MARCKS, one is the kinase C phosphorylation site domain which is 
supposed to bind calmodulin, and the other is the region near to the N-terminus, including the consenstls sequence of myristoylation. It has a 
similar amino acid composition to MARCKS, but thecontent of alanine is not as high. It is distributed throughout the mouse brain, but the pattern 
is not identical with that of MARCKS. Both proteins may be members of a new protein family involved in coupling the protein kinase C and 

calmodulin signal transduction systems. 

Myristoylated alanine-rich C-kinase substrate; Protein kinase C; Calmodulin 

1. INTRODUCTION 

Protein kinase C is a key enzyme of intracellular 
signal transduction [l]. Although the enzyme itself is 
well-characterized, little is known about its 
physiologically important substrates. One of the few ex- 
amples is myristoylated alanine-rich C kinase substrate 
(MARCKS) [2], formerly known as 87-kDa protein 
[3-61. This protein is found in a wide variety of cell 
types, and is phosphorylated within seconds by protein 
kinase C activation, in the same manner as growth fac- 
tors in fibroblasts, neurotransmitters in neuronal and 
glial cells, as well as phorbol-esters or cell-permeating 
diacylglycerols. In macrophages, part of the protein is 
myristoylated and found associated with membranes, 
while the phosphorylated form is found mainly in 
cytosol [7]. In isolated nerve terminals, phosphoryla- 
tion by kinase C leads to the translocation of MARCKS 
from the membrane to the cytosol (81. It binds 
calmodulin, and this binding can be prevented by pro- 
tein kinase C-catalyzed phosphorylation of the protein 
191’ 

cDNA clones encoding MARCKS have been recently 
isolated, and sequenced [2,10]. The deduced proteins 
have acidic isoelectric points, and an unusual high con- 
tent of alanine and glutamic acid. The sites 
phosphorylated by kinase C have also been determined 
[l I]. All of these are in a 25 amino acid domain, which 
is extremely basic. A synthetic peptide corresponding to 
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this domain binds calmodulin with high affinity, and 
phosphorylation of this peptide inhibits the binding 191. 
This result strongly suggests that this domain is respon- 
sible for the main properties of MARCKS. 

In this report, we describe a mouse brain cDNA 
which encodes a protein with the kinase C phosphoryla- 
tion site domain of MARCKS. Near the N-terminus 
there is another region which can be identified, because 
it includes the consensus sequence of myristoylation. 
The mRNA is distributed throughout the mouse brain, 
but the pattern is not identical with that of the 
MARCKS protein [ 121. Thus these two proteins may be 
members of a new protein family involved in coupling 
the protein kinase C and calmodulin signal transduction 
systems. 

2, MATERIALS AND METWODS 

The isolation of the partial cDNA clone of F.52 has previously been 
described [13]. Total RNA was extracted by the guanidiniumXsC1 
method from mouse brain, and poly(A)+ RNA was purified by 
oligo(dT) cellulose column chromatography j14]. A hgtl0 mouse 
brain cDNA library was constructed using the method of Gubler and 
Hoffman [IS]. To obtain full-length copies, the cDNA was frac- 
tionated on a Sepharose CL-4B column, and the top 5% was used for 
the library. Among several positives, the longest clone was selected 
and sequenced by the dideoxy chain termination method [16] using a 
shot-gun strategy with oligowalking. 

Homology searches used the FASTA program 1171. The amino acid 
alignment of the homologous amino acid sequence was done using 
Clustal [IS], 

Mouse brain sections were mounted on organosilane.trcnted 
microscope slides and stored ut -tO*C until USC. Following fixation 
and pronasc digestion, the sections were grehybridized for 2 h ar 37°C 
in 50% formamide, S x SSC, IO mM sodium phosphate (pH f,O), 2 
x Bcnhardt’s, 0,10/o SDS. Hybridization was pcrforlncd at 42*C for 
30 IO 40 h in the above solution comoinirrg 2SOrg/ml denatured 
salmon sperm DNA and %kibellcd DNA probe (l-1,5 x 
IO” cpm/ml). The probe used wax slnylc stranded DNA derived from 
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GGAGCGCAGCAGCAGTGGGCGCAGCTAGCGGGTCGGCTGCGGAGCGGGGGTGCAGCGCGC 
TTTGCCCCCCGTACCCCTCCCCCTCGGACGCAGCCCCACC,CCTCTGCCCGCCGGGCCGTC 
CCAGCCGAACTATCCCCTGCGGCGCCAGCGCGGGGCGGCTCCGGGCGCCCCCAGCAGACC 

