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ABSTRACT A calcium/calmodulin-dependent protein
kinase type II (CaM-K) a-subunit cDNA has been cloned from
rat brain. This enzyme is encoded by a 5.1-kilobase mRNA
expressed exclusively in the brain. Hybridization histochem-
istry reveals that the CaM-K mRNA expression corresponds to
the distribution of the immunoreactive a-subunit protein,
suggesting that the high enzyme levels in specific brain areas
reflect regional differences in gene expression. The sequence of
CaM-K a-subunit cDNA indicates a 478-amino acid (54-kDa)
protein with three functional domains. The domain organiza-
tion suggests a structural model for calcium/calmodulin-
dependent and independent states that might subserve short-
and long-term responses to transient stimuli.

Neuronal phenotype and function are controlled by extra-
cellular stimuli, which activate diverse intracellular effectors,
including protein kinases (1, 2). Because of the important role
of calcium in regulating neural function, it is likely that
calcium/phospholipid-dependent and calcium/calmodulin-
dependent protein kinases have assumed critical regulatory
functions (1). One isozyme of the calcium/calmodulin-de-
pendent protein kinase type II (CaM-K) is a serine and
threonine kinase that is expressed specifically in the brain (3).
The ability of activated CaM-K to sustain calcium/calmodu-
lin-independent autophosphorylation raises questions re-
garding its potential role in short- and long-term events
characteristic of neurons (4). The role of covalent modifica-
tion of proteins in complex events such as memory has been
the subject of speculation (5, 6).

CaM-K is a holoenzyme of over 500 kDa composed of
*“51"’-kDa (CaM-K-a) and ‘‘60’’-kDa (CaM-K-B) structurally
distinct subunits in various ratios (7-11). CaM-K-a appears to
be exclusively expressed in neural tissues at high intracellular
concentrations, constituting, for example, about 2% of all
protein in the hippocampus (3). The enzyme appears to be
distributed in several cellular compartments, including the
cytosolic surface of synaptic vesicles, but is most concen-
trated in the postsynaptic density (12). Cam-K substrates
include the neuronal cytoskeletal proteins synapsin I and
microtubule-associated protein 2 (MAP-2), as well as tyro-
sine hydroxylase, 7, trytophan hydoxylase, and myelin basic
protein (4). CaM-K enzymatic activities in nonneuronal
tissues appear to be isozymes with different subunit size and
composition (3, 13).

In this manuscript we report the molecular cloning of DNA
complementary to mRNA encoding CaM-K-a from rat brain.
The predicted primary structure of CaM-K-a suggests a model
for regulation of CaM-K function.
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METHODS

Protein Sequencing. CaM-K was purified to apparent ho-
mogeneity from rat forebrain as previously described (14).
Tryptic fragments were separated by using reverse-phase
high-pressure liquid chromatography, consisting of a uBond-
apak Cig column (3.8 X 300 mm) with a gradient of
acetonitrile in 0.1% aqueous trifluoroacetic acid. The amino
acid sequences of the peptides forming the major 215-nm
absorbance peaks were determined by a gas-phase sequencer
(Applied Biosystems, Foster City, CA) by automated serial
Edman degradation.

Cloning of CaM-K cDNA. cDNA complementary to rat
brain poly(A)-containing RNA [poly(A)-selected RNA] was
generated by using reverse transcriptase from avian mye-
loblastosis virus or Moloney murine leukemia virus and
cloned in Agt10 or Agtll arms as previously described (15) or
by using a variant procedure (16). On the basis of codon usage

