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Phosphorylated serine- and arginine-rich (SR) proteins are
components of the splicecosomal complex, and have been
implicated in the control of alternative splicing. Kinases that
regulate the phosphorylation and possibly the intranuclear
distribution of SR proteins may therefore contribute to changes
in choice of splice site. We have cloned three mouse cDNAs with
high sequence identity to the family of LAMMER kinases (i.e.
kinases carrying the conserved signature EHLAMMERILG in
the catalytic domain). A comparison of their amino acid
sequences revealed two related subfamilies with high evolutionary
conservation. We have compared the expression patterns of these
proteins in mouse tissues and transformed cell lines with that of

a previously cloned family member (mCLK1/STY), and detected
various transcripts for each gene. This underlines previous
findings of alternative splicing of mclk1/STY. Our results suggest
that the proportions of products for each gene are regulated
independently. We further demonstrate that all variants encode
autophosphorylating proteins that can phosphorylate several
biochemically purified SR proteins in vitro, leading to hyper-
phosphorylation of at least one SR protein in vivo. The observed
tissue distributions and substrate specificities suggest that these
kinases may all be constituents of a network of regulatory
mechanisms that enable SR proteins to control RNA splicing.

INTRODUCTION

The phosphorylation of proteins on serine/threonine and/or
tyrosine residues is now well established as a principal mechanism
in the control of many cellular functions, such as the cell cycle,
differentiation and signal transduction. Recently, a family of
highly phosphorylated proteins, the so-called serine- and
arginine-rich (SR) proteins, have become a focus of interest due
to their role in the regulation of splicing [1]. SR proteins [2] were
originally characterized by a shared epitope that cross-reacts
with the monoclonal antibody mAb104, at least one N-terminal
RNA recognition motif and a basic C-terminal domain rich in
serine and arginine residues, often arranged in tandem repeats
[3]. Since that time, many more potential SR proteins or SR-like
proteins have been identified using different monoclonal anti-
bodies, so that the number of such proteins may well reach 80 or
more [4]. There is evidence that the SR domain is involved in
protein—protein interactions [5] as well as protein—RNA inter-
actions [6], and may serve as a localization signal directing
proteins to nuclear speckles [7].

Experiments suggesting that spliceosome assembly requires
phosphorylation [8], whereas splicing catalysis is inhibited
by phosphorylation [9], led to a search for kinases involved in the
regulation of the splicing machinery, especially of SR proteins.
Two enzymes (SRPK1 and topoisomerase I) were identified
biochemically as kinases that phosphorylate SR proteins [10,11].
Recently, a CDC2-like kinase from mouse, mCLK1 (or STY),
was shown by a yeast two-hybrid screen to interact with the SR
proteins SRp20 and SRp30a (ASF/SF2) and with the RNA
binding proteins heteronuclear ribonucleoprotein G and ribo-
nucleoprotein S1. Furthermore, mCLK1 was shown to phos-
phorylate ASF/SF2 in vitro and to influence the localization of

SR proteins in vivo [12]. mCLK1 or STY is a dual-specificity
kinase that was originally isolated in an anti-phosphotyrosine
antibody screen of mouse expression libraries [13,14], and human
(hCLK1, hCLK2 and hCLK3), plant (AFC1, AFC2 and AFC3)
and fly [DOA (‘darkener of apricot’)] homologues have since
been found [15-18]. All previously identified family members
carry the conserved signature EHLAMMERILG in the catalytic
domain, and were hence classified as LAMMER kinases [18].
The N-terminal domain is rich in serine and arginine residues,
whereas the catalytic domain contains amino acids that are
conserved in CLKs [13].

Both mCLK1 and the Drosophila homologue DOA display
extensive regulation at the pre-mRNA processing level, each
having two alternatively spliced products coding for either the
full-length catalytically active protein or a truncated protein
lacking the catalytic domain [18,19]. Identical splice forms were
also found for human homologues [16]. The ratio of these splice
products appears to be regulated developmentally in Drosophila
[18], and in a tissue- and cell type-specific manner in mammals
[16,19]. In addition, the expression of several other, larger,
transcripts was observed to be differentially regulated, and these
were shown to represent partially spliced products [19]. The
biological role of CLKs was unclear due to the absence of known
endogenous substrates. However, this may have changed fol-
lowing the identification of SR proteins and RNA binding
proteins as interacting molecules [12].

