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We have isolated and sequenced a mouse brain cDNA encoding Ca®*/calmodulin-dependent protein kinase [V. The sequence predicts an acidic

protein (pl = 4.56) of 469 amino acids (M, = 52 627) that contains kinase catalytic and calmodulin-binding domains. The carboxy region has several

primary structural features that suggest it may be a readily cleaved attachment domain. This region is highly charged and hydrophilic and contains

several PEST sequences, motifs associated with high turnover proteins. Of the tissues examined, expression of the CaM kinase IV gene is restricted

to brain and testis, where transcripts are differentially expressed to produce a kinase in both tissues and a calmodulin-binding protein, calspermin,
in testis that lacks a kinase catalytic domain.

Ca?*; Calmodulin; Protein kinase; cDNA; Brain; Testis

1. INTRODUCTION

Ca?*/calmodulin-dependent protein kinases (CaM ki-
nases) are thought to be involved in a number of impor-
tant processes in the nervous system including neuro-
transmitter release, long term potentiation, and gene
expression (reviewed in [1-3]). Recently we discovered
via cDNA cloning a new CaM kinase, called CaM ki-
nase 1V. A cDNA encoding part of the CaM kinase IV
protein was originally isolated by using '**I-calmodulin
to screen a mouse brain Agtll expression library [4].
Subsequently, additional partial-length cDNAs thought
to code for CaM kinase [V from both mouse [5] and rat
(called CaM kinase-Gr) [6]) were independently isolated.

The CaM kinase IV gene is located on human chro-
mosome 5 [5] and chromosome 18 in the mouse in a
region containing the ataxic (¢x) mutation [7]. ax Mice
are sterile and are characterized by a progressive motor
disability thought to involve cerebellar functions [8].
The chromosomal location and expression at high levels
in the cerebellum [6] (and in the testis as described here)
suggest CaM kinase IV as a candidate gene for the ax
mutation. To facilitate investigation of this possibility
and to allow a more precis2 analysis of the function of
this kinase to be undertaken we report the full deduced
amino acid sequence of CaM kinase IV from mouse. In
addition, we provide a proposed model of the organiza-
tion and differential expression of the CaM kinase 1V
gene.
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2. MATERIALS AND METHODS

2.1. ¢DNA isolation and DN A sequencing

A Agtll Balb/C mouse brain cDNA library (generously provided
by Y. Citri) was screened by plaque hybridization using a partial
length CaM kinase 1V ¢cDNA (ICM-2) as probe. Plaque purification
and subcloning into Bluescript plasmid (Stratagene) were carried out
using standard procedures [9). DNA sequencing was performed using
the dideoxy strategy [10] with modified T7 DNA polymerase (Se-
quenase, United States Biochemicals (USB)) and either vector- or
gene-specific primers. Coraputer analysis of DNA and protein se-
quences was carricd out using the PC Gene software package (Intel-
ligenetics).

2.2. Northern blot analysis

Total poly(A)’'RNA was isolated from mouse tissues using the
Fastrack mRNA Isolation kit as directed by the supplier (Invitrogen).
Equal amounts (S ug) of poly(A)'RNA were electrophoresed and
transferred to nylon filters as described in [11]. Hybridization and
washing were carried out using standard procedures [9]. The ICM-1
plasmid probe [4] was labeled by random oligopriming [12]. Oligonu-
cleotide probes CK4A (5-ATCTCCCCCTGGGATGAAGTGTCT-
TAA-3), CK4B (5-GTTTTGGGATCCCCAAGAAACGGCT-
GACTA-3) and CK4T (5-GGGCGCACAGCACCCTGGCCTCA-
ATCTCAC-3') were specific for the A, B and T exons respectively.

2.3. ¢DNA synthesis, PCR amplification and DNA sequencing

Single stranded cDNA was synthesized from testis mRNA and
treated with E. coli ribonuclease H prior to being used for PCR [13].
PCR was carried out using a Perkin Elmer/Cetus Thermocycler and
reagents from a Perkin Elmer/Cetus Gene Amp Kit. Primers for cal-
spermin ¢cDNA amplification were designed from CaM kirasc IV
¢DNA and genomic sequences and contained restriction sites to faci-
litate subcloning if necessary. Primers were designated CK4T-8al (5"
GCAGTCGACTGTCAGTAGATGAGCCAGGA-3) and CK4G-
Not (5-GCAGCGGCCGCGGTTACCAACTGGTATATATGGG-
3%). 5 ul of the testis cDNA was mixed with 15 pmol of each primer
and amplified according to the following protocol: 5 cycles consisting
of 94°C for 1 min, 37°C for 2 min, and 72°C for 3 min followed by
25 cycles consisting of 94°C for | min, 48°C for 2 min, and 72°C for
3 min. After gel purification PCR-amplified calspermin cDNA was
sequenced according to the method of Carothers et al. [14].
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3. RESULTS AND DISCUSSION