" the following mixed- and unique-sequence oligonucleotides
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were constructed: 5'-TGG CA(A or G) AT(A, T, or C) GTG
CA(C or T) TT(C or T) CA(C or T) AA-3’, corresponding to
Py4; and 5'-GA(A or G) TGG GA(C or T) ACG GT(A, G, C,
or T) AC(A, G, C, or T) CCG GA(A or G) GC-3' and
(antisense) 5'-CTT GGC CTC AGG GGT CAC TGT GTC
CCA CTC AGG GGA GGG GAA GTC ATA GGC GCC
AGC-3', corresponding to P¢. Subsequently, 5'-CTT GGC
TTC CGG GGT GAC GGT GAC CCA TTC TGG TGA TGG
GAA ATC-3' was constructed. Screening with kinase-treated
oligonucleotides was performed with washing at 40°C to 50°C
in2x SSC (1x SSC = 0.15 M NaCl/0.015 M sodium citrate,
pH 7.4). Inserts were subcloned in phage M13-based vectors
for nick-translation (15) or sequencing by the enzymatic
dideoxynucleotide method of Sanger et al. (17) with
deazaguanosine.

RNA and DNA Analysis. After size fractionation, hybrid-
ization analysis was performed on poly(A)-selected RNA and
restriction digests of rat brain genomic DNA, as previously
described (15, 18). 32P-labeled probes used were nick-trans-
lated C3 cDNA (2 X 10® cpm/ug) which corresponds to
nucleotides —41 to 943, and 3’'-C31 complementary RNA
(cRNA) “‘run-off”’ transcripts (1.4 X 10° cpm/ug), which
correspond to nucleotides 1077 to 1471 (19). Washing was
performed in 0.2x SSC/0.2% NaDodSO, at 65°C. For in situ
hybridization histochemistry a male Sprague-Dawley rat (475 g)
was perfused with a formaldehyde buffer, and the brain was
postfixed overnight, without glutaraldehyde, as previously

Abbreviations: CaM-K, the multifunctional calcium/calmodulin-

dependent protein kinase type I1; CaM-K-a, the a subunit of CaM-K;

EaM-K-B, the B subunit of CaM-K; MLCK, myosin light chain
inase.
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described (20). A 1 in 10 series of frozen sections (30 um) was
hybridized to the 3'-C31 [**P]JcRNA (10® cpm/ml) as previously
described (19), washing with 0.1x SSC at 55°C.