In the present study, we provide the sequences of three novel
mouse homologues of mCLK1 and compare four CLKs from
one species with regard to sequence, expression pattern, catalytic
activity and subcellular localization. We also show that each
mCLK can phosphorylate biochemically purified SR proteins in
vitro and ASF/SF2 in vivo. We suggest that they may have

Abbreviations used: SR protein, serine- and arginine-rich protein; CLK, CDC2-like kinase (the prefixes m and h denote human and mouse
respectively); GST, glutathione S-transferase; DOA, ‘darkener of apricot’; RT-PCR, reverse transcription—PCR; LAMMER kinase, kinase carrying the
conserved signature EHLAMMERILG in the catalytic domain; F-MEL cells, Friend murine erythroleukaemia cells; GFP, green fluorescent protein.
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different or partially overlapping substrate specificities, which, in
addition to the regulation of their expression patterns, could
provide a further level of control of alternative splicing events.

EXPERIMENTAL
cDNA cloning of meclk1, meik2, melk3 and meilk4

Reverse transcription—-PCR (RT-PCR) reactions were performed
with 2 ug of total RNA prepared from confluent or differentiated
(day 7) mouse C2C12 myoblasts [20] using degenerate oligo-
nucleotide primers as described by Ciossek et al. [21]. Briefly,
2 ng of RNA was reverse-transcribed in the presence of 1 uM
degenerate antisense primer, 250 #M of each nucleotide and 75
units of Stratascript reverse transcriptase (Stratagene) in a total
volume of 20 xl for 30 min at 42 °C. Portions of 2 ul were used
in a PCR reaction with degenerate sense and antisense oligo-
nucleotides (1 xuM each), 25 uM of each nucleotide and 2.5
units of Tag polymerase (Boehringer). A total of 30 cycles were
performed at 94 °C for 1 min, 50 °C for 1 min and 72 °C for
1 min. Fragments of approx. 250 bp were gel-purified, cloned in
Bluescript (Stratagene) and sequenced.

The genes mclk2, mclk3 and mclk4 were cloned from a mouse
embryo 11.5 days post coitum AZAP cDNA library [21] using the
isolated PCR fragment as a probe according to manufacturer’s
instructions (final wash in 0.5xSSC/0.19%, SDS at 42°C)
(Stratagene). mclkl was cloned by RT-PCR from 1 ug of brain
poly(A)" RNA using the specific primers clkls—Bam (CGGG-
ATCCCTTCGCCTTGCAAGCTTTGTC) and clklas—EcoRI
(CGGAATTCCTAGACTGATACAGTCTGTAAG) (where s
and as denote sense and antisense respectively), and Pwo
polymerase (Boehringer).

DNA sequencing was performed by the dideoxynucleotide
chain-termination method [22] using Sequenase, reagents and
protocols supplied by United States Biochemical Corp.
Comparisons of the deduced protein sequences were carried out
using MacDNASIS PRO software (Hitachi). Amino acid align-
ments were carried out with a Waterman algorithm. The phylo-
genetic tree was calculated using the Higgins—Sharp algorithm
(CLUSTALA).

Fusion protein constructs

Full-length mclkl, mclk2, mclk3 and mclk4 cDNAs were first
subcloned by PCR in pGEX vectors (Pharmacia), creating in-
frame glutathione S-transferase (GST) fusion constructs using
the following primers for PCR: clkIs—Bam (as above); clkla-
s—Not, TATAGCGGCCGCTAGACTGATACAGTCTGT;
clk2s—Smal, TCCCCCGGGATGCCCCATCCCCGAAGGTA-
CCA; clk2as—Notl, TATAGCGGCCGCTCACCGACTGAT-
ATCCCGACTGGAGTC; clk3s—Smal, TCCCCCGGGGAG-
ACGATGCATCACTGTAAG:; clk3as—Notl, TATAGCGGC-
CGCGCTGGCCTGCACCTGTCATCTGCTGGG; clk4s—Ec-
oRI, CGGAATTCATGCGGCATTCCAAACGAACTC,
clk4as—Notl, TATAGCGGCCGCCCTGACTCCCACTCATT-
TCCTTTTTAA. The cDNAs encoding the fusion constructs
were then recloned in pcDNA3 (Invitrogen) by PCR using the
following GST upstream primers: GST-EcoRI, CGGAATT-
CCGCCACCATGGCCCCTATACTAGGTTAT (for clkl);
GST-HindIII, GCCAAGCTTGCCACCATGGCCCCTATAC
TAGGTTAT (for clk2, clk3 and clk4).

To clone the 6 x His-tagged constructs, we produced a
Bluescript vector containing an in-frame 6 x His stretch six
amino acids downstream of the initiating ATG of the lacZ gene.
The clk genes were then cloned in-frame into this vector by PCR,
using the following primers: clkI-Sacll, TCCCCGCGGCA-

ATGAGACATTCAAAGAGAACT; clk2-Sacl, GCGGAGC-
TCCATGCCCCATCCCCGAAGGTAC; clk3—Sacll, TCCCC-
GCGGCAATGCATCACTGTAAGCGATAC; clk4—Sacll,
TCCCCGCGGCAATGCGGCATTCCAAACGAACT; and
the antisense NotI primers described above. The 6 x His-tagged
fusion constructs were cloned in pcDNA3 (Invitrogen) by PCR
using the following primers: gal-Bam, GCGGATCCGCCA-
CCATGGCCGTGATTACGCCA (for clkl and clk3); gal-
HindIll, GCCAAGCTTGCCACCATGGCCGTGATTACGC-
CA (for clk2 and clk4).

