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The transgenic mouse strain CAT40 carries in its germ line one copy of a DNA construct consisting of the
chloramphenicol acetyltransferase gene and the immunoglobulin heavy-chain enhancer. We show that
transgene integration has resulted in a recessive lethal mutation that leads to death of homozygous CAT40
embryos shortly after implantation. The transgene has integrated adjacent to the 3’ end of the gene coding for
the B subunit of the brain-specific Ca>*/calmodulin-dependent protein kinase I (Camk-2). The complete cDNA
sequence of the Camk-2 gene and most of its exon/intron structure was determined. The deduced amino acid
sequence is highly homologous to the previously described rat protein. The chromosomal location of the Camk-2
locus was mapped by interspecific backcross analysis to the proximal region of mouse chromosome 11. This
region lacks previously identified recessive embryonic lethal mutations. During embryonic development,
Camk-2-specific transcripts are first seen in the head section of 12.5-day-old embryos, and in adult mice the
gene is expressed almost exclusively in the brain. Although transcription of the Camk-2 gene in heterozygous
CAT40 mice is affected by transgene integration, it is unlikely that this gene is responsible for the mutant
phenotype, since it is not expressed in blastocysts and the first transcripts during normal development are
detected after the death of homozygous CAT40 embryos. Transgene integration is accompanied by a large
deletion of cellular DNA; death is therefore most likely caused by the loss of a gene or genes that are important

for early postimplantation development.

The analysis of spontaneous or experimentally induced
mutations in mice has proved to be a powerful approach for
understanding mammalian development at the molecular
level (for a recent review, see reference 25). A frequently
used method for obtaining experimentally induced develop-
mental mutants is the introduction of foreign DNA into the
germ line of mice by retroviral infection or microinjection
(for a review, see reference 13). Since integration can occur
at many chromosomal sites, the foreign DNA (transgene)
can inactivate cellular genes by insertional mutagenesis. By
using the transgene as a tag for molecular cloning, it is
possible to isolate flanking cellular sequences and thus to
identify the mutated gene. Well-studied examples that dem-
onstrate the usefulness of transgenic mouse mutants for
defining developmentally important loci are provirus integra-
tion into the al(I) collagen gene of the Mov13 mouse strain
(29) and transgene integration into the limb deformity locus
(35, 36).

In this report, we describe the molecular analysis of the
CAT40 mouse strain, which was derived by microinjection
into fertilized eggs of a DNA construct consisting of the
chloramphenicol acetyltransferase (CAT) gene and the im-
munoglobulin heavy-chain (IgH) enhancer (24). We show
that transgene integration has resulted in a recessive lethal
mutation that leads to the death of homozygous embryos
shortly after implantation. The transgene has integrated next
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to the gene for the B subunit of the brain-specific Ca**/
calmodulin-dependent (B CaM) protein kinase II (Camk-2),
and insertion is accompanied by a large deletion. The
structure, expression, and chromosomal location of the
Camk-2 gene are described. Although expression of the gene
is affected by the transgene integration, it is unlikely that
Camk-2 is responsible for the mutant phenotype, as its
transcription during development starts after the death of
homozygous CAT40 embryos.

MATERIALS AND METHODS

Mice. All mice were bred in our mouse colony at the
Heinrich-Pette-Institut. The origin of CAT40 mice has been
described previously (24). Embryos were obtained from
timed matings; the day of plug detection was counted as day
0.5 of gestation.

Genomic cloning. Genomic libraries were generated in the
vector A EMBL3 by partial digestion of mouse liver DNA
with Mbol. All recombinant DNA manipulations were done
by standard procedures (27).

Isolation of cDNA clones. A cDNA library prepared from
total brain RNA of adult BALB/c mice constructed in Agt10
was a gift from G. Grosveld, Erasmus University, Rotter-
dam, The Netherlands. About 5 x 10° plaques were
screened with the genomic probe pC1-8 (see Results). Posi-
tive plaques were purified, and the DNA inserts were
recloned in the Bluescript vector (Stratagene). To obtain
cDNA clones representing the 5’ half of the Camk-2 gene,
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CHARACTERIZATION OF THE Camk-2 GENE

~25 CACGCCGAGCCCAATCGCCACCGEE
ATGGCCACCACGGTGACCTGCACCCGTTTCACCGACGAGTACCAGC TATACGAGGAGATTGGCAAGGGGaCTTTCTC TG TGO TCCEACGETCTGTCAAGE TCTGTACCGACCATGAGTAT
M ATTVTCTRTFTDET YO QTLTYTETETELIGEKGAFSUVVRTERECECVETLT G T GeHTE.'TY
GCAGCCAAGATCATTAATACCAAGAAGC TG TCGGCCAGAGATCACCAGAAACTGGACAGAGAGGCTCGOATC TGCCGCCTGCTGAAGCAT TCCAACAT T TACGCCTCCATGACAGEATE
A AK11TI1NTXKTKTLSA ARTDTHGOEKTELTETRTETRERT RITCTERTELTLEKBR NI VRTLGHTODS S.I

TCTGAAGAGGGCTTCCACTACCTGGTCTTCGACC TG TCACTGGTGGGGAGE TC TTTGAAGACATCGTGECAAGAGAGTACTACAGTCAAGCTGATGCCACTCACTGEATCCAGCAGATE
S EEGTFHYLVFDLVTGGETLTFTETDTIVATRTET Y YSTET ATDASH HT I ool

CTGGAAGCTGTTCTCCATTGTCACCARATGGGGGTCCTCCACAGAGACCTCAAGCC TGAGAACCTOCTTO TGGCCAGCARATGCARAGGEGCCGCAGTGAAGCTCOCAGACTTCEECCTS
LEAV €C HQMGVVHRODTLEKT PERNTLTLTLGASTEKTETKTS SGAAVEKTLRADTFEL L