RESULTS

Cloning of CaM-K. CaM-K was purified to apparent
homogeneity from rat forebrain (14). Tryptic fragments were
resolved by using high-performance liquid chromatography
and subjected to microsequencing analysis (Fig. 1A). cDNA
libraries from rat cortex or rat brain, excluding cerebellum,
were screened with synthetic oligonucleotides whose se-
quences were based on the sequences of two peptides. A total
of 58 reactive recombinants were identified from about 2 x
10° plaques with the oligonucleotides and subsequent nick-
translated probes. Six clones were subjected to DNA se-
quencing; the sequences of four clones permitted the deduc-
tion of the entire coding sequence for CaM-K-a (Fig. 1B). An
open reading frame composed of 1434 nucleotides indicated
a 478-amino acid protein (Fig. 2A). The initiator methionine
was identified by the presence of a preceding stop codon.
Distributed throughout the predicted protein of actual M,
54,111 were sequences corresponding to 15 tryptic peptides
(Fig. 1A and 2A). A cell-free translation product of an in vitro
RNA transcript encompassing the entire coding region is a
54-kDa protein that is specifically immunoprecipitated by
anti-Cam-K-a-specific sera (data not shown).
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FiG. 1. Cloning of CaM-K-a. (4) Fourteen tryptic fragments of
purified CaM-K were fractionated by HPLC. Sequences of these
peptides, in the standard one-letter code, are as follows: Py,
FTEQYQLFE;P,, VLAGQEYAAK; P;, HPNIVR; P,, DLKPENL-
LLA; Ps, LYQQIK: Py, AGAYNFPSPEWDTVTPEAK; P,
DLINK; Py, ITAAEALK; Py, ITAAEALKHPWI; P}y, HPWISHR;
P11, KQQIIK; P2, FYFENLWS; P;, VWHR; Py, WQIVHFHR.
An additional peptide was found on a separate column fractionation:
SGAPSV. (B) Representation of four of the six clones analyzed to
confirm the sequence. DNA sequencing was performed by utilizing
the *‘universal primer’” oligonucleotide (U) to sequence the borders
of the insert or ends created by restriction enzyme digestion (R) or
by utilizing synthetic oligonucleotides (17-mer) corresponding to
information from the clones (O). Clones were sequenced on both
sense (S) and antisense (A) strands.
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Analysis of CaM-K-a mRNA Expression. A probe corre-
sponding to nucleotides —41 to 943 of Cam-K-a cDNA
(amino acids 1-314) hybridized to a predominant 5.1-kilobase
(kb) brain mRNA, which appears to represent the CaM-K-a
mRNA. A 3.9-t04.2-kb RNA hybridized at <3% of the signal
strength of the 5.1-kb RNA (Fig. 34), and other RNAs, 7.1,
6.1, and 3.3 kb in size, were detected in low variable levels.
In human fetal brain, the migration of the dominant species
is coincident with the rat brain 7.1-kb species. The ratio of
signals from the 5.1- and 3.9-kb species in cerebellum was
about 1.5:1. When a riboprobe corresponding to nucleotides
1077-1471 (amino acids 360-478) was used, the hybridization
to the 3.9-kb RNA relative to the 5.1-kb RNA was greatly
enhanced (Fig. 3B); it is suggested that the 3.9-kb RNA
encodes the CaM-K-B (60-kDa) protein. In most rat tissues no
RNA species hybridizing to the CaM-K-a probe was detect-
ed, including liver, kidney, spleen, and heart (Fig. 3A) and
lung and adrenal gland (not shown); even if expressed at
levels <1000-fold the level in the brain, CaM-K-a mRNA
would have been detectable under these conditions. In
pituitary (not shown) and skeletal muscle, a faintly hybrid-
izing 3.9-kb RNA species comigrated with the putative brain
CaM-K-B mRNA. In addition, 4.1-, 4.5-, and 4.9-kb homol-
ogous RNAs were detected in pituitary, skeletal muscle. and
testes, respectively (Fig. 3A). A number of cell lines of
different origin (Fig. 3A), including rat adrenal medulla
(PC12), rat thyroid C cells (CA 1037), and mouse lympho-
cytes (A20) express reactive 3.9- to 4.5-kb RNA species, but
no 5.1-kb CaM-K-a mRNA. Restriction analysis of rat
genomic DNA fragments by using the C3 probe, which
includes the kinase and regulatory domains of CaM-K-a (see
below and Fig. 5A), suggests that these domains alone span
>15 kb of genomic information (Fig. 3C).

Localization of CaM-K mRNA in the Brain. Immunohisto-
chemistry suggests a striking regional distribution of Cam-K,
with highest levels in hippocampal pyramidal cells and cortex.
Because of the high concentration in postsynaptic densities in
the neuropil associated with these regions, the quantitative
distribution could reflect either differential stability of the
sequestered protein or regional variation in gene expression. To
distinguish between these possibilities, hybridization histo-
chemical analysis of a series of coronal rat brain sections was
performed; several sections are shown in Fig. 4. In the
forebrain, the hybridization was most predominant within the
hippocampus and the superficial layers of the cortex. There was
also considerable hybridization to the caudate-putamen,
amygdaloid complex, thalamus, and hypothalamus. Relatively
light hybridization was detected in the colliculi and several
brainstem nuclei. Within the cerebellum there was hybridiza-
tion in the Purkinje cell layer and, to a lesser extent, in the
molecular and granular layers. In the spinal cord, light hybrid-
ization was detectable only in the superficial layers of the dorsal
horns. The quantitative pattern of CaM-K RNA is in agreement
with the immunohistochemical analysis of CaM-K protein (3,
31), implying that regulation of CaM-K gene expression in the
brain determines the extremely high level of the enzyme in the
hippocampus and cortex.