All PCR reactions were performed using Pwo polymerase
(Boehringer). The integrity of the clones was checked by
sequencing and by a coupled transcription—translation assay
using T7 RNA polymerase and rabbit reticulocyte lysate, ac-
cording to the manufacturer’s protocol (Promega).

Preparation of mCLK1—mCLK4 mutants

mCLK 1-CLK4 mutants containing a lysine (K) to arginine (R)
substitution at positions 190 (mCLK1), 192 (mCLK?2), 186
(mCLK3) and 189 (mCLK4) were generated using a site-directed
mutagenesis protocol [23]. Oligonucleotide primers were as
follows: mCLK1-K190R, GTAGCAGTAAGAATAGTTAAA;
mCLK2-K192R, GTTGCCCTGAGGATCATTAAGAAT;
mCLK3-K186R, GTTGCCCTGAGGATCATCCGGAAT;
mCLK4-K189R, TACAATTCTCACTGCTACATGTAAGC
CATC.

RNA extraction and Northern analysis

RNA was extracted from frozen adult mice tissues or tissue
culture cells [24]. A 10 pug portion of total RNA was then
electrophoresed in 1.29, (w/v) agarose/formaldehyde gels and
transferred to Hybond N membranes (Amersham). Hybridization
was performed overnight in 50 9, formamide, 5 x SSC (750 mM
NaCl, 75 mM sodium citrate), 5 x Denhardt’s (0.1 %, Ficoll 400,
0.19% polyvinylpyrrolidone, 0.19, BSA), 0.29, SDS and
100 ug/ml salmon sperm DNA. For labelling, (1-3)x 10°
c.p.-m./ml **P-labelled random-primed DNA probe (Amersham
Megaprime kit) was used, followed by washes at 0.2 x SSC/0.1 9%,
SDS at 42°C. Blots were incubated with Hyperfilm-MP
(Amersham) at —80 °C for 2 weeks. Membranes were stripped
for re-use with boiling 0.1 9, SDS/water.

In vitro kinase reaction

[?*S]Methionine-labelled fusion proteins GST-mCLKI1 to
GST-mCLK4 were produced in a 50 ul coupled in vitro
transcription—translation reaction using the manufacturer’s
instructions (Promega).

Portions of 2 ul of each lysate were checked and quantified for
the amount of protein produced by SDS/PAGE and auto-
radiography. Equal amounts (usually 20-30 xl of lysate) were
added to 500 1 of PBS containing 1 mM PMSF, 10 xg/ml
aprotinin and 30 xl of GSH-Sepharose beads (Pharmacia) and
incubated on a rotating wheel for 2 h at 4 °C. This resulted in
quantitative binding of the fusion proteins. The beads were then
washed three times in 500 1 of PBS and once in 500 xl of kinase
assay buffer (20 mM Hepes, 10 mM MgCl,, | mM dithiothreitol,
200 uM sodium orthovanadate, 1 mM EGTA, pH 7.5). The
assay was carried out for 30 min at room temperature in 30 ul of
kinase assay buffer with 20 uM ATP, 4 uCi of [y-**P]JATP
(10 mCi/ml; Amersham), 1 xM Microcystin LR (Sigma) and
~ 2.5 ug of dephosphorylated SR proteins. The reaction was
stopped by adding 30 xl of 2 x SDS sample buffer. The samples
were boiled for 5 min, and then 15 xl portions were loaded on an
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SDS/15 9%-polyacrylamide gel. Following electrophoresis, the
gels were stained with Coomassie Blue, dried and exposed to
Hyperfilm-MP (Amersham) for 24 h. The [**S]methionine signal
was suppressed with 3M Whatman paper placed between the film
and the gel.

SR protein purification and dephosphorylation

SR proteins were purified from 5x 10° Friend murine erythro-
leukaemia (F-MEL) cells according to the protocol described
previously [3], and resuspended in buffer D [25]. The identity of
the proteins was checked by Western blot using mAb104 (results
not shown). Portions of 30 ul of SR proteins (~ 0.5 pg/ul) were
incubated on ice for 10 min in 0.7 mM MnCl, and 5 m-units of
protein phosphatase 1y catalytic subunit (Boehringer), followed
by 60 min at 30 °C [8]. Portions of 5 ul of dephosphorylated SR
proteins were used per assay.

To create an ASF/SF2-enhanced green fluorescent protein
(GFP) fusion protein, ASF/SF2 was cloned into pC2-EGFP
(Clontech) using EcoRI and BamHI sites.