GCCATCGAGGTTCAGGGAGACCAGCAGGCATGGTTTGGATTTGCGGGAACGCCAGGCTACCTOTCTCCCOAGGTCC TTCOGAAGGAGGCETACGGCAAACCTGTGGACATCTGCGCATGT
Al EVQGDOQOQAWEFGTFAGTTPTGTYTLSTPTEVLT RTEKTETH TG GEKT D Vo T Wt

GGGGTGATCETGTATATCCTGC TG TGGGC TACCCACC TTTC TGGGATGAGGACCAACAC AAGC TG TACC AGCAGATC AAGGCTGGGGCE TATGATTTCECATCCCCTCAGTGGGACACE
G Vv Y 1 LLVGYPEPFWODTETDGOOHI KTLTYOGOQTIZ KA AGATYTDTFETEPSTPETWTD.T

GTTACTCCTGAAGCCAAAAACC TCATCAACCAGATGCTGACCATCARCCETGCCAAGCGEATCACGGCCOATGAGGCCCTGAAGCACCCATGOGTCTGCARCGTTCCACCOTEGECTCE
VTPEAMKNLTINGO QMLTTIINTPATEKT RTIEITATHTETA ATLTKTHTEHM®RDVCQER S STV A'S

ATGATGCACAGACAGGAGACTGTGGARTGTCTGAAGAAGTTCAATGCAAGGAGGAAGE TCAAGGGAGCCATCCTCACCAC TATGCTGGCEACACGGAA T TCTCAG TCGECAGACAGACE
M MHRQETVETC CLZXK KT FNARRIKLTLTGKTGEGAETILTTMLATRNTESTSTVGTRQT

ACCGETCCOGCCACAATGTCCACCGCGGCETCCRGCACCACCATGOGGCTGGTGGARCAAGCCAAGAGTTTACTCAACAAGARAGCAGATGOAGTCAAGECOCAGACAAACAGEACCAAR
TAPATMSTAASGTTMGLVTETQ QA ATE KSTLTLSHTEKTEKADTGEGVTEKTE  aT v s 1 K

AACAGCTCGGCCATCACCAGECCCAAAGGATC TCTCCC TCCTGC TGCCCTGGAGCC TCAAACCACCGTTATCCATAACCE AGTGEACGCEATTAAGGAATCTTCCGACACCACCAACACA
N S S AITSPKGSTLEPZPAALTETPOQTTVTIEITHNTPEUVDTGTITEKTESTSTSTDSTRNT

ACCATAGAGGATGAAGATGCCARAGCCCGGARGCAGGARATCATCAAGACCACAGAGCAGCTCATTGAGE CCGTCAACAATGGGGACT TTGAGGCCTATECGARAATCTE TEACCCAGEE
T I EDEODATKA AR RTEKTGOETITITEKTTE I1 EAVNNTGDTFEFTETRBATYA AKTICTDTPEG

CTGACCTCATTTGAGCCTGAAGCTCTGGGCAACCTGGTCGAAGGGATGGATTTCCACAGATTCTACT T TOAGAACCTGCT GGCCARGAACAGCAAGCCGATCCACACCACCATCCTGARS
L TSFEPEALGNTLVETG®MDTFETH R RTETYTFTERNTLTELATEKTENSTEKTPTIHTTTITLN

CCGCACGTGCACGTCATTGGCOAGGATGCGGCATGCATCGCCTACATCCECCTCACACAGTACATCGATG GCCAGGGCAGACCCCGTACEAGCCAGTCCCARGAGACCCE TGTGTGGEAS
P HVHVIGETDAACTIAYTIRTLTQ OYTIDTE GO O GRTPRTS S QGSTETETTERTVHWH

CGCCGCGACGGCAAGTGGCAGAATGTACATTTCCACTGCTCOEGCGCTCCAGTGGCCCCECTOCAGTOAGAGCTGCGCCTGETTTCCCCEGACAGAGTTCGTGTTTCGACCCCAGECEEE
R D GKWONVTHETHTCSSGAPVAPTLQ

CTCGGGCGEACGECCTECCTGTCOCATGTT TG TG TC TGCCTCOTCCCCTCCCCTGETGCE TGTGTCTGCAGARAAACAAGACCAGATG TCATTTGT TT T+ AAAAATAAGATGATGACAAG
GACAACCACACGCAAACCAACARACAAART TTTGGCATCGGATGAAATGGARAACAAGCAAACARACAARAACC TAAAGAARGGAAAAAGCTGTAAAAATCTGGCATTTE TGGGGCCACE
CCACCCCCAAGCTCCACTGTGTCTGTTGTGCTCCTGGCTTTGGGGACCCTCAGGGCGTGAATGTGCCCATGCCGACCG TS TTAGTC TG TAGGTACCGCACTCACCCCATACCTTCEGCGT
CTGCATCCTCCCTCCCATGEATGGGCCCCACGTGCTARCCTGGC TG TTGTGG TG TCAGGTGTCTTGGGAAGGGCTCEGGECTGCCTCCTTTCCTCCTAGT TG TGCCTCACAGTTGETGCT
ccrccrcc'ri'rccccﬂcci'c'rcccm‘récccrccrcr&uccccrcc&mccrccrcé‘rcncccnécaccnccﬁ‘rcccccarcéncrcrcnaimmcrccécca‘cc'rcné
AGAAAAGAACCTGGGCTCTCAGCCCCGGTTCTTTGGGGAGTGAGGTATGEAGG TACGGATCTTGCCTCCAGACCTCCTGECTCOCAGGEE TTCGTTAAGAAGGCCTCCTCGCTGCAGTGE

