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Biochemical and Cellular Characteristics of the Four
Splice Variants of Protein Kinase CK1a From
Zebrafish (Danio Rerio)
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Abstract Protein kinase CK1 (previously known as casein kinase I) conforms to a subgroup of the great protein
kinase family found in eukaryotic organisms. TheCK1 subgroup of vertebrates contains sevenmembers known as a, b, g1,
g2, g3, d, and e. TheCK1a gene can generate four variants (CK1a, CK1aS, CK1aL, andCK1aLS) through alternate splicing,
characterized by the presence or absence of two additional coding sequences. Exon ‘‘L’’ encodes a 28-amino acid stretch
that is inserted after lysine 152, in the center of the catalytic domain. The ‘‘S’’ insert encodes 12 amino acid residues and is
located close to the carboxyl terminus of the protein. This work reports some biochemical and cellular properties of the
four CK1a variants found to be expressed in zebrafish (Danio rerio). The results obtained indicate that the presence of the
‘‘L’’ insert affects several biochemical properties of CK1a: (a) it increases the apparent Km for ATP twofold, from �30 to
�60 mM; (b) it decreases the sensitivity to the CKI-7 inhibitor, raising the I50 values from 113 to �230 mM; (c) it greatly
decreases the heat stability of the enzyme at 408C. In addition, the insertion of the ‘‘L’’ fragment exerts very important
effects on some cellular properties of the enzyme. CK1aL concentrates in the cell nucleus, excluding nucleoli, while the
CK1a variant is predominantly cytoplasmic, although some presence is observed in the nucleus. This finding supports the
thesis that the basic-rich region found in the ‘‘L’’ insert acts as a nuclear localization signal. The ‘‘L’’ insert-containing
variant was also found to be more rapidly degraded (half-life of 100 min) than the CK1a variant (half-life of 400 min) in
transfected Cos-7 cells. J. Cell. Biochem. 86: 805–814, 2002. � 2002 Wiley-Liss, Inc.
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Protein kinase casein kinase 1 (CK1) con-
forms to a subgroup of the great protein kinase
family of enzymes that is present in all eukar-
yotes [Hanks and Hunter, 1995]. CK1 is mainly
a ser/thr kinase although it can phosphorylate
certain tyrosine residues at low efficiency. In
mammals there are seven different genes that
code for CK1 isoforms: a, b, g1, g2, g3, d, and e
[Reviewed in Gross and Anderson, 1998]. These
isoforms are 50% identical in their catalytic
domain but differ greatly at the carboxyl end.

The a and b isoforms are the smallest (37 and
39 kDa), whereas the remaining five isoforms
vary from 45 to 49 kDa and have extended
carboxyl regions that include some autophos-
phorylation sites that can regulate their activity
[Rowles et al., 1991; Graves et al., 1993; Fish
et al., 1995; Cegielska et al., 1998]. CK1 iso-
forms have been involved in a variety of physio-
logical and cellular processes of great interest
such as circadian rhythm [Kloss et al., 2001],
Wnt signaling [Peters et al., 1999; Liu et al.,
2002], neurotransmission [Liu et al., 2001],
DNA repair [Ho et al., 1997], vesicle trafficking
[Murakami et al., 1999], and T-cell regulation
[Zhu et al., 1998; Marin et al., 2002]. There are
also a large number of other substrates that
have been shown to be phosphorylated by CK1.