Cell culture, transient expression and lysis procedure

Human 293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10 9, (v/v) foetal calf serum. A total
of 3 x 10° cells were seeded per 6 cm dish and were transfected
24 h later with 0.25-1 ug of DNA (co-transfection with 0.5 ug of
each plasmid) using the calcium precipitation method [26]. After
16 h, the medium was changed and the cells were incubated for
another 648 h (with or without 50 uM sodium orthovanadate)
before lysis. Cells were lysed on ice for 30 min in 200 xl of buffer
containing 50 mM Hepes, pH 7.5, 150 mM NaCl, 19, Triton X-
100, 10 9, glycerol, | mM EDTA, 20 mM sodium pyrophosphate,
2mM sodium orthovanadate, 100 mM NaF, 5mM pg-
glycerolphosphate, | mM PMSF and 1 xg/ml aprotinin (HNTG
buffer). The cell lysates were centrifuged at 13000 g for 10 min at
4 °C; then an equal volume of 2 x SDS sample buffer was added
to the supernatant and 400 4l of 1x SDS sample buffer was
added to the pellet. Samples were boiled for 5 min and then
vortexed vigorously, and 20l portions were loaded on
SDS/10 9%,-polyacrylamide gels.

Western blotting and antibodies

Following SDS/PAGE, the proteins were transferred to nitro-
cellulose membranes (Schleicher & Schuell) and immunoblotted.
Specific polyclonal antibodies were raised against the C-terminal
17 amino acids of mCLK1-mCLK4 fused to keyhole-limpet
haemocyanin. Anti-phosphotyrosine antibody 4G10 was from
Santa Cruz. For immunoblot detection, the ECL system
from Amersham was utilized.

Immunofluorescence

NIH 3T3 cells were grown on glass coverslips and transfected
with 1 ug of each of constructs mCLKI-mCLK4. The cells were
fixed 24 h later in 29, paraformaldehyde for 15 min on ice,
permeabilized, blocked with PBS/0.1 9, Triton X-100/19, BSA
(Sigma) for 1 h and washed three times with PBS. Incubation
with the corresponding antibodies against mCLK1-mCLK4
(diluted 1:250 in PBS) was performed overnight. After three
washes with PBS, the cells were incubated for 1 h with a Texas
Red-linked secondary antibody (Amersham; diluted 1:1000 in
PBS) and 0.5 xuM TO-PRO iodine (Molecular Probes). After
washing three times with PBS, the cells were mounted using

Gelmount (Biomeda) and analysed by confocal laser scanning
microscopy (Leica).

RESULTS
Cloning and analysis of three novel mouse c/k cDNAs

The catalytic domains of protein kinases contain highly conserved
regions, which have been used successfully to PCR-amplify and
clone novel family members from a variety of species and tissues.
In our experiments we used the signature sequence HRDLAAR
in catalytic subdomain VI and D(V/M)WS(Y/F)G in subdomain
IX to create degenerate oligonucleotides [21]. These primers were
then used to search for hitherto unknown protein kinases
involved in muscle cell differentiation by using RT-PCR of total
RNA isolated from various in vitro differentiated stages of the
mouse myoblast cell line C2C12 [20]. Of the approx. 300
fragments that were sequenced, one was novel. It was derived
from a member of the LAMMER family of dual-specificity
kinases [18] (also known as CLK [13] or STY [14]), and shared
high identity with a part of the human cDNA /clk2. To obtain
the full-length clone and to search for other, closely related,
sequences, we screened a mouse 11.5 p.c. embryonic library at
low stringency using the original 250 bp PCR fragment as a
probe. We isolated three highly related full-length cDNA
sequences defining different members of the CLK family. Se-
quence analysis revealed that two clones were mouse homologues
of the human #hclk2 and hclk3 genes [16], and hence were
designated mclk2 and mclk3 respectively. The remaining clone
appeared to be a novel mclk gene, which we named mclk4. The
predicted molecular masses of the encoded proteins are 59.9 kDa
(mCLK2), 58.5 kDa (mCLK3) and 57.2 kDa (mCLK4).