DISCUSSION

The cloning of the CaM-K-a cDNA has allowed us to predict
a 54-kDa protein that encodes a protein kinase and contains
three apparent domains. The NH,-terminal domain is highly
homologous to other known protein kinases, but it is most
closely related to the y subunit of phosphorylase b kinase
(PbK-y) and myosin light chain kinase (MLCK). Conserved
regions are diagramed in Fig. 2B. Two interesting sequence
variations occur in this protein. First, the third Gly in the
ATP-binding site sequence (2) is replaced by Ser in CaM-K-a
and PbK-y (Fig. 2B, block I). Likewise, the so-called ‘‘APE
box’* (Fig. 2B, block XII) is uniquely Ser-Pro-Glu in CaM-
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5 GCCTCG CCTGCCTGCC CAGTGCCAGG  ATG GCT ACC ATC ACC TGC ACC CGA TTC ACG
A -A{ A CTCCCGAGCS TAMGOCTES ¢ Met Ala Thr Ile Thr Cys Thr Arg Phe Thr
d STC TTC GAG GAA CTG GGA AAG GGA GCC TTC TCC GTG GTG CGC AGG TGT GTG AAG GTG CTG GCT
%% g?ﬁ g?g ;Cg g“l\(r:\ Ll.’.zu Phe Glu Glu Leu Gly Lys Gly Ala Phe Ser Val Val Arg Arg Cys Val Lys Val Leu Ala
GCC AAG ATT ATC AAC ACC AAG AAG CTC TCA GCC AGA GAT CAC CAG AAG TTG GAA CGC GAG
lgg g(lzg g‘;‘?\ g‘?g R}lr- g%‘g Ala Lys Ile Ile Asn Thr Lys Lys Leu Ser Ala Arg Asp His Gln Lys Leu Glu Arg Glu
TG TTG AAG CAC CCC AAT ATC GTC CGA CTC CAT GAC AGC ATC TCC GAG GAG GGG CAC CAC
12% gtl:g ﬁig ?‘{(e: Eg(s: ﬁcr:g Eeu Leu Lys His Pro Asn Ile Val Arg Leu His Asp Ser Ile Ser Glu Glu Gly His His
T CTG GTC ACT GGT GGG GAG CTG TTC GAA GAC ATT GTG GCC CGG GAG TAT TAC AGT GAG GCT
232 ’%})"\g EZE ?‘{g Eag ﬁ:p Leu Val Thr Gly Gly Glu Leu Phe Glu Asp Ile Val Ala Arg Glu Tyr Tyr Ser Glu Ala
GT ATC CAG CAG ATC CTG GAG GCT GTG CTA CAC TGT CAC CAG ATG GGG GTG GTG CAT CGC GAC
R} ggg g(ljg 22? ﬁt;g gvs Ile Gln Gln Ile Leu Clu Ala Val Leu His Cys His Gln Met Gly Val Val His Arg Asp
AAT CTG TTG CTG GCT TCG AAG CTC AAG GGT GCT GCG GTG AAG CTG GCA GAC TTT GGC CTG GCC
Iigg g‘g m(s; l(;(ng (Q?S Asn Leu Leu Leu Ala Ser Lvs Leu Lys Gly Ala Ala Val Lys Leu Ala Asp Phe Gly Leu Ala
GAG GGA GAG CAG CAG GCA TGG TTT GGG TTC GCA GGG ACA CCT GGA TAC CTC TCC CCA GAA GTG CTG