CTACCCATGTAGCTATGAAGAGAGGACTGGGCAGAGGATGGCCTCCTTCE TOTT 606G TACTTGTCCCTTCCCTGCCACCAGCAGETGAGCAACAGTGECCCACCCCTAGCCTCOGARS
TTCCTCTCTGAAGTTGGCAGCAGACCCTARTGAAGATGGAGARCCTGAGATACTGGACGGATACTGGGAACAGGCCAGGETGCGTCTAGEGTOTTTGTCEACTCAGE T TS GAGECTGEGT
GTTCGAGACTTGGTTAAATGTTGCAGAATGTGGTARAGAGGGGCCAGAAG TTGGGTTC TAGACTTC TGGGCAATGCAGGTCCATACAAGTGTTTCATGARATGGGAGTGC TTTCTTGACE
TGGGCCTAGAGAAGAGCATATGCCACCTAGAGGCATGTGGARGGCCAARATTGGTTAGGGCTGTAT TG TG TGGGGCTCTTCCAGG TAGGCAGAGACACAGCTTAGAGAGAAGGCAGECT
GGGGGCAGAGATATATGC TG TGGGGCCTGEATACCAGTGEGTGGGTGGAGGGCCCATCAGGACAGTGTGGCACC TCCAAGGGECCAGTGETGCTCCTAGE TCCOECTCRCTGEACTCGT
TGGTCAGAGGCTTTGAC

TGTGGGTGGCCCTGGCCCTTGGTGACTGAGGGAATCATTAAGGCTGGACATGTTACAAAG TCAGGC TAGGGAGATATAGE TCTGAAGCCE GG TTCEETGE
TGCAGAGGTTCATGGGCCTCCACCCCAACGCTGCCCACTT TAAATT CATGTCATTT TCAACCAGGAT T TTC T TTATC T T TACTACAAAT CAAGCCAAGE GAGGGGCACC AAGTCGCCAR
CGGGACACAGGATCCTARACTCCAAGGGGACTCTCCACCTACAGACACTCAGTGGATACCACCTTTCATCCACACTGTGECCAGGACAGE TG TTCCCTACCCATGOACACAGGCTARACA
TCTGCCAGGCTCCACTTGAGTGGCCCAAGGCCATGGAACAGTGGCAGGGETTGCCATGGACAGTGTGAGECCCTGTGOCE TGCCACCETEGCATCC TOROGTCTCCTTTCCTETCCCACE
CACCTTGTTATCTCCACAARGCTGCCTGTC TGGGATAATT TGGGGATT T TT TTTTCTGGGGGACAAT T TTTTGCATGACCCTCTARAGAGCAGGACACTCCTCCTCTAACTGGCTAGE
TGTTCGCAGGTGGTGGCGTCGACCGCTGGCCAGTGCTGTAGTGTGTTACTGCCTGCAGTACTGETGGCCE TCCTCTCT T TCTCTT T T T CTGAGTTCCACTGTCITI TC T TCTGAGEE
nc‘rAccTci'AcMmcr‘rirranmicmrcrcrécccmcrcéwln_yMMmcém
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FIG. 1. Nucleotide sequence of Camk-2 cDNA and deduced amino acid sequence of the protein. The residues most highly conserved in
the family of type II CaM kinases are underlined. For details, see Results. The sequence AATAAA, potentially used as a po!yaden).'l'atxon
signal, is indicated by a dashed line. Numbers at the left refer to amino acid positions, and those at the right refer to nucleotide positions.

total brain RNA from adult BALB/c mice was reverse
transcribed and amplified by the polymerase chain reaction
(PCR) as described below. The oligonucleotide CACCAAC
TCTGTCCGGCGAA (positions 1663 to 1644; Fig. 1) was
used as the primer for the reverse transcription and as the 3’
amplimer for PCR. The 5' amplimer was derived from the
published sequence of the gene for rat B CaM kinase II (3)
and has the sequence CACGCCGAGCCCAATCGCCA (po-
sitions —25 to —6 in reference 3). Cleavage sites for Xbal
and HindIII were added at the 5' end of this amplimer. After

PCR (30 cycles), the DNA was restricted with HindIII
(cleavage site in the linker of the 5' amplimer) and Psrl
(cleavage site at position 1631 [Fig. 1] adjacent to the 3’
amplimer), purified by gel electrophoresis, and cloned in the
Bluescript vector.

DNA sequencing. Nucleotide sequences of cDNA clones
were determined by the dideoxy-chain termination method
(28), using double-stranded DNAs in Bluescript vectors as
templates and synthetic oligonucleotides as primers. Both
strands were sequenced completely.
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RNA preparation and analysis. Total cellular RNA was
isolated by the method of Auffray and Rougeon (1) or by the
guanidinium isothiocyanate procedure followed by centrifu-
gation in cesium chloride (27). Blastocysts were flushed from
the uterus at day 3.5 (counting the day of vaginal plug as day
0.5) as described previously (12). Total RNA from blasto-
cysts was isolated either by a microadaption of the guanidi-
nium isothiocyanate-CsCl procedure (23) or by phenol ex-
traction (34). For Northern (RNA) blot analysis, RNA (15 p.g
per lane) was fractionated by electrophoresis in 1% agarose
gels containing formaldehyde (27). After staining with ethid-
ium bromide, rRNA bands were used to confirm the integrity
and amount of RNA in each lane. RNA was transferred onto
GeneScreen Plus membranes (Dupont) and hybridized in the
presence of 50% formamide at 42°C for 18 to 20 h as
described by the manufacturer. *?P-radiolabeled probes
were prepared by the random-priming procedure of Feinberg
and Vogelstein (8). Final filter washes were done at 65°C
with a solution of 2x SSC (1x SSCis 0.15 M NaCl plus 0.015
M sodium citrate) and 1% sodium dodecyl sulfate (SDS).