Studies on the amino acid sequence require-
ments for phosphorylation of peptides by CK1
isoforms demonstrate that these enzymes have
a high preference for substrates that contain
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phosphoserine or phosphothreonine in position
�3 regarding the acceptor serine or threonine
(pS/pTXXS*/T*, where pS and pT denote phos-
phorylated serine and threonine, S*/T* the
phosphorylatable serine or threonine and X,
any amino acid) [Flotow et al., 1990; Meggio
et al., 1991, 1992]. This property is the basis for
the participation of CK1 in hierarchical or
‘‘primed’’ phosphorylation in which a substrate
is first phosphorylated by another kinase before
it can be acted upon by CK1 [Flotow and Roach,
1989; Flotow et al., 1990]. Other notable exam-
ples of kinases that can be primed to phosphor-
ylate physiological substrates are CK2 [Allende
and Allende, 1995] and GSK-3 [Frame and
Cohen, 2001; Harwood, 2001]. It is, therefore,
interesting that CK1 and these other kinases
may be able to prime each other [Liu et al.,
2002]. However, CK1 does not only phosphor-
ylate previously phosphorylated peptides. De-
tailed analysis of protein substrates and model
peptides has demonstrated that the presence of
acidic amino acid residues at position �3 from
the target serine or threonine also defines a
consensus sequence for this family of enzymes
(D/EXXS*/T*) and that the presence of other
acidic residues surrounding the�3 position also
increases the efficiency of the target sequence
[Flotow and Roach, 1991; Pulgar et al., 1999].

The CK1a isoform has been found to contain
several splice variants in rat [Zhang et al.,
1996], chicken [Green and Bennet, 1998], and
human [Tapia et al., 1994; Fish et al., 1995;
Yong et al., 2000]. These variants, which result
in the incorporation of two short inserts, can
generate four different CK1a structures. The
longer insert (28 aa) which is called L, is posi-
tioned in the middle of the catalytic domain
while the shorter variable insert (S), is located
very close to the carboxyl end.The four variants,
therefore, are CK1a, CK1aL, CK1aS, and
CK1aLS (Fig. 1A).

In this communication, we present the clon-
ing and sequence of the four splice variants of
zebrafish (Danio rerio) CK1a and studies on
their biochemical and cellular characteristics.
The variants containing the L insertion were
found to be more sensitive to temperature in-
activation and to have an apparent Km for ATP
significantly higher than the variants that lack
this insertion. Similarly, the CK1a forms con-
taining the L sequence were less sensitive to
CKI-7, a specific inhibitor of CK1. The most
dramatic difference of these variants, however,

was their subcellular localization, since a var-
iant containing the L insert, CK1aL, was predo-
minantly concentrated in the nucleus, while the
CK1a variant, which lacks this insertion, was
predominantly cytoplasmic. Metabolic labeling
of transfected CK1a splicing variants demon-
strated that the presence of the L insert caused
the enzyme to be more rapidly degraded com-
pared to the variant lacking this insert.

MATERIALS AND METHODS

[32P-g]ATP, [32P-a]dATP, [32P-a]dCTP, and
EasytagTM EXPRE35S35S Protein Labeling Mix
[35S]were obtained fromNewEnglandNuclear.
Restriction enzymes were from Promega. Oli-
gonucleotides were synthesized at Oligopép-
tido, Faculty of Medicine, Universidad de
Chile. Anti-HA monoclonal antibody (F-7) was
from Santa Cruz and anti-mouse IgG conju-
gated to fluorescein isothicyanate (FITC) was
from DAKO, as well as the fluorescent mount-
ing medium. DMEM (complete and without
L-Met/L-Cys) was from Sigma. Niþþ-nitrilotri-
acetate (NTA)-agarose was obtained from
Qiagen and FuGeneTM transfection reagent was
from Roche Biochemicals. BCA Protein Kit was
from Pierce. The dsDNA Cycle Sequencing
System was obtained from GIBCO BRL Life
technologies (actually Invitrogen).

Cloning and Expression of Zebrafish CK1a
Splicing Variants

A 24–48 h zebrafish embryo cDNA library in
lZAP (Stratagene) was screened using a 32P-
labeled 159 bp fragment derived fromaXenopus
laevis CK1a cDNA clone, obtained previously
in our laboratory [Pulgar et al., 1996]. Four
positive clones, two of which encoded CK1a and
the other two, CK1aS, were obtained. Primers,
P1 (50GCCGTCACTGTAATAAG30) and P2
(50GACCAAAATCGATAAGGA30), flanking the
L sequence insertion site, were designed based
on the nucleotide sequence of the clones isolated
from the library, and used in RT-PCR experi-
ments to amplify the L exon. The corresponding
fragment obtainedwas sequenced and used as a
probe to screen the zebrafish library. One clone
was obtained that was truncated at the 50 and 30