A partial length cDNA (ICM-2), containing part of
the catalytic domain of CaM kinase IV [5] was used to
screen a mouse brain cDNA library. A clone (Y11) was
isolated that contained the complete coding region of
the CaM kinase IV protein (Fig. 1). Sequencing of the
insert indicates that it is 3165 bp in length and encodes
a protein of 469 amino acids. The region around the
proposed start ATG at position 46 exhibits similarity to
consensus sequences associated with the start of transla-
tion [15] and therefore this ATG is probably the start
site. This conclusion is consistent with Northern analy-
sis which indicates that the largest CaM kinase 1V
mRNA is approximately 3.4 kb, the same approximate
size of the Y11 cDNA if a poly(A) tail is included. A
consensus polyadenylation signal occurs at position
2157 in Y11 and, if utilized, would generate an mRNA
of approximately the size of the smaller CaM kinase 1V
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brain mRNA. Thus. the two brain mRNAs could result
from the use of alternative polyadenylation signals.
The structural topology of the kinase. based on its
deduced amino acid sequence, exhibits several features
typically found in CaM kinases. These include the size
(261 amino acids) of the catalytic domain. the presence
of several amino acid sequence motifs conserved in pro-
tein kinase catalytic domains, and the positioning of the
catalytic domain approximately 20-30 amino acids up-
stream of the calmodulin binding site (Fig. 2). The se-
quence of amino acids in the carboxy region down-
stream of the calmodulin binding site suggests the pre-
sence of a number of functional features (Fig. 2). This
region is almost entirely hydrophilic and contains an
unusually high percentage of charged acidic amino
acids, in particular glutamic acid and aspartic acid, a
feature found in many nuclear proteins [16]. In this
regard. antibodies against CaM kinase I'V used as in situ
probes show substantial localization of this kinase in

1506 CCTCAGCAAG GCGGGGAAGC ATGATATGCA CTAATAGTGA TTCTGTTTTG AGGTGCAAAA
1566 AMMAAACCCA TATATACCAG TTGGTAACCC TAATGTCAGT GCATGTGTTT GCTTTATGAA
1626 ATAATGACAT TTTCTATGGC ATGTAATGGA TACCTAATAC TGATGAGTTA AATTTGAAAT
1686 TTCTAGCAAA CAACGCAACA CTTAMACATT CTCAGCCTTT GGTGGCACAT ATTGAAGTGA
1746 AATGGCAAAC AGACTTTGAA GCTTAGGCAT CCTACACCCA CTAGAAGTCT TCAAAGAGGG
1806 CAATTCCTTT GAACTCAGCT AAAACCAGCT GGAGGTAGAG GACACACTCC CATGACTITT
1866 CAATACTTGC AGTGGAAGGC CGGTAGGCCG TTTTAAAAGT AGGCTGAAGA TGGTTATAAA
1926 AGATAACCTG TAGAACGTGC AAAAACATCC ATGTACAGTG TTGAGAAGTT GAGTCATTCT
1986 TACAAGGCTC TGAGTCCACA GTCCTCTTAM GTGTATGCAG AGAATGTCTT ATTTTTCTTT
2046 AGTATACTCT ATAAGAATAC CCAAMATGTT CAGTATAAAA TTCTGCCAGT TTACAATTCT
2106 TGGAAATTAA TTTTTAAACT GTGCCGCTAC TTTTCCTCTA CCTGCCTTITC AMATAAATAC
2166 CCCGCAGGTA TACAGCCTAG GAAAGAGGAA ATTTAACTAA AATGAGATAG AATTAGGCTT
2226 TGATGTACCA AGATTAACTC CTTTTCATTT CTCACAAAAA TTTGCATTTG TGAGCTTATA
2286 TGATATTTTG CATATCAGAA CATTTTTATG GATACACTCT GCAAGTAGCA AGTTCAAGTT
2346 TTGGAAMAGC CCATTGTACA AGTCGAGGCC AAAATGTCTG AATCTTATAA CAATACATTC
2406 ANTGGTTAGA TTACTTAGTA CTGAGGTTGT TAGAGTAAGG AAATGTTAGC ACAGATATTC
2466 CCCTCCACCT ATGTATACAT ACTGTTCATT AAAATTCACT ATGAGAGCTA GGAGCTTITC
2526 CAATGGAGGG GCCTTTACAC ATTTTATAAT GTTGAAATAT GTTGATATAT GCCAAGAAAT
2586 TTAGCATAGT GTGAACTTTT TTTTTTTTTG CCTTAAAAAT AAGCAAAACC AAAAATAAAA
2646 TAAAAACACA TCTTGAACTA GACCTCGGAG AGGGCACAGC ATTAGATCTT AGTTAGCATC
2706 ATTTTCTTCT TAGAATAATT GGGGGGGGGA TACGAAATCC AATACCTCAA ATTTTGTGTT
2766 TGAGTGAMA TGAGCACTTT ATCAAMATAG CTGTTTAATA TTTTGTGTGA TTTTCTTGAC
2626 TTAAAAAAAA GTATTACTTT TAAAGTCCAA AATGGGGCAG GAAAAATGAT AGCGACAGAT
2886 TTTTTTTTTC ATTAARACTA ATAATTTGTT CTGACGCGTC AGTCACACTG GAACTGACGT
2946 TCTATCAGAG GTTTCTCCAG GCTGTTAGAG TGTCAGCACT TCAGCAGGTC AAGCACAAAC
3006 CTCTGACAGC TTTTGGGGAN GGAGACAGTG TGGTGCTTTG AGCATTTTGT GAATGGGTCC
3066 TTGACAGGCA GCTGACTAGG AGGGCATCAT CTGACGAGGG TGATTCTTTT CCTGTTGACT
3126 TCCATTCACA GTGTTTATGC TCCTCCTCET GTTTGAATTC