Specific RNA transcripts were amplified by reverse tran-
scriptase-dependent PCR, essentially as described by Ka-
wasaki (15). The conversion of RNA to cDNA was carried
out in a final volume of 20 pl containing 1 pg of total RNA,
50 mM Tris-HCI (pH 8.3), 5 mM MgCl,, 50 mM KCl, 5 mM
dithiothreitol, 1 mM each nucleoside triphosphate, 40 U of
RNAsin (Promega), 100 pmol of random hexamer primers
(Pharmacia), and 8 U of avian myeloblastosis virus reverse
transcriptase (Promega). Before the addition of RNAsin and
reverse transcriptase, the reaction mixture was heated to
65°C for 5 min and cooled to room temperature. After 90 min
at 42°C, the reaction was stopped by heating to 75°C for 10
min. Finally, 80 pl of H,0 was added, and the reaction
mixture was stored at —20°C. Amplification of cDNA was
carried out with Tag polymerase in a thermal cycler. Sam-
ples were prepared by combining 2.5 ul of the cDNA
solution with 22.5 ul of PCR buffer containing 10 mM Tris
(pH 8.3), 50 mM KCl, 3 mM MgCl,, 0.01% (wt/vol) gelatin,
200 M each nucleoside triphosphate, 100 ng of each gene-
specific amplimer, and 1 U of Tag polymerase (Bethesda
Research Laboratories). The following amplimers were used
for detecting Camk-2-specific transcripts: at the 5' site,
AGCTCATTGAGGCCGTCAAC (positions 1259 to 1278,
Fig. 1); and at the 3’ site, CACCAACTCTGTCCGGCGAA
(positions 1663 to 1644; Fig. 1). Samples were overlaid with
mineral oil, and the reaction was carried out in a thermocy-
cler (Biometra) for 20 to 30 cycles consisting of 1 min at
94°C, 1 min at 65°C, and 1 min at 72°C. PCR products were
visualized after separation by agarose gel electrophoresis in
the presence of ethidium bromide under UV light. To
confirm specificity and to detect low quantities, DNA was
transferred to a nylon membrane and hybridized to a specific
probe derived from Camk-2 cDNA. As an internal standard,
all cDNA samples were adjusted to yield relatively equal
amplifications of B-actin.

Interspecific backcross mapping. Interspecific backcross
progeny were generated by mating (C57BL/6J X Mus spre-
tus)F, females and C57BL/6J males as described previously
(6). A total of 205 N, progeny were obtained; a random
subset of these N, mice was used to map the Camk-2 locus
(see text for details). DNA isolation, restriction enzyme
digestion, agarose gel electrophoresis, Southern blot trans-
fer, and hybridization were performed essentially as de-
scribed previously (14). All blots were prepared with Zeta-
bind nylon membranes (AMF-Cuno). The CAT40 probe
(pC1-8; Fig. 2) was labeled with [¢*?P]dCTP by using a nick
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FIG. 2. Schematic representation of the CAT40 locus. Partial
restriction maps of the wild-type (wt) and mutant (CAT40) alleles
are shown. The arrow indicates the transgene integration site in
wild-type DNA, and the open box represents the transgene consist-
ing of a CAT-IgH construct. The deletion of wild-type sequences in
the mutant CAT40 allele is indicated by dashed lines. The black bar
represents the unique cellular probe pCl-8. Restriction sites for
BamHI (B) and Sall (S) are indicated.

translation labeling kit (Boehringer Mannheim). Washing
was done to a final stringency of 0.65x SSCP-0.1% SDS at
65°C. A 0.6-kb fragment was detected in PstI-digested
C57BL/6] DNA, and a 1.2-kb fragment was detected in
Pstl-digested M. spretus DNA. The 1.2-kb M. spretus-
specific fragment was monitored in this analysis. A descrip-
tion of the probes and restriction fragment length polymor-
phisms (RFLPs) for the ErbB proto-oncogene and Rel proto-
oncogene loci has been reported previously (4). The probe
for the leukemia inhibitory factor (Lif) locus was a 540-bp
fragment of mouse cDNA kindly provided by Colin Stewart
(Roche Institute, Nutley, N.J.). The Lif probe detected a
14.0-kb fragment in EcoRI-digested C5S7BL/6J DNA and a
7.2-kb fragment in EcoRI-digested M. spretus DNA. Recom-
bination distances were calculated as described previously
(10), using the computer program SPRETUS MADNESS.
Gene order was determined by minimizing the number of
recombination events required to explain the allele distribu-
tion patterns.

Nucleotide sequence accession number. The nucleotide
sequence shown in Fig. 1 has been assigned EMBL acces-
sion number X63615.