ends and which encoded a fragment of a CK1a
variant that contained the L insert. In order to
obtain complete cDNAs forCK1aLandCK1aLS,
this clone was digested with BglII and SalI and
ligated into CK1a and CK1aS clones previously
digested with the same enzymes.
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To obtain bacterial expression, the coding
sequence of the four splicing variants was
subcloned into pT7.7-H6 and introduced into
Escherichia coli BL21(DE3) cells by electropor-
ation.Cellsweregrownat378Ctoanabsorbance
at 600 nm of 1.0. Expression of 6His-tagged
proteins was induced overnight at 158C in the
presence of 0.2 mM isopropyl-b-D-thiogalacto-
side. Afterwards, cells were pelleted at 3,000g
for 20 min at 48C and cell pellets were re-

suspended in buffer A (50 mM HEPES, pH 8.0,
500 mM NaCl) containing 1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride (PMSF)
and 2 mg/ml each of leupeptin, aprotinin,
pepstatin A, and antipain. Lysozyme (1 mg/ml)
was added and cells were lysed for 1 h on ice.
Lysates were sonicated and centrifuged at
39,000g for 30 min at 48C. Supernatants were
combined with Niþþ-NTA-agarose and incu-
bated on a rocking platform for 1 h at 48C.

Fig. 1. The four variants of zebrafish CK1a. (A) Scheme depicting the overall structure of the four splicing
variants of zebrafishCK1a:a,aS,aL, andaLS. (B) Coding regionof zebrafishCK1aLS cDNA.Deducedamino
acid sequence is shown below the nucleotide sequence. Nucleotide and amino acid sequence of L and S
inserts are boxed.
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Suspensions were mounted on 5-ml columns
and resin was washed with 40 vol buffer B
(50 mMHEPES, pH 7.5, 0.2 M NaCl, 1% Triton
X-100), followed by 20 vol buffer B with 10 mM
imidazole. Recombinant proteins were batch-
eluted with 10 vol buffer B containing 200 mM
imidazole.

Genomic Structure of the Variable Inserts

The overall genomic structure of the zebrafish
CK1a gene has been elucidated and will be
published elsewhere (Antonelli et al., in pre-
paration). The positioning of the inserts in-
troducedbyalternativesplicingwasdetermined
byPCRamplificationof zebrafishgenomicDNA.
The sequences of exon–intron boundaries were
determined by comparing the sequence of geno-
mic DNA and the cDNA sequence of the zebra-
fish CK1a gene. Genomic DNA was isolated
from adult zebrafish caudal fin as described
inWesterfield [1993]. Inserts L and S were
amplified by PCR using specific primers
obtained from the CK1a cDNA sequence (insert
L: 50TCGAGTATGTGCACACAAAAA30 and
50GCCTGTGAGGTTTTTGTCTTC30; insert S:
50TTGACTGGACCATGCTGAAGCAGA30 and
50ACAGGAAAAAGGTTGCCCACAG30).

RT-PCR Amplification of mRNA of CK1a
Splice Variants

Total RNA was isolated from adult zebrafish
using the TriZolTM Reagent (Invitrogen). One
microgram RNA was reverse-transcribed with
SuperscriptTM reverse transcriptase (Invitro-
gen), using an oligo(dT) primer and cDNAswere
amplified by PCR using P1 (described above)
and P3 (50TGGTGAATTTGATCCTAG30) pri-
mers. Reactions were analyzed on a 3% agarose
gel stained with ethidium bromide.

Kinase Assays and Determination of
Apparent Km Values

Standard reaction mixes contained 5–20 U of
enzyme (1 U was defined as the amount of en-
zyme required to transfer 1 pmole/min of phos-
phate from ATP to b-casein), 50 mM [32P-g]ATP
(1,000–2,000 cpm/pmole), and 5mg/ml b-casein
in kinase buffer, consisting of 50 mM HEPES,
pH 7.5, 150 mM NaCl, and 10 mM MgCl2, in a
total volume of 30 ml. The reaction was started
by the addition of ATP and stopped after 10min
at 378C, by adsorption onto phosphocellulose
paper. Papers were washed three times for
10 min in 75 mM phosphoric acid, dried, and

radioactivity determined by scintillation. When
used, inhibitors were added before ATP.