Fig. 1. cDNA and deduced amino acid sequence of mouse CaM kinase IV, Bracketed region represents the proposed catalytic domain. Regions
underlined with solid and Froken lines represent the predicted calmodulin-binding domain and PEST regions. respectively. A possible alternative
polyadenylation signal is boxed.
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Fig. 2. Structural features of the CaM kinase 1V protein. The domain organization of CaM kinase IV is depicted at the bottom. Upper profile
represents the occurrence of positively (above line) and negatively (below line) charged amino acids in the CaM kinase 1V protein. Middle profile
represents a hydropathy analysis with hydrophobic and hydrophilic regions above and below the line, respectively.

certain neuronal nuclei (Hahn and Lasher, unpublished
data; [17]). Additionally the three highest scoring PEST
sequences, motifs thought to be involved in rapid pro-
tein cleavage and degradation [18]. are found in this
region. The clustering of PEST sequences, including a
high number of Asp/Pro linkages, in this region of CaM
kinase ['V suggests the presence of a functional domain

1 CTGCTTTGGA GCCCARGGCT AGGGATTATT TCATTTGTTG ATCTTCCTGE
51 CAATTCATTA TCTGTTCATC TTCAGGAACA AGAGCAAATC TTCCAGANTG
101 GGATGCTITTT AGATGAATTT AGTCATGCCC TGCAGGTCAC ACTCCTCAAG
151 CCAATGACTT AATTCTATGC TATAGTGGCT TTTATTCIGG CTCTGAACTT
201 ATTCCTTCAA GTACTTTCAA TGAGTATTTT AAAAAATGGA CTGTAGATCT
251 CAACAGTGTC ATAAAAGAGT GTTCAATAAG GGTTTGAACA CTAACCATTT
101 TGTCATITAG TCCCCACTGA GGGAATGATG TCATTGGAGT TCTGCGTTCT
151 AAGCGAGCTC ACAGTGTGTG TGGCCTAGAA TTATGCAGAT GCTGGTTCAT
401 CTCAGAAGTC ATTEEGTgxgnTxGATGAGCC AGGACCTAAT CGTTTGAACT
451 CCGAAGACAG GANTCTGTGA GATTGAGGCC AGGGGTGCTG TGCGCCCTTG
501 TCTTCTAGAA TTTCCTTAGC TGCTGCTTTC CTGAGGTTGG TCCTACTCCT
551 GAGGGTGTGT GGACTTGGTG CTAGTGATAA CGGAGTAGCC AGACTTTCAC
601 AACGTGAANC GTCCAATTTC TATAACTCTIA TATTTCTITA TGATTGCAG
650 GIC A§X°RA3 CTC ATT GIT TTG GAT CCC AAG AAA CGG CTG ACT
v K K L I v L D P K K R L T