RESULTS

Homozygosity at the CAT40 locus is lethal during embryo-
genesis. Previous results have shown that CAT40 mice
heterozygous for the transgene integration carry one copy of
the IgH-CAT construct in their germ line and that the foreign
DNA does not interfere with normal development and post-
natal life (24). In a screen of several transgenic mouse
strains, the CAT40 insertion was found to be associated with
several rarely cutting restriction sites in the vicinity of the
transgene, suggesting the possibility that integration had
occurred near an endogenous gene. Hence, to detect a
possible recessive mutation caused by transgene integration,
offspring were derived from heterozygous parents and ana-
lyzed for homozygosity at the CAT40 locus. Southern blots
of tail DNAs were hybridized with the unique probe pC1-8
(black bar in Fig. 2), derived from sequences flanking the
transgene, which distinguishes qualitatively between the
different genotypes (data not shown). Crosses between par-
ents heterozygous at the CATA40 locus failed to produce any
homozygotes among 82 offspring analyzed. To determine at
what stage of development homozygous CAT40 embryos
die, embryos resulting from double heterozygous crosses
were isolated between days 10.5 and 16.5 of gestation
(counting the day of vaginal plug as day 0.5) and genotyped
by Southern blots. Of a total of 72 embryos analyzed, 58
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were heterozygous and 14 were wild type, while homozy-
gous embryos were missing. These results indicate that
homozygous CAT40 embryos die before day 10.5 postcoitus.
Therefore, uteri were removed from pregnant females at
days 6.5 and 7.5 postcoitus, and the implantation sites were
dissected to determine the presence or absence of an em-
bryo. Of the 160 implantation sites analyzed in the hetero-
zygous intercrosses, a total of about 30% were retarded,
abnormal, or resorbed. In control experiments, 102 implan-
tation sites from crosses of nontransgenic animals of the
same genetic background were examined. Only 3% were
abnormal or resorbed. After correction for these 3%, the
frequency of abnormal development or resorption in the
heterozygous matings is 28%. The observation that approx-
imately one-quarter of the deciduae produced in the hetero-
zygous intercrosses contained resorbed embryos at day 6.5
postcoitus suggests that homozygous CAT40 embryos are
capable of triggering a decidual response in the uterus and
thus are viable through the preimplantation stage. Develop-
mental arrest, therefore, seems to occur shortly after implan-
tation.

Molecular cloning of the CAT40 locus and Camk-2 cDNA.
To identify the gene or genes mutated by the transgene
integration, flanking cellular sequences were molecularly
cloned, using the CAT gene as a probe, and unique sub-
clones were derived. The preintegration site of the CAT40
locus was cloned by probing a genomic library of BALB/c
DNA with the unique subclone pCl-8. To study the se-
quence arrangement of the CAT40 locus, DNAs from wild-
type mice and CAT40 mice heterozygous for the transgene
were compared by restriction analysis and Southern blot-
ting, using unique fragments from the genomic clones and
the CAT gene as probes. The results showed that no major
rearrangements detectable by restriction enzyme digestion
had occurred within about 12 kb 5’ of the transgene. Anal-
ysis of the cellular sequences 3’ to the transgene, however,
clearly showed that integration of the foreign DNA had
resulted in a major deletion, which, on the basis of pulsed-
field gel electrophoresis, was estimated to be around 80 kb
(data not shown). A schematic map summarizing the se-
quence arrangement of the CAT40 locus from wild-type and
mutant mice is shown in Fig. 2.

When subclone pCl1-8 was used as a probe on Northern
blots containing total RNAs from several tissues of embryos
and adult mice, a 4.2-kb band was detected in brain RNA
only (data not shown). To further characterize this tran-
script, a brain Agtl0 cDNA library was screened with pC1-8,
resulting in the isolation of several partial cDNA clones. The
sequence of the longest cDNA clone is represented by
nucleotides 1619 to 3805 of the sequence shown in Fig. 1. A
search for similarities with DNA sequences collected in the
EMBL data base revealed a region of homology (nucleotides
1620 to 1778) with the § CaM kinase II from rat brain (3). The
homology comprises the very 5’ end of our cDNA sequence
and the very 3’ end of the published rat sequence. These
results suggest that our cDNA clone represents the 3’ half of
the mouse Camk-2 gene. Further sequence comparison
between the two cDNAs was not possible, as only the 5’
region, not the 3’ end, of the rat cDNA has been published.
To obtain the 5’ end of the mouse Camk-2 cDNA, this region
of the RNA was amplified by PCR, using a 3’ oligonucleotide
from our mouse cDNA sequence and a 5’ oligonucleotide
from the 5’ end of the published rat cDNA sequence (see
Materials and Methods for details). After cloning, the nucle-
otide sequence was determined and is shown in Fig. 1
(nucleotides —25 to +1725).

CHARACTERIZATION OF THE Camk-2 GENE 3647

The complete sequence of the mouse Camk-2 cDNA as
determined from the different cDNA clones described above
is 3,805 bp long (Fig. 1), about 400 nucleotides shorter than
the Camk-2-specific RNA detected on Northern blots of total
brain RNA, which is estimated to be about 4.2 kb long. The
difference in length can be explained partly by the absence of
the poly(A) tail but, in addition, might be due to the fact that
the 5’ end of the transcript is not fully represented in the
cDNA. It is unlikely that sequences from the 3' end are
missing, as nuclease S1 mapping experiments confirmed that
the 3' end of the cDNA clone is identical with the 3" end of
the RNA (data not shown). Therefore, the sequence
AATAAA from positions 3772 to 3777 (underlined in Fig. 1)
most likely serves as a polyadenylation signal. The cDNA
sequence contains a major open reading frame of 1,626
nucleotides beginning with a potential ATG initiator codon
at nucleotide +1 and ending with a TGA terminator codon at
position 1626. At the 3’ end is a rather long untranslated
region of about 2,170 nucleotides. The length of the 5’
untranslated region is not known. The encoded protein
contains 542 amino acids and has a calculated molecular
mass of about 60 kDa. The predicted amino acid sequence
shows the three-domain structure typical for multifunctional
CaM kinases (31). The catalytic domain at the N-terminal
end contains the ATP-binding region consisting of the se-
quence G-21xG-23xxS-26 and K-43 (underlined in Fig. 1).
The regulatory domain adjacent to the catalytic domain is
distinguished by the calmodulin-binding region. Underlined
in Fig. 1 is the core CaM-binding sequence (residues 297 to
310) as defined previously (11). The remaining C-terminal
region constitutes the third domain and is thought to be an
association domain involved in the assembly of subunits into
the holoenzyme (31).