Transfection of Cultured Cos-7 Cells and
Immunofluoresence

Cos-7 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS) on
coverslips in 60 mm plates at 378C and 5% CO2.
At 50–90% confluency, cells were transfected
with 4 mg DNA from CK1a or CK1aL constructs
in pCEFL-HA vector, using the FuGene trans-
fection reagent, according to manufacturer’s
directions. At 48 h post-transfection, cells at-
tached to coverslips were washed three times
with PBS and fixed in 3.7% p-formaldehyde for
5 min. After three PBS washes, cells were per-
meabilized for 5 min in methanol at �208C,
washed again and incubated 10 min in PBS
containing 1% skim milk. Cells were then
incubated in a 1:25 dilution of monoclonal
anti-HA in PBS for 45 min at 378C. After three
PBSwashes, cells were incubated in a 1:50 dilu-
tion in PBS of anti-mouse IgG conjugated to
fluorescein isothiocyanate (FITC) for 45 min at
378C. Cells were washed three times in PBS,
incubated 3 min in 5 mg/ml propidium iodide
(PI), washed again, and mounted onto glass
slides in fluorescent mounting medium. Fluor-
escent images were obtained on a Zeiss Axio-
phot confocal microscope.

Pulse-Chase Experiments

Cos-7 cells were transfected as described
above, without the coverslips. At 32 h post-
transfection, cellswerewashed thoroughlywith
sterile PBS and DMEM lacking L-methionine
and L-cysteine, supplemented with 10% FBS
and 0.1 mCi/ml [35S]methionine/cysteine was
added. Cells were labeled 16 h at 378C, after
which theywerewashed thoroughlywith sterile
PBS.Mediumwas replaced by coldDMEM/FBS
containing excess non-radioactive L-methionine
and L-cysteine and samples were collected
by scraping at 0, 30, 60, 110, and 300 min.
Detached cells were washed in PBS and incu-
bated for 30 min on ice in lysis buffer (50 mM
Tris-HCl, pH 7.5, 100mMNaCl, 1%NP-40, 10%
glycerol, 1 mM sodium vanadate, 1 mM PMSF)
containing 2 mg/ml each of leupeptin, aprotinin,
pepstatin A, and antipain. After pelleting the
lysates at 14,000g in microfuge, protein con-
centration was determined with the use of the
BCAProteinAssayKit (Pierce). A total of 200 mg
protein from each lysate was immunoprecipi-
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tated with 2 ml of monoclonal anti-HA antibody
for 1 h at 48C on a rocking platform. Twenty
microliters of 50% protein G-agarose was added
and incubation proceeded overnight. Immuno-
precipitates were washed five times with lysis
buffer and 30mg of total proteinwas analyzed on
a 10% denaturing SDS–PAGE gel. The gel was
dried and exposed for 5 days at�708C to Kodak
BIOMAX MS film. Relative amounts of labeled
protein were determined by densitometric ana-
lysis, using a stable protein band as an internal
standard.

Sequencing

The cDNA clones and other constructs were
sequenced by PCR with the use of the dsDNA
Cycle Sequencing System, based on the Sanger
et al. [1997] method. The sequence of the
CK1aS, CK1aL, and CK1aLS cDNA clones can
be accessed at GenBank with the accession
numbers AY116143, AF516329, and AF516328,
respectively.