z{g% ?{2 g?ﬁ S:{ Glu Gly Glu Gln Gln Ala Trp Phe Gly Phe Ala Gly Thr Pro Gly Tyr Leu Ser Pro Glu Val Leu
GGG AAG CCT GTG GAC CTG TGG GCC TGT GGC GTC ATC CTG TAT ATC TTG CTG GTT GGG TAT
%gg l(\:gg t?g g‘:g %gg Irl;s Gly Lys Pro Val Asp Leu Trp Ala Cys Gly Val Ile Leu Tyr Ile Leu Leu Val Gly Tyr
T GAG GAC CAG CAC CGC CTG TAC CAG CAG ATC AAA GCT GGT GCC TAC GAT TTC CCA TCA CCA
g%{ ggg (I»;’S': ;Eg ES iép Glu Asp Gln His Arg Leu Tyr Gln Gln Ile Lys Ala Gly Ala Tyr Asp Phe Pro Ser Pro
C CCG GAA GCC AAG GAT CTG ATC AAT AAG ATG CTG ACC ATC AAC CCG TCC AAA CGC ATC
;gg g?ﬁ %E(D; ggg %gg 3;? %Er Pro Glu Ala Lys Asp Leu Ile Asn Lys Met Leu Thr Ile Asn Pro Ser Lys Arg lle
G GCT CTC AAG CAC CCC TGG ATC TCG CAC CGC TCC ACT GTG GCC TCC TGC ATG CAC AGA CAG GAG
;2{ %1(‘:\2 g(l:(a: g%‘g g?u Ala Leu Lys His Pro Trp Ile Ser His Arg Ser Thr Val Ala Ser Cys Met His Arg Gln Glu
CTG AAG AAG TTC AAT GCC AGG AGG AAA CTG AAG GGA GCC ATC CTC ACC ACT ATG CTG GCC ACC .
ggg %Eg 32(1; ﬁ‘:g gg(s: Leu Lys Lys Phe Asn Ala Arg Arg Lys Leu Lys Gly Ala Ile Leu Thr Thr Met Leu Ala Thr FiG. 2. Pr]mary structure of CaM-
1 Ao G ToE S5 050 e AT e e mC e AT T e e e I IT mpe e e g Ko (4) The nucleotide sequence
311 Arg Asn Phe Ser Gly Gly Lys Ser Gly Gly Asn Lys Ly p Gly y encompassing the COdll’Ig region of
C ACC AAA GTG CGC AAA CAG GAA ATT ATC AAA GTG ACA GAG CAG CTG ATC GAA GCC K. .
1(3)%‘(67 %g(r: %gg ﬂ'(e: g']‘:g g‘:g g?ﬁ i‘;p Thr Lys Val Arg Lys Gln Glu Ile Ile Lys Val Thr Glu Gln Leu Ile Glu Ala CaM K a and the PerICte.d engoded
1081 ATA AGC AAT GGA GAC TTT GAA TCC TAC ACG AAG ATG TGC GAC CCT GGA ATG ACA GCC TTT GAA CCG GAG GCC CTG protein. Th? 15 peptides listed n the
361 Ile Ser Asn Gly Asp Phe Glu Ser Tyr Thr Lys Met Cys Asp Pro Gly Met Thr Ala Phe Glu Pro Glu Ala Leu legend to Flg. 1A are present in nu-
G GGC CTG GAC TTT CAT CGA TTC TAT TTT GAA AAC CTG TGG TCC CGG AAC AGC AAG CCC GTG merical order in the predicted se-
l%gg g(f(y; ::g EES 55 8?'.61 Gly Leu Asp Phe His Arg Phe Tyr Phe Glu Asn Leu Trp Ser Arg Asn Ser Lys Pro Val p
quence and are underlined. (B) Ho-