The sequence of the coding region of the mouse Camk-2
cDNA is very similar to the published rat sequence (3). Of a
total of 58 changes at the nucleotide level, only 2 result in
changes of amino acids. The amino acids Glu (residue 19)
and Arg (residue 522) of the mouse sequence have been
changed to Asp and Pro, respectively, in the rat protein.
With respect to the 3' untranslated region, only 148 nucleo-
tides (residues 1630 to 1778; Fig. 1) can be directly com-
pared, as this is all of the sequence information published so
far for the rat cDNA (3). Within this region there is only one
nucleotide change. Indirect evidence from Southern blot
hybridization experiments suggests that the remaining part
of the 3’ untranslated region is also highly conserved be-
tween the two species (data not shown).

Genomic organization of the Camk-2 gene and position of
the transgene in the mutant CAT40 allele. To map the
transgene integration site relative to the transcriptional unit
of the cellular gene, the exon/intron structure of Camk-2 was
determined. Genomic clones from the CAT40 locus from
BALB/c mice were isolated as described above and partially
sequenced, using oligonucleotide primers deduced from the
cDNA sequence. The gene is split into at least 17 exons (Fig.
3). The longest exon is at the 3’ end and comprises the total
length of the 3’ untranslated region. The other 15 exons that
have been analyzed so far vary in length between 38 and 233
bp. As genomic clones from the 5’ end were not available,
the exon/intron structure of the 5’ untranslated region and
the remaining 341 nucleotides of the coding region were
not analyzed. Exons I to XVI and their intervening se-
quences comprise a total of about 28 kb of cellular se-
quences. Of particular interest is exon VI, coding for 15
amino acids. These same 15 amino acids are deleted in the B’
subunit, a minor 58-kDa subunit found in most brain regions
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FIG. 3. Schematic representation of the exon/intron structure of
the Camk-2 gene and position of the transgene in the mutant CAT40
allele. Open boxes indicate exons. The introns are not drawn to
scale and are indicated by a line connecting the exons. Numbers at
the top indicate the 5’ ends of exons and refer to nucleotide residues
of the sequence shown in Fig. 1. The position of the transgene
(CAT-IgH) in the mutant CAT40 locus and its distance (279 bp) from
the 3’ end of the Camk-2 gene are indicated.

of the rat and identical to the B subunit except for the
deletion (5). The results presented in Fig. 3 strongly suggest
that the B’ transcript is generated by alternative splicing of
the transcript of the B gene, resulting in the deletion of exon
VL

Restriction analysis showed that the transgene in the
mutant CAT40 allele mapped close to the 3’ end of the
Camk-2 gene. For a more detailed analysis, subclones of this
region were isolated and sequenced. The results showed that
the transgene was located 279 bp 3’ from the poly(A)
addition site (Fig. 3). The only difference in this region
between the wild-type and mutant alleles was an insertion of
5 bp near the site of transgene integration in the mutant allele
(data not shown).

Analysis of Camk-2 expression in wild-type and CAT40
mice. When RNAs from different tissues of adult BALB/c
mice, whole 15.5-day-old embryos, and the embryonal stem
cell line CCE were analyzed on Northern blots, Camk-2-
specific transcripts were found predominantly in the brain
and, at much lower levels, in the skeletal muscle and
15.5-day-old embryos (Fig. 4). Expression during embryonal
development was studied by using a more sensitive approach
based on the amplification of transcripts by PCR. For the
amplification, oligonucleotides were used that, according to
the published sequences from rat, are specific for the B
transcript and are not present in the cDNA sequence of the
o CaM kinase II gene (3, 5, 19). The results presented in Fig.
SA show that the mRNA molecules of the B gene are found
for the first time during development in the head of 12.5-day-
old embryos. As homozygous CAT40 embryos die shortly
after implantation, blastocysts were also analyzed for
expression of Camk-2 but were shown to be negative (Fig.
5B). Taken together, the results seem to indicate that expres-
sion of Camk-2 correlates with fetal brain development.

To test whether the transgene integration affected the level
of transcription of the Camk-2 gene, RNA from the brains of
3-week-old offspring from the same litter of heterozygous
CAT40 parents was analyzed by Northern blot analysis (Fig.
6). The offspring were genotyped by blot analysis of liver
DNA. Autoradiograms were scanned with a densitometer,
and the amount of RNA in each lane was normalized by
rehybridizing the blots with a B-actin probe. This analysis
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FIG. 4. Expression of the Camk-2 gene in different organs of
adult mice, total 15-day-old embryos (d15E), and the stem cell line
CCE. Arrowheads indicate positions of 18S and 28S rRNAs. The
blot was subsequently rehybridized with the glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) probe.

showed the level of the transcript to be 1.7 (+0.2)-fold lower
in heterozygous than in wild-type animals, indicating that the
transgene integration interferes with transcription of the
gene.

Chromosomal mapping of the Camk-2 locus. The mouse
chromosomal location of the Camk-2 locus was determined
by interspecific backcross analysis, using progeny derived
from matings of [(C57BL/6J X M. spretus)F, x C57BL/6]]
mice. This interspecific backcross mapping panel has been
typed for over 800 loci that are well distributed among all the
autosomes as well as the X chromosome (6). C57BL/6J and
M. spretus DNAs were digested with several enzymes and
analyzed by Southern blot hybridization for informative
RFLPs, using subclone pCl-8 as probe. The 1.2-kb M.
spretus-specific PstI RFLP (see Materials and Methods) was
used to monitor the segregation of the Camk-2 locus in
backcross mice. The mapping results indicated that Camk-2
is located in the proximal region of mouse chromosome 11
linked to Lif, ErbB and Rel. Although 131 mice were
analyzed for every marker and are shown in the segregation
analysis (Fig. 7), up to 172 mice were typed for some
markers. Each locus was analyzed in pairwise combinations
for recombination frequencies, using the additional data.
The ratios of the total number of mice exhibiting recombi-
nant chromosomes to the total number of mice analyzed for
each pair of loci and the most likely gene order are cen-
tromere-Camk-2-0/172-Lif-5/133-ErbB-6/158-Rel. The re-
combination frequencies (expressed as genetic distances in
centimorgans * standard error) are (Camk-2, Lif)-3.8 +
1.6-ErbB-3.8 * 1.5-Rel. The fact that no recombination
between Camk-2 and Lif was observed in 172 mice typed in
common suggests that the two loci are within 1.7 centimor-
gans (upper 95% confidence limit).