RESULTS

Four Splice Variants of CK1a in Zebrafish

Using probes derived from theX. laevisCK1a,
previously cloned in our laboratory, [Pulgar
et al., 1996], a cDNAlibraryof zebrafishembryos
was screened and clones encoding the four iso-
forms were isolated or constructed as described
in Materials and Methods.
Figure 1B shows the nucleotide sequence of

the coding region of the cDNA coding for the
CK1aLS isoform of zebrafish (D. rerio). In the
same figure, the corresponding amino acid se-
quence for theCK1aLSprotein is indicated. The
stretches corresponding to theLandSexons are
boxed. In Figure 1A, we see the schemes cor-
responding to the four isoforms of zebra fish

CK1a, CK1aL, CK1aS, and CK1aLS. The total
genomic structure of the CK1a gene of D. rerio
was determined and found to contain 11 exons
interrupted by 10 introns and to span 25 kb
[Antonelli et al., in preparation]. The exon
containing the L insert corresponds to exon 5.
On the other hand, the S insert (amino acids
352–363) is encoded by the C-terminal portion
of exon 10, which codes for amino acids 315–363
(Fig. 1). In CK1a and CK1aL, a splice site
contained in nucleotides 1,053-1,054 of this
exon is used to splice out the S insert-encoding
sequence, together with intron 10 and to join
amino acid 351 to the carboxyl-terminal GF
sequence present in the last exon (Exon 11).
Figure 2 gives the corresponding donor and
acceptor sequences of the alternatively spliced
variants.

Figure 3 shows an RT-PCR amplification of
total RNA obtained from adult zebrafish in
which primers were designed to test the pre-
sence of mRNA representing the four splice
variants of CK1a. It can be seen that the most

Fig. 2. Scheme of the variant splice sites used to generate the L and S inserts of CK1a. The exon sequence is
represented by uppercase letters and the intron sequence by lower case letters. The canonical consensus
splice sites, ag at the 30 splice site and gt at the 50 splice site, are in boldface. Exon sequences are in boxes. ‘‘S’’
insert is indicated by boldbox.

Fig. 3. RT-PCR amplification of adult zebrafish total RNA. One
microgram of RNA was reverse-transcribed using oligo(dT)
primer and the resulting cDNA was amplified by PCR using the
primers P1 and P3 described in Materials and Methods. The
amplification products were analyzed on a 3% agarose gel. In
lane 1, the position of 100 bp DNA ladder standards is shown,
with respective sizes (M). Lane 2 depicts the amplification
products of the RT-PCR.
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abundant variant is CK1a, which lacks both of
the alternative exons. The forms that contain
one of the two inserts, aS and aL, exhibit a
similar level of expression, while the mRNA for
the longest form, CK1aLS, is much less abun-
dant compared to the others.

Biochemical Characterization of the Four
Splice Variants of CK1a

Apparent Km for substrates. The ques-
tion arises as to whether the insertion of L or S
can affect the biochemical properties of the
CK1a enzyme. In order to address this issue, the
cDNAs corresponding to the four splice variants
of CK1a were introduced in the vector pT7-
7H6 and expressed in E. coli BL-21 with an
N-terminal (His)6 tag in order to facilitate their
purification on Niþþ-NTA-agarose columns.

The apparent Km values of substrates for the
four CK1a splice variants are shown in Table I.
There are no significant differences in the appa-
rent Kms of the variants for protein or peptide
substrates.However, a consistent twofold incre-
ase is observed in the apparent Km for ATP by
the two forms that contain the ‘‘L’’ insert as
compared to those variants lacking this sequ-
ence. The doubling of the Km values for ATP by
thevariants containing the ‘‘L’’ insertwasrepro-
ducibly observed in three separate experiments.

Response to Inhibitors

Copolyglutamic and tyrosine (poly[Glu80:
Tyr20]) are synthetic peptides that can act as
strong inhibitors of CK1 and CK2 [Tellez et al.,
1990; Pulgar et al., 1996]. The inhibition of the
four variants was essentially similar with poly
[Glu80:Tyr20], with a slightly higher sensitivity
displayed by the L variants (not shown). How-
ever, the variants containing the L insert are
significantly less sensitive to the inhibitor CKI-
7 than the shorter forms as can be seen in
Figure 4. The I50 of CKI-7 for CK1a and CK1aS
is 113 mM, while the I50 values for CK1aL and
CK1aLS are 236 and 224 mM, respectively.