As illustrated in Figure 1(A), all of the proteins share essential
features identifying them as LAMMER kinases [18]. They
contain a nuclear localization signal [27] and an unusually basic
N-terminal region composed of many serine and arginine
residues, which probably contains a signal sequence to localize
the protein to nuclear speckles [7,12]. The N-terminal domain is
the most divergent part, suggesting that this area could contain
information specific to each protein. The catalytic domain is
highly conserved among all family members, with only few
amino acid changes. Furthermore, all amino acids known to
define the CLK subfamily are present in all four proteins [13].
The sequences of several CLKs from species as distantly related
as Drosophila [18] and Arabidopsis [17] have been reported,
underlining the evolutionary conservation of these proteins. We
therefore compared the full-length amino acid sequences of
several CLK proteins described in the literature, and prepared a
phylogenetic tree (Figure 1B). It is evident that the Arabidopsis
CLKs, as well as the Drosophila DOA kinase, are the most
distant members of this family, whereas the mouse and human
CLKSs share a high degree of identity. hCLK1 and mCLK1 are
879, identical, whereas hCLK?2 and mCLK2 are 95 9, identical.
The highest degree of identity is seen between hCLK3 and
mCLK3 (98 9%,). Interestingly, the mammalian kinases are divided
into two subfamilies, with mCLK1/hCLK1 and mCLK4 being
more closely related to each other (69 %, identity) than to either
mCLK2/hCLK2 or mCLK3/hCLK3, with whom they have
439, 1identity. On the other hand, mCLK2/hCLK2 and
hCLK3/mCLK3 are 51 9%, identical with each other.

Northern blot analysis

We analysed and compared the expression patterns of all clk
genes (including the previously cloned mcl/kI) by Northern blot
hybridization of total RNA from selected mouse tissues, as well
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Figure 1 Amino acid sequences of mCLK2, mCLK3 and mCLK4 in
comparison with that of mCLK1

(A) Residues that differ from the mCLK1 sequence are shown. Dots indicate identical amino
acids, and hyphens indicate gaps introduced for optimal alignment. The predicted nuclear
localization signals [27] are underlined. Invariant residues characteristic of CLKs are printed
bold. The catalytic domain is indicated by arrows, and the LAMMER signature is indicated by
asterisks. (B) Phylogenetic tree of mCLK1—mCLK4, hCLK1—hCLK3, Arabidopsis AFC1—AFC3
and Drosophila DOA proteins calculated using the Higgins—Sharp (CLUSTAL4) algorithm. The
sequence identity between the proteins is indicated (%).

as from different mouse tumour cell lines. Figure 2 illustrates
that, for each clk gene, we detected several mRNAs in all tissues
investigated, although the expression patterns were different for
each gene. Based on our cDNA clones, the expected size of the
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Figure 2 Northern blot analysis of mclk1, mclk2, mclk3 and mcik4
expression in adult mouse tissues

(R) Portions of 10 g of total RNA from the indicated tissues were resolved on a 1.2% (w/v)
agarose/formaldehyde gel, blotted on Hybond N and hybridized to full-length cDNA probes. The
positions of 18 S and 28 S rRNA are indicated. The mRNA (~ 1.8 kb) reflecting the length
of the cDNA clones is marked by an arrow. (B) Ethidium bromide staining of blotted 18 S and
28 S rRNA indicates equal loading of RNA.

corresponding mRNA would be ~ 1.8 kb for all c/k genes, and
such a band was detected in all tissues and cell lines examined,
albeit at different levels. In testes, there were major differences
between the four genes, with very low mclkl expression levels
when compared with mclk2, mclk3 and mclk4. However, whereas
almost all of the mclk3 signal represented an mRNA expected to
encode the catalytically active form, mclk4 was expressed pre-
dominantly as a smaller mRNA. We presume this to be an
alternatively spliced form that encodes a catalytically inactive,
truncated protein analogous to those described for mclki, hclk2
and hclk3 [16,19]. mclk?2 is also highly expressed in this tissue, but
as a larger transcript. Similar large transcripts, which did not
correspond to the expected mRNA size, were detected for all c/k
genes. We suspect them to represent unspliced or partially spliced
messages, by analogy with hclkl [19], as we found several
partially spliced cDNA clones in our library screens (results not
shown). However, we cannot completely rule out the possibility
that these larger transcripts encode alternatively spliced mRNAs,
although no such molecules appeared in our screens. The
proportions of these larger RNA species, when compared with
the coding mRNA, varied among the c/k genes.

Because it has been reported [13] that mclk! is overexpressed
in certain cancer cell lines, we wished to extend these studies to
all four genes (Figure 3). Although we were able to detect
messages in all cell lines tested, albeit sometimes in very low
quantities, we found significant differences in expression levels
between the cell lines for each individual gene. However, we
could not detect an overall increase in ¢/k mRNA in transformed
cells, even though in some cell lines we clearly detected higher
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Figure 3 Northern blot analysis of mclk1, mclk2, mclk3 and mcik4
expression in different mouse cell lines

(R) Portions of 10 zg of total RNA were isolated from various cell lines and resolved on a 1.2%
(w/v) agarose/formaldehyde gel, blotted on Hybond N and hybridized to full-length cDNA
probes. The cell lines were: F9, embryonic carcinoma cell line (uninduced); P19, embryonic
carcinoma cell line (uninduced); TT-HD, ovary teratoma cell line; F-Mel, Friend murine
erythroleukaemic cell line; NF 561, myeloid leukaemic cell line; WEHI-3B, myelomonocyte cell
line; Hybridoma (Hyb.), IgG1-producing B-cell line. The positions of 18 S and 28 S rRNA are
indicated. The mRNA (~ 1.8 kb) reflecting the length of the cDNA clones is marked by an
arrow. (B) Ethidium bromide staining of blotted 18 S and 28 S rRNA indicates equal loading
of RNA.

levels of a particular c/k message. It is noteworthy that we found
very low expression levels in Hybridoma, WEHI and NF 561 cell
lines.