DISCUSSION

Embryonic lethal mutation. Transgene integration into the
CAT40 locus has resulted in a recessive lethal mutation. At
day 10.5 of gestation, the earliest time at which embryonic
material could be isolated in an amount sufficient to allow
genotyping, no homozygous embryos were found among the
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FIG. 5. Expression of the Camk-2 gene during embryonal development. Total cellular RNA from the head, the liver, and the rest of the
embryo at the indicated days of development, from the brains of adult and newborn animals, and from F9 cells (A) and from two independent
blastocyst preparations (B) were analyzed by reverse transcription PCR as described in Materials and Methods. In panel A, each PCR
reaction mixture contained cDNA equivalent to 25 ng of total RNA. In panel B, PCR reaction mixtures for 12.5-day-old embryos contained
cDNA equivalent to 10 ng of total RNA, and mixtures for blastocysts contained cDNA equivalent to total RNA of about 10 embryos. As a
control, expression of the B-actin gene was measured in parallel experiments. Hpall-digested plasmid vector pUC9 end labeled with Klenow
polymerase and [32P]dCTP was used as a length marker.
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missing class of homozygous offspring. Embryos homozy- B0 B0 B0 ON
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develop normally during the preimplantation stage and die 4 61 0 O 3 2 3 2
shortly after implantation in the uterus.
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FIG. 7. Position of the Camk-2 locus on mouse chromosome 11.
Camk-2 was placed on mouse chromosome 11 by interspecific
backcross analysis. (A) Segregation patterns of Camk-2 and flanking
genes in 131 backcross animals that were typed in common for
Camk-2. For individual pairs of loci, more than 131 animals were
typed (see text). Each column represents the chromosome identified
in the backcross progeny that was inherited from the (C57BL/6J x

) M. spretus)F, parent. The shaded boxes represent the presence of a

FIG. 6. Distribution of Camk-2 transcripts in wild-type and het- C57BL/6J allele, and white boxes represent the presence of an M.
erozygous CAT40 mice. Total RNAs from brains of wild-type spretus allele. The number of offspring inheriting each type of
(wt/wt) and heterozygous (CAT40/wt) 3-week-old offspring from the chromosome is listed below each column. (B) Partial chromosome
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same litter of heterozygous CAT40 parents were analyzed by blot 11 linkage map showing the location of Camk-2 in relation to linked
hybridization with a Camk-2 cDNA clone representing the 3’ genes. Recombination distances between loci in centimorgans are
untranslated exon. The positions of 28S and 18S rRNAs are indi- shown at the left, and the positions of all loci except Camk-2 in

cated. The blot was rehybridized with a B-actin cDNA probe. human chromosomes are shown at the right.
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The integration site was mapped outside the transcribed
region of the gene, in the 3’ flanking sequences 279 bp away
from the poly(A) addition site. Expression of the Camk-2
gene seems to be affected by transgene integration, as the
level of transcription was lower in heterozygous offspring
than in the wild type. The effect on Camk-2 expression
cannot be explained by simple disruption of the transcription
unit. Therefore, other mechanisms like disruption of regula-
tory units or interference with the synthesis and stability of
primary transcripts that go beyond the poly(A) addition site
have to be considered.

It is highly unlikely that a lack of Camk-2 expression is
responsible for the death of homozygous CAT40 embryos.
Camk-2 codes for a protein kinase that, as indicated by
previous studies in the rat, is found in the brain only (2). In
this report, we show that Camk-2 is not transcribed in
embryonal stem cells, embryonal carcinoma cells, and blas-
tocysts, strongly suggesting that it is not expressed in
preimplantation embryos. During development, transcripts
are found for the first time in the head of 12.5-day-old
embryos, much later than the time of death of homozygous
CAT40 embryos. It is therefore unlikely that Camk-2 is
causally related to the death of the embryos. We rather think
that the deletion of about 80 kb of cellular sequences 3’ to the
transgene has resulted in the loss of a gene or genes that are
important for early postimplantation development. Attempts
to clone this region from wild-type DNA have so far been
unsuccessful, as DNA inserts in cosmids or phage A vectors
are extremely unstable. Deletion and rearrangements are
often associated with integration of foreign DNA by micro-
injection of zygotes (7, 22).

Chromosomal mapping studies have shown that Camk-2 is
located in the proximal region of mouse chromosome 11. We
have reported previously a comparison of our interspecific
mouse backcross map of chromosome 11 with a composite
mouse linkage map compiled by M. T. Davisson, T. H.
Roderick, A. L. Hillyard, and D. P. Doolittle (4). These
studies indicate that the two maps are generally colinear and
that Camk-2 has been placed in a region that lacks previously
identified recessive embryonic lethal mouse mutations sim-
ilar in phenotype to mice homozygous for the CAT40 trans-
gene. The fact that no recombination was observed between
Camk-2 and Lif suggests that these two genes are closely
linked. Therefore, we have tested whether the Lif gene is
deleted in the mutant CAT40 locus. However, Southern blot
analysis gave no evidence for such a deletion (data not
shown). Finally, the Lif locus has been assigned to human
chromosome 22, band ql12. The close linkage between Lif
and Camk-2 in the mouse suggests that CAMK-2 resides on
human chromosome 22 as well.