CKI-7 is a well characterized specific inhibitor
of CK1 that is known to act as an analogue of
ATP [Chijiwa et al., 1989].

Thermal Stability

The inactivation by incubation at 408C of the
four variants during different periods of time is
shown in Figure 5. It can be seen that the
variants with the L insert are inactivated more
rapidly, reaching 50% activity after �2 min,
while the variants that lack this insert take
about 8 min to reach a similar level of activity.

Fig. 4. Inhibition of CK1a splicing variants by CKI-7. Initial
velocity was measured in triplicate under standard assay
conditions and in the presence of increasing concentrations of
CKI-7. Each point was normalized against controls containing
the corresponding concentration of DMSO.

Fig. 5. Thermal stability of CK1a splicing variants at 408C.
Reaction mixes, containing all the reagents but ATP, were
incubated for different periodsof timeat 408C, afterwhich [32P-g]
ATP was added and the kinase reaction was carried out as
described in Materials and Methods, at 308C for 10 min.
Determinations were carried out in triplicate.

TABLE I. Apparent Km Values of Zebrafish
CK1a Splicing Variants Towards Different

Substrates

CK1a CK1aS CK1aL CK1aLS

b-Casein (mg/ml) 1.23 1.03 1.58 1.23
PPI 2 peptidea (mM) 228 235 237 227
Phosvitin (mg/ml) 3.21 2.75 2.48 2.42
ATP (mM) 33 30 69 55

aRRKDLHDDEEDEAMSITA.

810 Burzio et al.



Cellular Localization

The splice variants CK1a and CK1aL were
subcloned into the eukaryotic vector pCEFL-HA
and transfected into Cos-7 cells. The resulting
ectopically expressed proteins contained an N-
terminal [HA] tag, which allows their detection
by immunofluorescence using anti-HA antibod-
ies. The confocal microscope images shown in
Figure 6 demonstrate the results obtained using
this approach.A very clear difference is observed
between the short form CK1a and the longer
CK1aL variant in their cellular localization.
CK1aL is predominantly nuclear, as can be

clearly observed by co-localization with the
specific nuclear stain (PI), while a small portion
of the protein is distributed in the cytoplasm.
TheCK1a variant is present throughout the cell
predominantly in the cytoplasm and, in some
cases, this variant seems tobe excluded fromthe
nucleus. It is very clear also that both variants
are absolutely excluded from nucleoli.

Turnover of Labeled Variants

There is currently no information available
on the turnover of CK1a in living cells. In order

to study this parameter, Cos-7 cells transfected
with HA-CK1a and HA-CK1aL were metaboli-
cally labeled with amixture of [35S]-methionine
and [35S]-cysteine, followed by a chase with un-
labeled amino acids. Radioactivity associated
with the variants was analyzed by SDS–PAGE
and autoradiography of immunoprecipitates of
lysates from cells submitted to different chase
periods. The results, presented in Figure 7,
show that the drop in radioactivity of the CK1a
variant that lacks the L insert is much slower
than the variant containing this sequence.
CK1aL is degraded more rapidly, displaying a
half-life of 100min,whileCK1a showsahalf-life
of 400 min.

DISCUSSION

The work presented above has defined the
existence of four alternatively spliced variants
of CK1amRNAs in zebrafish (D. rerio). The only
other species where these same four variants
had been previously isolated is chicken
(G. gallus) [Green and Bennet, 1998]. In bovine
and human the existence of the CK1aL variant
has been identified [Rowles et al., 1991; Yong

Fig. 6. Immunolocalization of transfected CK1a and CK1aL.
Cos-7 cells were transfectedwith Pcefl-HAconstructs containing
the CK1a or the CK1aL cDNA and, 48 h post-transfection, cells
were fixed and incubatedwithmonoclonal anti-HA, followed by
polyclonal anti-mouse IgG conjugated to FITC as described in

Materials and Methods. Cells were finally stained with PI,
mounted in fluorescent mountingmedium and analyzed under a
Zeiss Axiophot confocal microscope. The images of FITC and PI
fluorescence are shown, together with an overlay of both
flourophores. Bars represent 10 mM.
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et al., 2000] and the S insertion has been re-
ported in human [Tapia et al., 1994; Fish et al.,
1995]. The data on the human genome localiz-
ed the CK1a gene to chromosome 5 and ESTs
have demonstrated the expression of the four
variants.