1231 CAC ACC ACC ATC CTG AAC CCT CAC ATC CAC CTG ATG GGT GAC GAG TCA GCC TGC ATC GCC TAC ATC CGC A“{c %C]T mology between CaM-K-a and other
i i i 1 . . . .
411 His Thr Thr Ile Leu Asn Pro His Ile His Leu Met Gly Asp Glu Ser Ala Cys Ile Ala Tyr Ile Arg Ile Thr protein kmases, mcludmg the follow-
1306 CAG TAC CTG GAT GCG GGT GGC ATC COC CGC ACG GCC CAG TCA GAG GAG ACC CGT GTC TGG CAC CGC AGG GaT cea  ing: PbK, y subunit of rabbit phos-
436 Gln Tyr Leu Asp Ala Gly Gly Ile Pro Arg Thr Ala Gln Ser Glu Glu Thr Arg Val Trp His Arg Arg Asp Gly phorylase b kinase (21)’ MLCK-G,
1381 AAA TGG CAG ATC GTC CAC TTC CAC AGA TCT GGG GCG CCC TCC GTC CTG CCC CAT TGA AGG ACCAGGCCAG C!“Cken gizzard myosin llght chain
461 Lys Irp Gln Ile Val His Phe His Arg Ser Gly Ala Pro Ser Val Leu Pro His 478 kinase (22); MLCK-S, rabbit skeletal
1451 GGTCCCTGCG CTCTTGCTIC G 1471 muscle myosin light chain kinase (23);
cAMP-K, catalytic subunit of bovine
B 1 1 11 w v v VI cardiac muscle cAMP-dependent pro-
CaM-K  8---FTEEYQLFEELGKGAFSVVRRC- -7--EYAAKII--2- -EKLSA--5--LEREAR- ---6--- -HPE IVRLHD----7----HYLIFDL--2--GGELFEDI--  tein kinase (24); cGMP-K, catalytic
PbK 14- - FYENYEPKEI LGRGVSSVVRRC- - 7 - - EYAVKII- - 5- -GSFSA- - 4 - -ELREAT- - -12- - - -HPN IIQLKD----7----FFLVFDL--2--KGELFDYL- - bunit of bovine | GMP-d
MLCK-G  >600- - DVYNIEERLGSGKFGQVFRL- - 7 - - VWAGKFF IAYSA--7--D!!:5:----:----:;K. t:givzz-ﬁmmn;g--mi (siu unit o O\I/(Il‘le ungsc o ap[e([gr;-
MLCK-S  >300------- KEALGGGKFGAVCTC- - 7--KLAAKVI  KKQTP--7--LEIEVM----4-- - -HRN LIQL Y----8---- LFMEY--2- - CGELFERT- - ent protein kinase (25-27); -
CAMP-K - - -LGTGSFGRV- - - - 10- -HYAMKIL- - - - - - - -TLNEKR- - = =====-=-- O e LYMVMEY- - 2- - GGEMPSHL- - b pr in ki ( C ) 108 ’
CcGMP-K -LGVGGFGRY- - - - 11- - TFAMKIL- - - - - IRSEKQ- - - -5- - - -BSDFIVRL ::tmigfwmi rat brain protein kinase C type I (28);
PKC-I - LGKGSFGKV- - - - 10- - LYAIKIL- - - --TLVEKR---11-- - -RPHFLTQLHS - - - -7-- -~ --2--GGDLMYHI-- ~ . H )
v-raf IGSGSPGTV- - - - -7- -DVAVKIL- - - ITENEVA- 6. EVETLLEMGY....5... iaTviv..2..cssivku..  V-raf, murine sarcoma virus v raf