692 ACA TTT CAA GCC CTC CAA CAC CCA TGG GTC ACA GGT AAA GCG
T F Q A L Q H P w v T G K A

734 GCC AAC TTT GTT CAC ATG GAC ACT GCT CAG AAG AAA CTT CAA
A N F V H B D T A Q@ K K L 0
776 GAA TTC
E F
Fig. 3. Sequence of mouse genomic clone p780. The proposed T and
B exons arc indicated and exon bounduries denoted by arrows. An
in-frame stop codon found 9 bp upstream of the B exon is overlined.
and consensus splice scquences found at the 3’ end of introns are
indicated by dashed underlines. The deduced amine acid sequence
corresponding to the 5’ part of the B exon is listed. The overlined
dushes at the 3’ end of the sequence indicate that the 3’ end of the B
exon is not found on the p780 scquence.

that serves to anchor the kinase to the cytoskeleton or
nuclear matrix in a cleavage-sensitive manner, allowing
the kinase to be released and perhaps relocated.

Alignment of the catalytic domain of CaM kinase IV
with the like domain of other CaM Kkinases indicates
that it is most closely related (40-45% identity) to the
isoforms of CaM kinase 11, and to kinases PSK H1 and
PSK C3, two kinases of unknown function isolated by
a homology probing strategy [19].

In order to clarify the relationship of CaM kinase IV
and calspermin, a non-catalytic calmodulin-binding
protein present in testis [20,21], we isolated and partially

1 T GGTCAGTAGA TGAGCGAGGA CCTAATCGTT TGAACTCCGA

AGACAGGAAT CTGTGAGATT GAGGCCAGGC GTGCTGTGCG CCCTTGTCTT CTAGAATTTC

o
~

102 CTTAGCTGCT GCTTTCCTGA GGTCAAAAAG CTCATTGTTT TGGATCCCAA GAAACGGCTG

~

162 ACTACATTTC AAGCCCTCCA ACACCCATGG GTCACAGGTA AAGCGGCCAA CTTTGTTCAC

222 ATG GAC ACT GCT CAG ARG AAA CTT CAA GAA TTC AAT GCT CGG CGC AAG CIT
1 M D T A Q K K L Q E F N AR R R L

273 AAG GCA GCG GTG AAG GCT GTG GTG GCC TCT TCT CGG CTG GGA AGT GCC AGC
18 _ KA v _ R A ') A S S B L. G S A S

324 AGT AGC CAC ACC AGC ATC CAA GAG AAC CAC AAG GCC AGC TCG GAT CCA CCT
35 8 S H T S I Q E L H K A 5 s Iv) P P

375 TCA ACC CAM GAT GCC AAG GAC AGC ACA GAT CTT CTG GGA AAG AAA ATG CAA
52 S T Q D A K D s T ] L L G K K H Q

426 GAG GAG GAC CAA GAG GAG GAC CAA GTG GAG GCC GAG GCT TCA GCC GAT GAG
63 E E D Q E E o] Q v E A E A S A D E

477 ATG AGG AAG CTG CAG TCC GAG GAG GTG GAG AAA GAT GCA GGT GTA AAA GAG
86 H R K L Q s E E v E K D A G v K E

528 GAG GAG ACC TCC AGT ATG GTG CCT CAG GAT CCA GAG GAT GAG CTG GAA ACA
103 E E T 5 s H v P Q o] P E D E L E T

579 GAT GAC CCA GAG ATG AAG AGG GAT TCA GAG GAG AAG CTG AAG AGT GTG GAG
120 D »] P E M K R D s E E K L K 5 v E

610 GAA GAA ATG GAC CCC ATG ACT GAG GAG GAA GCC CCT GAC GCG GGA CTT GGG
137 E E L D P M T E E E A P D A G L G

681 GTT CCA CAG CAG GAT GCG ATT CAG CCA GAG TAC TAAGCTGGCT TCCTTTAGGT
156 V P Q Q Db A I Q P E b4

714 CAGGGCCANC CCCAGCATTT TATGCACTCT GTCCCTCAGC AAGGCGGGGA AGCATGATAT

794 GCACTATAGT GATTCTGTTT TGAGGTGCAA AAAAAAAACC CATATATACC AGTTGGTAAC

854 C

Fig. 4. DNA and deduced amino acid scquence of mouse calspermin.