We also investigated the mRNA expression levels of all four
genes in the C2CI12 cell line and in L1 adipocytes during
differentiation, but failed to detect any noticeable changes in
expression (results not shown).

mCLK1-mCLK4 are autophosphorylated on tyrosine residues in
vivo

mCLK 1 was originally isolated from an expression library screen
using anti-phosphotyrosine antibodies [13,14] and was sub-
sequently shown to be autophosphorylated on tyrosine, serine
and threonine residues in vitro, as well as on tyrosine residues in
vivo [13,14]. Recently DOA, mCLK1, hCLK2 and the yeast
homologue KNS1 were also shown to be autophosphorylated on
tyrosine, serine and threonine residues in vitro [28]. We wished to
examine the in vivo tyrosine phosphorylation status of all four
family members in transiently overexpressing 293 cells. In Figures
4(A) and 4(B) we show that mCLK1-mCLK4 partitioned into
Triton X-100-soluble and -insoluble fractions, and that the
catalytically active kinases were tyrosine-phosphorylated (lanes
3, 4, 9 and 10), whereas the catalytic mutants displayed no
obvious tyrosine phosphorylation signal (lanes 5, 6, 11 and 12).
In some of the pellet fractions higher-molecular-mass bands were
observed, which are likely to represent partially disrupted protein
aggregates, as the number of bands decreased after excessive
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Figure 4 Autophosphorylation of mCLK1-mCLK4 on tyrosine residues in
vivo

293 cells were transiently transfected with mclk?, mclk2 or their catalytically inactive Lys
— Arg (KR) mutant constructs (R), or with mc/k3, mclk4 or their catalytically inactive Lys
— Arg (KR) mutant constructs (B). The cells were grown in 50 zM sodium orthovanadate and
lysed 24 h later. The lysate was divided into supernatant (S) and pellet (P) fractions. Equal cell
equivalents were loaded in each lane, blotted and stained with polyclonal antibodies against
mCLK1—mCLK4 (o-CLK1 etc.) (A and B, upper panels) or with anti-phosphotyrosine antibody
4G10 (a-pTYR) (A and B, lower panels).

boiling in SDS buffer (results not shown). A molecular mass shift
due to phosphorylation was most evident for mCLK2 (Figure
4A, lanes 9/10 and 11/12) and mCLK3 (Figure 4B, lanes 3/4
and 5/6), suggesting that these proteins were more heavily
phosphorylated than either mCLK1 or mCLK4. These results
strongly suggest that each mCLK is not only autophosphorylated
in vitro (see Figure 5B; and results not shown), but also
autophosphorylated on tyrosine residues in vivo.

mCLK1-mCLK4 phosphorylate SR proteins in vitro

To investigate the catalytic activity of our proteins and to test
potential substrates, we initially used GST-mCLK fusion con-
structs, which were cloned in pcDNA3 and expressed in vitro. A
recent report successfully demonstrated that mCLK1 could
phosphorylate ASF/SF2 in vitro, suggesting that SR proteins are
the natural substrates [12]. We therefore wished to examine the
phosphorylation activity of mCLK1-mCLK4 using biochemi-
cally purified and dephosphorylated SR proteins as substrates.
SR proteins were purified from 5x 10° exponential-phase F-
MEL cells in suspension according to standard procedures, and
an aliquot of the purified proteins was analysed by SDS/PAGE
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Figure 5 Phosphorylation of SR proteins in vitro by mCLK1-mCLK4

(A) SR proteins were purified from F-MEL cells using the protocol described by Zahler et al.
[3]. Samples of ~ 3 ug of total SR proteins were analysed by SDS/15%-PAGE and stained
with Coomassie Blue. The identity of the SR proteins was established by size [3]. Molecular
masses of marker proteins (lane MW) are indicated in kDa. (B) Total SR proteins were
dephosphorylated using the protein phosphatase 17 catalytic subunit and then used as
substrates in an /n vitro kinase assay using equal amounts of /n vitro produced and purified
GST-mCLK fusion proteins. The assay was carried out in the presence of 1 M of the
phosphatase inhibitor Microcystin LR. The reaction was terminated with 2 x SDS sample buffer
and the samples were loaded on a 15% polyacrylamide gel. Autoradiography was carried out
for 24 h. The positions of the SR proteins and the autophosphorylated GST-mCLK fusion
proteins are shown. Molecular masses are indicated in kDa.