EGF-R -LGSGAFGTV- - - -14- - PVAIKEL- - - --!wuv»-~‘aA-‘-nvcm.mrcr.----3-‘--VQuTQL--§~-F§£:‘£“ (29); EGF-R, human epldermal
------------------------------ L Y----7----IYIVIEY--2--Ki . X
vaxe R LOQGARGEY- -~ -RVAIKTL ’ FLAPAQ---6---HEK LW growth factor receptor (15, 30); v-src,
vir X x xi1 e o Rous sarcoma virus strain Prague C
CaM-K  16--QILEAVLHCH- -4- - VERDLKPENLLL- -9 - - KLADFG- - - - - - -16--- - - - -~ GTPGYLSPEVL- - 3- - PYGKP --1--GVIL PPFV-- 5
PbK 16--21.uv1c.«m--b--vmmmu.--s--morc - -GTPSYLAPEII--9- -GYGKEVDMWS- - 1- -GVIMYTLL AGSPPF¥--  V-SIC [dala‘Of D. $Chwaﬂl, R. Tizard,
MLCK-G  17--QISEGVEYIH- - 4- - VHLDLKPENIMC- - 8- - KLIDFG --GTPEFVAPEVI- -3--PIGYETDHVS - -1 -GVICTILY ScisPme--  and W, Gilbert in EMBL/GenBank
MLCK-S  17--QICDGILFME- - 4- - LELDLKPENILC- - 8- - KIIDFG -GTPEFLSPEWV- -4 - -ISDK TDMVS--1--GVITYMLL SGLSPFL-- Genetic S Datab 1982
CAMP-K  16--QIVLTFEYLE- - 4- - [YRDLKPENLLI - - 6 - - QVTDFG mmmx-ougmmn--:ngumn& ;grm Gene lck equ;:nce ata:( ased (N )
CcGMP-K  16--CVVEAFAYLE- -4- - IYRDLKPENLIL- - 6 - -KLVDFG ADYVS - -1 - - GILMYE! PPFS-- enBan Bolt, Beranek an ew-
PRC-I  16--EJAIGLFFLH- -4- - IYRDLKLDNVML- - 6 - -KITDFG- - - PYGESVDVVS - - 1 - -GVLLYEML AGQPFFD- - ( & .
v-raf  17--QTAQGMDYLE- -4- - IERDMESNNIFL- -6 - -KIGDFG- nsrqswys--x-»cmn:fﬂ :gtﬁ; man Laboratories, Cambridge, MA),
EGF-R  17--QIAKGMNYLE- -4- - VHRDLAARRVLY - - 6 - - KITDFG- - - YTHQSDVWS - - 1- - GVTVWE . ..
v-src  18--QIASGMAYVE--4- - VERDLRAANILY - -6 - -KVADFG- -2 RFTIKSDVVS- -1- -GILLTELTTKGRVPYE - - ;Il;ape Refase t‘ﬂ].tNuml?ers ln(:!l(;:ate
€ number of Intervening residues
xv XVI XVII XVIII . X
CaM-K  13--GAYDFPSPEWD--2- - TPEAKDL- - -8 - - - PSKRITAAEALKEP- - - - - -~ ===~~~ b PO rxr vame xxcatLrmnaeesc---163 DOt listed due to lack of ?bYIOUS
FeK --POKRYTAEEALARP- - - homology, and blank spaces indicate
- - -MKSRLNCTQCLQEP- - - ) < :
e ey an artifical gap created in alignment.
MLCK-S
CANP-K Identity between CaM-K-a and PbK-
GMP-K
PRo-1 SREAVAL-- - - y or between CaM-K-a and any two
v-raf SRLYENG- - - - other listed kinases is highlighted by
EGF-R SRP KFR--- - :
v-src PESLHDL- - - - << - - === nooonsssmssmooaaaaas bold print.