The cloning of these CK1a variants from
zebrafish demonstrates again the extremely
high degree of conservation of the sequence of
CK1a in vertebrates. Zebrafish CK1a is iden-
tical to the enzyme from human, bovine, or X.
laevis with only one amino acid difference. The
‘‘L’’ insert which is encoded by exon 5 of the
zebrafish gene has only three amino acid
changes in a total of 28 amino acids, compared
to chicken, rat, and human. The ‘‘S’’ insert,
which is encoded by a portion of exon 10 of the
zebrafish gene, contains a single differencewith
respect to chicken. It is interesting to note that
the infrequent alternate splicing that deletes
the ‘‘S’’ part of exon 10 to give rise to CK1a and
CK1aL occurs in exactly the same position in
the human CK1a gene, which is located on
chromosome 5. A study of the boundary sequ-
ences between exons and introns in those that
arealternativelyspliceddemonstratesthat these
conform to the canonical sequences that have

been established for splice donor and acceptor
sites [Antonelli et al., in preparation].

The recently published human genome data
was surprising with regards to the small
number of genes in vertebrates as compared to
those of what we consider simpler organisms
such as Drosophila melanogaster and Caenor-
habditis elegans. This finding brought us to the
realization of the importance of other mechan-
isms that contribute to cellular and organismic
complexity. One of these mechanisms is alter-
nate splicing of mRNAs, which can generate
several different protein products out of one
gene. For this reason, it has become important
to analyze the different properties that proteins
can acquire through alternate splicing. In the
case of CK1a, the ‘‘L’’ insert is especially inter-
esting because it is situated within the catalytic
kinase domain, between regions VIb and VII,
conserved in all kinases, and in close proximity
to the ‘‘hinge’’ segment that separates the N-
terminal b-sheet domain from the carboxyl a-
helical domain. Analysis of hundreds of kinase
sequences demonstrates that an insertion of
this magnitude in this region is rather unique.
On the other hand, the carboxyl extension
accomplished through the insertion of ‘‘S’’ is
quite common, and various species of CK1 have
rather long extensions at this end. In CK1d and
CK1e, the carboxyl-terminal domains contain
autophosphorylation sites that negatively reg-
ulate their activity [Graves and Roach, 1995;
Cegielska et al., 1998].

Bioinformatic searches of the databanks for
possible similarities of the ‘‘L’’ insert sequence
to the sequences found in other protein domains
yielded some suggestive results. The most ob-
vious one is the possibility that the basic amino
acid cluster spanning residues 8–11 of the
insert (residues 160–163 in the protein) may
act as a nuclear localization signal. As it was
demonstrated by the studies presented above in
transfected Cos-7 cells, it is clear that the pre-
sence of the ‘‘L’’ insert confers the protein the
ability to concentrate in the cell nucleus, while
the absence of the insert renders this protein
mainly cytoplasmic.

While this work was in progress, Fu et al.
[2001] reported a similar study using the four
chicken splice variants of CK1a transfected into
Cos-7 and 3T3 cells. These authors also found
that the presence of the ‘‘L’’ insert targets the
enzyme to the nucleus. In contrast, the protein
lacking the ‘‘L’’ insert was excluded from the