M G S Q S S KAP R,GD $7 T AE E A 
CCCATCATGGGCAGCCAGAGCTCTAAGGCTCCCCCGGGGCGACGTGACCGCCGAGGAGGCA 
AGASPAKAMGQ ENGHVRSNG 
GCGGGCGCTTCCCCCGCGAAGGCCAACGGACaGGACAGGAG~TGGCCACGTGAG~GC~TGGA 
DLTPKGEGESPPVNGTDEAA 
GACTTWBCCCCCAF,GGGTGA_4GGGGAGTCACCACCCGTG~CGG~CA~ATGAGGCAGCT 
GATGDAEEPAPP SQEAEAKG 
GGGGCTA~TGGTGATGCCRTCGAGCCAGCCGGGG 
EVAPKETPKKKKKFS F KKP F 
GAGGTCGCCCCC~GGAGACCCCC~G~G~G~G~TTCTCTTTC~G~GCCTTTC 
KLSGLSFKRNRKEGGGDSSA 
AAATTGAGTGGCCTGTCCTTC~GAG~TCGG~GGAGGGTGGGGGTGATTCCTCAGCC 
SSPTEEEQEQGEMSACSDEG 
TCCTCGCC~CAGAGGAAGAGCAGGAGCAGGGCGAGATGAGCGCCTGCAGCGACGAGGGC 
T A& E G KAAAT P E S Q E P Q AKG 
ACTGCCCAAGAAGGGAAGGCCGCTGCCACCCCTGAGAGCC~GAGCCCCAGGCC~GGGG 
AEASAASKEGD TEEEAGPQA 
GCAGAGGCTAGTGCTGCCTCCAAGGAAGGAGACACAGACACAG~GAGGAGGCAGGGCCCCAGGCT 
A E P STPSGPESGPTPASAEQ 
GCAGAGCCATCCACTCCCTCGGGCCCAGAGAGTGGCCCCACACCTGCCAGTGCTGAGCAG 
N E * 
~TGAGTAGGGGTGGGGACAGGTGGGTGATCTCT~GCTGC~CTGTGCTGTCCTTG 
TGAGGTCACTGCCTGGACCTTGTGCGCTGCCCTTGGGGC 
TTGTTGCCCCCTCCCAGCCACGCTCCCTTTTTGCCCTCCTGTGGATTCTCCCATCAGCCA 
TTTGGTCTTACTCTTAAGGCCAGTTG~GATGGTCCTTAGGTTA 
GTGATGTGAGATGCCCTGTCCCTACCTCCTTCCCGAGCCCCATCCCTGCAG~GGC~TT 
GCTGGGTTTCCAATTCTTTTCCAAGTTCGTTCGTTTTGTTTATCCTGCTTCTC~CCCCCTGAG 
CCAG~GTGGGGGCTTATACTCCC~CCCTGAGTGTCCAGCCTTTCCCCTGTTG~TTC 
TTAGTCTCTTGTGCTGTGCCTAGTGGCACCTGGGCTGGGGAGGACATTGCCCCATCTGGG 
TTTTTAT~TGTCTTACTC~GTTC~CCTCCAGCTTGTG~TC~CCATGTCCCTG 
ACTTGATAAGCAAGTGTTAGGCTTCAGGAGGGAGGGAGGTCTGT~TGTG~C~CTTC 
TTGTTGTCTTTTTTTTCCCCCTCCCATTGTTGTAAATAACCCCCAG 
ATTTGTACTTTTTTTTTTTTTCTAACTGCTGCT~CCATTCTTCCACCCGGATTTACTGTA 
ACATTTGGAAMGGAATAAATGTCGTCCCTTTAAAAAAAA 
A 1584 
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Fig. 1, Nucleotide and predicted amino acid sequence of a cDNA encoding the F52 protein, a protein with the phosphorylation site domain of 
MARCKS. The amino acid sequence of the predicted polypeptide is shown as single letter code above the nucleotide sequence. 

a Ml3 clone containing the FS2 insert. The sections were washed in 
three changes of 2 x SSC at room temperature, and then in 50% for- 
mamide, 0.5 M NaCI, 10 mM Tris-HCI, 1 mM EDTA (pH 7.4) at 
37°C for about 6 h, They were dehydrated in 70% ethanol, and ex- 
posed on a Kodak X-AR 5 film. 