K-a and rabbit skeletal muscle MLCK. A series of homolo-
gies are found within the protein kinase domain (amino acid
residues 1 to 220-250, Fig. 2B, blocks I to XIV-XVI). Amino
acid residues 250 to 320-350 appear to reflect a second
domain, unique to the calcium/calmodulin-dependent pro-
tein kinases. This domain includes a basic amino acid-rich
sequence, Lys-Lys-Phe-Asn-Ala-Arg-Arg-Lys-Leu-Lys (Fig.
2B, block XVIII), which is postulated to represent the
calmodulin-binding site. In support of this assignment, pro-
teolytic fragments of PbK-y and MLCK containing portions
of block XVIII have been reported to bind calmodulin
(32-34). Synthetic peptides corresponding to this domain of
CaM-K-a bind calmodulin and inhibit kinase activity. Final-
ly, the 163-residue COOH-terminal region, lacking homology
to other protein kinases, is highly hydrophilic and contains
two areas of high charge density (Fig. 5A). The function of

this region is unknown, but it could be important in the
assembly of subunits of holoenzyme or in the association of
the holoenzyme with other proteins or cellular organelles.
The three-domain structure of the protein suggests a model
for the mechanism of the known regulation of CaM-K
enzyme (Fig. 5). In the inactive state the regulatory region of
each subunit may be folded into a closed configuration, with
the calmodulin-binding site sterically blocking the entry of
substrates into the active site (Fig. 5B), analogous to similar
events in MLCK (34). Binding of calcium/calmodulin dis-
places the inhibitory domain and activates the enzyme.
Kinetic studies have shown that autophosphorylation at one
or two threonine residues (L. L. Lou and H.S., unpublished
data) converts the holoenzyme to an autonomous state (4,
36). Because limited proteolysis of CaM-K releases a mono-
meric 30-kDa autonomous enzyme devoid of autophos-
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phorylation sites (37), it is likely that these sites are in the
regulatory or association domains. The four sequences most
homologous to the consensus sequences for cAMP-depen-
dent protein kinase and CaM-K substrates (4) are marked
with asterisks in Fig. 5A and are found clustered throughout
the ‘‘hinge’’ region and calmodulin-binding site. Phosphoryl-
ation of one or more of these residues may be the modifica-
tion necessary to sustain the open configuration required for
autonomy of CaM-K, potentially permitting short-term en-
hancement of responses to transient calcium signals (4, 6).
Autonomous autophosphorylation at a site(s) distinct from
the aforementioned threonine residues results in the inhibi-
tion of enzyme activity for exogenous substrates (4, 5). This
inhibitory autophosphorylation may occur within the calm-
odulin-binding site at the serine residue marked by an asterisk
(Fig. 2B, block XVIII, and Fig. 54), potentially inducing a
conformational alteration of the COOH-terminal domain.
Phosphorylation of gizzard MLCK by cAMP-dependent
protein kinase at & comparable serine residue within the
calmodulin-binding site leads to enzyme inhibition (32).
Autophosphiorylation of Cam-K may also result in trans-
location of the holoenzyme to other areas of the neuron (38),
altered protein—protein interactions, or activation of struc-
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FiG. 3. RNA and genomic DNA
hybridization to CaM-K-a cDNA. (A
C and B) Poly(A)-selected RN A prepared
from various tissues (5 ug from rat,
unless otherwise specified, size-frac-
tionated, transferred to nitrocellulose,
and hybridized to *2P-labeled probes.
In A, the probe was C3 cDNA. Auto-
radiographs were exposed for 10 hr
(lanes 1-3) or 24 hr (lanes 4-13). Lanes:
1, temporal lobe; 2, human fetal brain;
3, brain without cerebellum; 4, cerebel-
lum; S, skeletal muscle; 6, testes; 7,
kidney; 8, liver; 9, spleen; 10, heart; 11,
adrenal medullary cell line PC12; 12,
thyroid C cell line CA 1037; 13, mouse
lymphoma cell line A20. In B, the probe
was a 3'-C31 cRNA. Lanes: 1, brain
without cerebellum (5-hr exposure); 2,
brain without cerebellum (1 ug, 5 hr); 3,
— 16 cerebellum (20 hr). Migration of RNA
standards (Bethesda Research Labora-
tories RNA Ladder) is indicated. (C)
— 0 Rat brain genomic DNA was digested
to completion with BamHI (lane 1),
EcoRl (lane 2), or Hindlll (lane 3), size
fractionated and hybridized with C3
— 05 nick-translated probe. Migration of
— 04  DNA standards (Bethesda Research
Laboratories 1-kb DNA Ladder) is
indicated.
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tural function(s) of the protein. The high concentration of
such an autophosphorylated or translocated protein in neu-
rons provides a potential facilitory mechanism for short-term
and long-term neural response to stimuli. The cloning of
CaM-K-a cDNA permits a structure-function analysis of its
potential biological functions.

Note Added in Proof. Comparison of the sequence of CaM-K-a with
the recently published CaM-K-B sequence (39) suggests that they are
the products of two highly homologous transcription units, with
amino acid insertions carboxyl-terminal to the calmodulin-binding
domain accounting for the larger size of the 8 subunit.
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