The putative start codon is indicated and proposed calmodulin bind-
ing domain undcrlined. The T exon extends from bases {-122,
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Fig. 5. Northern analysis of the tissue distribution of CaM kinase IV

mRNAs. The blotted RNA was hybridized with the ICM-1 cDNA

probe. Lane 1. brain: lane 2, brain (cytoplasmic mRNA); lane 3, liver;

lane 4, kidncy: lane S, testis: lane 6, heart; lane 7. lung: lane 8. muscle.
Size in kb is indicated for each hybridizing band.

sequenced a mouse genomic clone (48) (Fig. 3) contain-
ing part of the Cam kinase IV gene and also determined
the sequence of mouse calspermin (Fig. 4). A 780 bp
genomic restriction fragment (p780) from A8 thought to
contain sequences found in calspermin was sequenced
in its entirety. Alignment of the CaM kinase IV, p780
and calspermin sequences indicates that, except for the
untranslated 5" end, calspermin mRNA is identical to
the corresponding region of CaM kinase IV. The point
at which the CaM kinase IV and calspermin mRNAs
diverge corresponds to the region of p780 that contains
consensus intron acceptor splice site sequences and an
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-23

Fig. 6. Northern analysis using exon-specific probes. Blots were hy-

bridized with ICM-1, a B exon-specific probe (CK4B). an A exon

specific probe (CK4A) or a T exon-specific probe (CK4T). Lanes
labeled *1° and *2° are brain and testis mRNAs, respectively.

in-frame stop codon (Fig. 3). Approximately 114 bp
upstream of this splice site, a sequence corresponding
to the 5’ end of calspermin is found. As described below.
this sequence is present in a testis-specific mRNA (cal-
spermin) and therefore we refer to this region as the T
exon. These data suggest that a testis-specific exon util-
ized only in calspermin is positioned slightly upstream
from exons found in both CaM kinase IV and cal-
spermin.

To further investigate the relationship of CaM kinase
IV and calspermin the size and tissue distribution of
mouse mRNAs that hybridize to CaM kinase IV and

Organization and Processing Pathways of the Mouse CaM Kinase IV Gene

CaM

Kinase IV [ TS .. ]
Protein | : |
. R R ;
[ ' e — v ' |
I'} ICki~2 —»te ICM-1 —; !
CaM ) 71 1 120 | 580 ) | A\
Kinase V([ A ] 8 ] c 4{ }
cONA o AN L
.7 ' ! \\s
. ' ) - -~
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Fig. 7. Model of CaM kinase IV gene organization and p'rocessing. Letters A, B, C und T denote exons. while R refers to EcoRI restriction sites.
The cross-hatched anc solid black regions correspond to the kinase catalytic and calmodulin-binding domains, respectively. PCR amplification
of mouse genomic DNA with A and T exon primers indicates these exons are approximately 2.6 kb apart (data not shown).
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calspermin sequences were examined by RNA blot ana-
lysis. As demonstrated previously [4], the partial length
CaM kinase IV cDNA, ICM-1, hybridized to brain
mRNAs of 3.4 and 2.1 kb (Fig. 5). The ICM-1 probe
also hybridized to two mRNA species in testis corre-
sponding to 2.2 and 1.0 kb, while mRNA from other
tissues showed no detectable hybridization.

Further characterization of the brain and testis mes-
sages was addressed using oligonucleotide probes cor-
responding to various exons in the mouse CaM kinase
IV gene (Fig. 6). Blots were prepared as before using
brain and testis mRNAs, The B oligo, generated from
sequences upstream of ICM-1 and shared between CaM
kinase [V and calspermin. hybridized to 3.4 and 2.1 kb
messages in brain and 2.2 and 1.0 kb messages in testis
giving the same pattern as the ICM-1 probe. The A
oligo, representing the catalytic domain of CaM kinase
IV did not hybridize to the testis 1.0 kb message. A
fourth probe, derived from the T exon. hybridized only
to the testis 1.0 kb message, consistent with T exon
sequences being unique to calspermin.

Taken together. thesc data inaicate that the single
copy CaM kinase 1V gene is differentially expressed to
produce a protein kinase in brain and testis and also a
Ca**-dependent calmodulin-binding protein (i.e. cal-
spermin) in testis that lacks a protein kinase catalytic
domain (Fig. 7). The production of calspermin tran-
scripts from the CaM kinase IV gene could either be by
differential transcriptional initiation sites or by alterna-
tive processing. If the former mechanism applies then
the p780 sequences upstream of the T exon may contain
signals for testis-specific transcriptional regulation and
initiation.

A final point of interest pertains to the surprisingly
high amino acid sequence divergence found between
mouse and rat in the middle third of the ICM-1 se-
quence [6,21]. The data presented here indicate that this
region is identical between CaM kinase IV and cal-
spermin and therefore the divergence observed between
rat and mouse in this region is the result of species
differences. Such a dramatic difference in the deduced
amino acid sequences of a single copy gene between two
species as closely related as mouse and rat suggests that
this region may be subject to an unusually high rate of
mutation and positive selection.
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