3. RESULTS 

In a previous experiment, 35 cDNA clones with 
specific expression patterns in mouse brain were 
isolated from 950 cDNA clones by Northern and in situ 
hybridization using the cDNA inserts as probes [ 131. 
DNA sequence analysis of full-length clones revealed 
that one, F52, had an open reading frame encoding 200 
amino 
amino 
vcaled 
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acids (Fig. l), A comparison of the predicted 
acid sequence with the existing data base re- 
that Fji, was related to myristoylated alanine- 

rich C kinase substrate (MARCKS). The amino acid 
alignment of F52, bovine MARCKS [2] and chicken 
MARCKS [IO] is presented in Pig. 2. Similarity is 
observed in only two regions, from the first methionine 
to position 47, and from position 152 to 176 (Fig. 2). 
The first region includes the consensus sequence of 
myristoylation [19,20] around glycine 2, which may be 
myristoylated. The second region corresponds to the 25 
amino acid domain with phosphorylation sites for pro- 
tein kinase C, with conservation of thrre of the four 
serines. The domain maintains a strong basic nature, in 
spite of some amino acid substitutions. The overall 
amino acid identity is as follows: FS2 and bovine 
MARCKS, 52?70; F52 and chicken MARCKS, 52%; 
bovine and chicken MARCKS, 65010. 
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Fig. 2. Comparison of the amino acid sequence of FS2, bovine and chicken MARCKS, identical residues are indicated by asterisks. Putative 
phosphorylation sites are indicated by arrowheads. Note that a high degree of conservation is only observed in the phosphorylation site domain 

and the region near the N-terminus. 

The predicted molecular weight of F52 is 20165, 
which is smaller than the predicted molecular weights of 
31979 and 27 728, for bovine and chicken MARCKS, 
respectively, F52 has a high proportion of alanine 
(15.5 mot%), but this is not as high as the 28.4 and 
27.0% found in bovine and chicken MARCKS. F52 has 
other features of the amino acid composition of 
MARCKS. All proteins show a high amount of 
glutamic acid and glycine. 

An in situ hybridization experiment was performed 
to determine the expression sites of F52 in mouse brain. 
Although F52 is expressed throughout the mouse brain, 
it is enriched in the following regions: dentate gyrus, 
anterior olfactory nucleus, primary olfactory cortex, 
entorhinal cortex, medial preoptic area, and dor- 
somedial hypothalamic nucleus (Fig, 3), 

4. DISCUSSION 

One approach to understand the consequences of the 
activation of protein kinase C is to characterize cellular 
substrates of protein kinase C, of which MARCKS is 
the best example. Phosphorylation by protein kinase C 
regulates its binding capacity to calmodulin; it has a 
myristoylation site, explaining its localization in the 
membrane of macrophages or nerve terminals. The do- 
main with phosphorylation sites is highly basic and has 
a general cu-helical conformation, similar in certain 
respects to the calmodulin-binding regions of other pro- 
teins [21]. 

FS2 resembles chicken and bovine MARCKS with 
strong conservation of a phosphorylation site domain. 
It is likely that this is functionally important, and F52 
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Fig. 3. In situ hybridization analysis of FS2 in the mouse brain. The probe used is the partial cDNA clone of F52 which was also used for the 
isolation of the full-length copy. Abbreviations arc as follows: AO, anterior olfactory nucleus; Ent, entorhinal cortex; DG. dentate gyrus; DM, 

dorsomedial hypothalamic nucleus: MPO, medial preoptic area; PO, primary olfactory cortex. 

is also a calmodulin-regulating protein. The divergence 
of the rest of the structure from that of MARCKS sug- 
gests that the rest is probably not relevant to this func- 
tion. This is supported by existence of another 
homologous region at its N-terminus, which includes 
the consensus sequence of myristoylation. This suggests 
that F52 also could be Iocalized to the membrane. 

MA.RCKS and F52 are distributed throughout the 
brain, but the enriched regions are not identical [12]. 
Both are enriched in primary olfactory cortex, en- 
torhinal cortex and hypothalamus. While MARCKS is 
enriched in amygdaloid complex, F52 is enriched in 
anterior olfactory nucleus and dentate gyrus. Although 
it may be misleading to compare the data of different 
techniques (MARCKS, immunocytochemistry; F52, in 
situ hybridization) and of different species (MARCKS, 
rat; F52, mouse), the cellular subpopulations which cx- 
press FS2 seem different from those which express 
MARCKS. 
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