(Figure 5A) to confirm that we had purified the expected proteins
to near homogeneity. In addition, all bands were recognized by
mADbI104, identifying them as SR proteins (results not shown).

Following dephosphorylation by the protein phosphatase 1y
catalytic subunit, we used the SR proteins as substrates for the in
vitro produced and purified fusion proteins GST-mCLK1 to
GST-mCLK4 in an in vitro kinase assay. As shown in Figure
5(B), mCLK1-mCLK4 were able to phosphorylate SRp20,
SRp30a/b and to a lesser extent SRp40 and SRp55. The lower
signals of SRp40 and SRp55 relative to SRp20 and SRp30a/b
most likely reflect the lower quantity of these proteins in the
assay (Figure 5A). SRp75 was not seen in our experiments,
because the autophosphorylated mCLK proteins migrate at the
same position. When catalytically inactive Lys — Arg mutants
were used, only background signals were observed (results not
shown). We assume that the observed differences in catalytic
activity between mCLK1 and mCLK4 compared with mCLK2
and mCLK3 are most likely caused by in vitro folding problems,
as equal amounts of protein were used in each assay. To
investigate the specificity of mCLKI1-mCLK4, we used the
recombinant human peptidyl-prolyl isomerase PINI as a
substrate [29]. Although this protein also contains several N-
terminal serine and arginine residues and is localized to nuclear
speckles, none of the mCLKs was able to phosphorylate it in
vitro (results not shown).

mCLK1-mCLK4 induce phosphorylation of the SR protein
ASF/SF2 in vivo

It was shown previously that catalytically active mCLK1 could
phosphorylate ASF/SF2 in vitro and cause a redistribution of
mADbI104 antigens in vivo when overexpressed in COS cells [12].
However, it was never directly demonstrated that the CLK could
phosphorylate ASF/SF2 in wvivo. We used an enhanced
GFP-ASF/SF2 fusion protein, which localizes to nuclear
speckles (O. Nayler and S. Stamm, unpublished work), as an in
vivo substrate, and co-transfected the cells with the mclk1-mclk4
constructs. GFP-ASF/SF2 was detected by mAbl104, which
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Figure 6 mCLK1-mCLK4 induce phosphorylation of ASF/SF2 in vivo

293 cells were transiently transfected with GFP—ASF/SF2 and various constructs as indicated
[A, mclk1, mclk2 and their catalytically inactive Lys — Arg (KR) mutant constructs; B,
melk3, mclk4 and their catalytically inactive Lys — Arg (KR) mutant constructs], lysed
48 h after transfection and divided into supernatant (S) and pellet (P) fractions. Equal amounts of
cells were loaded in each lane, blotted and stained with mAb104 to detect phosphorylated
GFP—ASF/SF2 proteins (A and B, upper panels). Expression of mCLK1—mCLK4 was confirmed
by reprobing with polyclonal antibodies against mCLK1—-mCLK4 (-CLK1 etc.) (A and B, lower
panels).

recognizes the endogenous phosphoepitope on SR proteins [30].
In Figure 6 we show that GFP-ASF/SF2 was readily phos-
phorylated by endogenous kinases and partitioned into Triton
X-100-soluble and -insoluble fractions, even in the absence of
overexpressed mCLK 1-mCLK4. However, the GFP-ASF/SF2
protein signal was sharpened and shifted to a higher molecular
mass upon co-transfection with catalytically active mCLK1-
mCLK4, indicating that phosphorylation had occurred. The
effect was most clearly visible for mCLK?2 and mCLK3 and was
most easily observed for mCLK1 in the pellet fraction. GFP
alone was not phosphorylated by mCLK 1-mCLK4 (results not
shown).

In contrast, when the catalytically inactive mCLKs were
overexpressed, no such shift was seen, and some GFP-ASF/SF2
showed a decrease in molecular mass, suggesting a dominant-
negative effect of the catalytically inactive kinase.

mCLK1—-mCLK4 are localized to the nucleus

mCLK1 was shown previously to be localized to the nucleus
[12,19], suggesting that the putative nuclear localization signal
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Figure 7 mCLK1-mCLK4 are localized in the nucleus

NIH 3T3 cells were transiently transfected with constructs mc/k7—mclk4, fixed 24 h later
and examined using confocal laser scanning microscopy. Gells were stained with TO-PRO
iodine, a monomeric cyanine nucleic acid stain (A), and with polyclonal antibodies against
mCLK1-mCLK4 (B), demonstrating co-localization of mCLK1—mCLK4 to the nucleus. In (C),
a different set of cells stained with polyclonal antibodies against mCLK1—mCLK4 is shown
using longer exposure times. Arrows pointing at transfected cells highlight the nuclear
localization of mCLK1-mCLK4 (magnification x 31.5).