Fig. 7. Determination of CK1a and CK1aL half-lives by pulse-
chase labeling of transfected cells. Cos-7 cells transfected with
HA-taggedCK1a andCK1aLweremetabolically labeled for 16 h
with a mixture of [35S]Met and [35S]Cys, after which cells were
washed thoroughly and incubated in a medium containing an
excess of unlabeled L-methionine and L-cysteine. Samples were
collected at the indicated times and processed as described in
Materials and Methods. (A) Autoradiography of immunoprecipi-
tates of HA-CK1a andHA-CK1aL obtained at T0 and 30, 60, 110,
and 300 min of chase. (B) Graphic representation of labeled
protein decay, as determined by densitometric analysis. Half-life
was 97 min for CK1a L(o) and 400 min for CK1aL.
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nucleus in this work. This latter observation is
at variance with our results, in which CK1a
is found to be predominantly cytoplasmic but
is clearly not excluded from the nucleus and
CK1aL shows a faint but consistent presence
throughout the cytoplasm. A possible reason for
this discrepancy is the type of tag attached to
the CK1a constructs. Fu et al. [2001] used a
fusion with the green fluorescent protein while
we used the small [HA] epitope. The molecu-
lar masses of CK1a and CK1aL are 37.5 and
40.8 kDa, respectively, which could allow pas-
sive diffusion of the proteins into the nucleus
[Allen et al., 2000]. The addition of a large fusion
protein such as GFP may prevent such passive
transport into this organelle. The HA epitope
adds only 1 kDa of mass, which would not
interfere with this transport.
The ‘‘L’’ insert was also found to contain a

sequence,CLESPVGKR,which is similar to a
sequence found in rhodopsin kinase C L E Q P I
G K R. This similarity is intriguing because
CK1a, like rhodopsin kinase, has been found to
phosphorylate the rhodopsin receptor and other
‘‘G’’ protein-coupled receptors in a ligand-
dependent manner [Tobin et al., 1997; Waugh
et al., 1999]. The authors of these reports have
not specified which variant of CK1a is involved
in those phosphorylations.
Another rather important difference between

the variantswas observed on the turnover of the
proteins in experiments in which transfected
cells were labeledwith [35S], followed by a chase
with cold medium. The decay rate of the labeled
CK1aL protein was four times that of CK1a.
This is an important factor in governing the
relative abundance of the splicing variants in
cells that express these various forms of CK1a.
In addition to the interesting effects on

cellular localization and degradation rate, the
‘‘L’’ insertion exerts someother effects on thebio-
chemical properties of the protein. The results
presented above demonstrate that the nucleo-
tide binding pocket of the enzyme is affected by
the ‘‘L’’ insert, increasing both the apparent Km
for ATP and the I50 concentration of the CKI-7
inhibitor, which competes for the nucleotide-
binding site. This insert also decreases the
thermal stability of the enzyme, rendering it
four times more thermolabile than the variants
that lack this sequence. Zhang et al. [1996] had
previously reported that CK1aL displayed a
muchhigherKm for phosvitin thanCK1a, while
Yonget al. [2000] reported the inverse situation.

We observed no significant difference in the
apparent Km for b-casein, phosvitin, and the
model peptide specific for CK1 phosphorylation
among the different splice variants. The ‘‘L’’
insert-containing variants did, however, exhibit
a higher specific activity towards b-casein, in
concordance with the results of Zhang et al.
[1996]. It is possible that there may exist
differences in the relative activity of the CK1a
variants with other more physiological sub-
strates that we have not tested. One possibility
for this difference may be that the ‘‘L’’ or ‘‘S’’
inserts might provide ‘‘docking sites’’ for some
substrates [Holland and Cooper, 1999]. How-
ever, no great differences in the activity of the
variants were observed when tested with NF-
AT4 peptides that contain a functional ‘‘docking
site’’ that stimulates phosphorylation in a
separate non-canonical site [Marin et al., 2002].

Most of the work that has implicated CK1a in
important physiological processes such as NF-
AT4 phosphorylation [Zhu et al., 1998], Wnt
signaling, and the phosphorylation of b-catenin
[Liu et al., 2002] and a-centaurin binding
[Dubois et al., 2001] has not concerned itself
with specifying the splice variant of CK1a
responsible for the activity observed. The work
of Fu et al. [1999], however, has shown that only
the short variants, CK1a and CK1aS, bind to
neurofilaments obtained from chicken neurons.
It seems pertinent, therefore, to further define
the functional difference of these protein pro-
ducts of the same gene.
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