Structure and expression of Camk-2. Molecular analysis of
the CAT40 locus has led to the identification of the mouse
gene for B CaM protein kinase II. Type II CaM kinases are
a group of closely related serine/threonine kinases that
phosphorylate several substrate proteins in different tissues
(for reviews, see references 18, 30, and 31). One isozyme of
type II CaM kinase is expressed specifically in the brain and
constitutes about 1% of total brain protein in the rat (2, 9). It
appears to be concentrated in forebrain postsynaptic densi-
ties (16) and acquires a Ca®*-independent activity when it
phosphorylates itself, suggesting that it may be involved in
producing long-lasting changes in neuronal function in re-
sponse to transient calcium signals (17, 20). The enzyme
purified from rat brain is a multimeric protein, composed of
structurally similar o (54-kDa) and B (60-kDa) subunits (2). A
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third relatively minor subunit B’ (58 kDa) is structurally
closely related to the B subunit (5).

cDNA clones coding for the «, B, and B’ polypeptides of
rat CaM kinase II have recently been isolated from rat brain
(3, 5, 19). The sequences of the cDNAs indicate that the a
and B subunits are closely related and composed of 478 and
542 amino acids, respectively. The B’ subunit is identical to
the B subunit except that 15 amino acids have been deleted
(5). In addition, clones have been isolated from a rat brain
cDNA library that can code for polypeptides termed y and &
which are related to the o and B subunits (32, 33).

Here we describe the cloning and characterization of the
first mouse gene coding for a subunit of CaM kinase II.
Sequence analysis of the coding region showed 97% homol-
ogy at the nucleotide level and close to 100% homology at
the amino acid level with the published sequence of the rat g
CaM kinase II gene (3). The homology also extended into the
3’ untranslated region, where there are clear differences
between the four rat genes, leaving no doubt that we have
indeed isolated the mouse homolog of the B CaM kinase II
gene. At the amino acid level, the two proteins are virtually
identical, as one of the residues by which they differ is a
conservative exchange (Glu versus Asp), leaving only a
difference in a single amino acid at the carboxy-terminal end
(Arg versus Pro). The extraordinary high sequence conser-
vation between two species which diverged in evolution
about 5 to 10 million years ago emphasizes the vital role of
this kinase in eukaryotic cells and suggests that residues
outside the well-defined sequence motifs in the catalytic and
regulatory domains are essential for the proper function of
the enzyme. It will be of interest to determine whether other
members of the CaM kinase II family show the same high
degree of sequence conservation.

The genomic organization of Camk-2 seems to be rather
complex. The 3' untranslated region and about four-fifths of
the coding region which has been analyzed so far consist of
16 exons distributed along 28 kb of cellular DNA (Fig. 3). A
direct comparison with other members of the CaM kinase II
family is not possible, as their exon/intron structure is not
known. However, a few observations should be mentioned
that might be relevant to the evolution of this gene family.
The a and B subunits of rat CaM kinase II are transcribed
from distinct genes. Their strong similarity, however, sug-
gests that they diverged recently in evolution. The major
difference between the cDNAs of the « and B subunits is the
absence from o of two segments (5). The first segment
(amino acid residues 316 to 339; Fig. 1) corresponds to exon
IX and the second segment (amino acid residues 354 to 392;
Fig. 1) corresponds to exons VI and VII of the mouse B gene
(Fig. 3), suggesting that deletion or insertion of exons might
have contributed to the evolution of these two genes from a
common ancestral gene. Deletion of an exon can also explain
the generation of the B’ subunit, a minor 58-kDa subunit
identical to the B subunit except for a deletion of 15 amino
acids (5). These 15 amino acids are encoded by exon VI (Fig.
3), strongly suggesting that the B’ transcript is generated by
alternative splicing of the B gene transcript, resulting in the
deletion of exon VI. In mouse brain RNA, about 10% of the
Camk-2 transcripts are missing the 45 nucleotides of exon VI
and therefore code for the B’ subunit (11a).

A fairly well defined domain within the CaM-dependent
protein kinases is the calmodulin-binding site. In the g CaM
kinase II, as in many other CaM-binding proteins, this
domain consists of a basic a helix which, in a helical wheel
projection, forms a basic and a nonpolar surface (for a
review, see reference 21). The core sequence of the CaM-
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binding domain of the B subunit is underlined in Fig. 1. The
bipartite character of this domain is emphasized by the fact
that it is split into two exons in such a way that the basic part
(R-297RKLK-301) is in one exon and the nonpolar part
(G-302AJLTTMLA-310) is in another exon.

The Camk-2 gene is expressed during embryonic develop-
ment, and transcription is first seen in the head of 12.5-day-
old embryos, that is, around the time when neurodifferenti-
ation in the mouse begins (26). The observation that Camk-
2-specific transcripts are not detected in the rest of the
embryo after removal of the head indicates that the gene is
not expressed in the spinal cord. However, more detailed
analysis by in situ hybridization is needed to examine the cell
type and exact stage of Camk-2 activation. In the adult
mouse, the Camk-2 gene is expressed more or less exclu-
sively in the brain. Minor transcripts seen in the skeletal
muscle might be due to the fact that the probe used cross-
hybridizes with a skeletal muscle CaM kinase II. The expres-
sion pattern in the adult mouse is in agreement with previ-
ously described results for the rat (5, 32). Furthermore, as in
the rat, the transcription level of Camk-2 in mouse brain is
very high and comparable to levels of the neurofilament
genes (data not shown). This observation has led to the
speculation that Camk-2 has a structural function in addition
to its enzymatic function (30). The cloning and characteri-
zation of the mouse gene described here will allow us to test
this hypothesis by targeted mutagenesis of the gene in
embryonal stem cells and by establishing transgenic mouse
strains that express no Camk-2 or an altered form of Camk-2.
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