found in the N-terminal part of the protein was indeed functional.
We have found similar sequence motifs for mCLK2, mCLK3
and mCLK4, and wished to examine whether these proteins are
also localized to the nucleus. We therefore transiently transfected
NIH 3T3 cells with mclkil-mclk4 constructs and used our
polyclonal antibodies to immunolocalize the overexpressed
proteins. As shown in Figure 7, mCLK1-mCLK4 were clearly
nuclear (Figures 7B and 7C) and co-localized with a fluorescent
nucleic acid dye (Figure 7A). Identical results were obtained with
293 and COS7 cells (not shown). These results confirm previous
findings for mCLK1, and demonstrate that all mCLKs are
indeed nuclear proteins.

DISCUSSION

We have isolated three novel mouse c/k genes and found a high
degree of conservation of amino acids within the C-terminal
domain, with more diversity at the N-terminal end. All key
amino acids required to identify them as kinases are present in all
three proteins, and we classified them as LAMMER kinases [18]
due to the EHLAMMERILGPLP signature in the catalytic

domain, which is almost completely preserved. The N-terminal
end is rich in serine and arginine residues, suggesting that the
CLKs are SR-like proteins and possibly interact with other
proteins of their kind [2]. When we compared all mCLK proteins
(including the previously cloned mCLK1/STY), we found two
not previously recognized subfamilies, formed by mCLK2/
mCLK3 and mCLK1/mCLK4. It is possible that the mouse
genome contains only four c/k members, as our attempts to
isolate additional genes by PCR and low-stringency cDNA
library screening failed. However, we cannot exclude the possi-
bility that there might be other, more distantly related, genes to
be discovered.

In order to investigate and compare the expression patterns of
all known mCLKs, we performed Northern blot analyses on
selected adult mouse tissues and transformed cell lines. Based
on published results describing mclkl expression [13,14], we
anticipated the presence of several splice forms, especially larger
molecules, which were shown to be partially spliced mRNAs[19].

We detected almost ubiquitous expression of all genes,
although the expression levels differed slightly and in one tissue
quite dramatically. In testis we detected significantly elevated
expression levels for all but the mclkl gene, but only mclk3 was
represented predominantly by its 1.8 kb message. mclk4 ex-
pression was also high, although the message size was somewhat
smaller than that expected for the full-length coding mRNA. We
suspect that this smaller mRNA represents an alternatively
spliced molecule, as we found a clone that encodes a truncated
protein, analogous to the truncated splice products reported for
mclkl, helk2 and helk3 (results not shown). We can only speculate
on the significance of these expression patterns seen in testis,
although there is evidence that molecules involved in RNA
processing may be critical in spermatogenesis. A mutation
creating human azoospermia was mapped to a gene encoding a
protein (azoospermia factor) that was presumed to be a
component of the RNA processing machinery [31]. If CLKs are
involved in splicing, as proposed [12], then mCLK3 could be an
important component in the testis.

Although our data cannot provide proof of a regulatory
function, we nevertheless observed tissue- and cell type-specific
alternative splicing of the clk genes, which may indicate an
involvement of this mechanism in the control of CLK function.

We also investigated clk expression levels in transformed cell
types, but could not detect overexpression of clk genes as a
common denominator in malignant cells; more thorough studies
will be required. The same is true for the role of mCLK 1-mCLK4
in differentiation [14,32], as we observed no significant changes in
expression during L1 adipocyte and C2CI12 cell differentiation
(results not shown). As an explanation, there might be other
family members still to be discovered (see above), or the
appearance of novel transcripts in P19 cells may simply reflect a
consequence rather than a cause of the differentiation process.

Although the sequences of the human homologues hclk2 and
helk3 have been reported [16], no further investigations were
carried out. We show clearly that all mouse c/k genes encode
kinases that are autophosphorylated on tyrosine residues in vivo,
although the significance of this is currently unclear. It was
shown previously that overexpressed mCLK1 can partition into
a Triton X-100-soluble fraction (catalytically active kinase) or an
insoluble fraction (catalytically inactive kinase) [12]. We have
attempted to repeat these results in 293 and NIH 3T3 cells, and
detected similar but highly variable behaviour for mCLK2,
mCLK3 and mCLK4 (results not shown). We have also found
that the distribution depended on the amount of DNA used for
transfection, as well as on the time before lysis. This indicated
that cells regulate the distribution of these kinases using en-
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dogenous factors and that localization may not depend ex-
clusively on the autophosphorylation activity. We are currently
in the process of investigating this further, and have some
evidence suggesting cross-talk between mCLKI1, mCLK2,
mCLK3 and mCLK4 (O. Nayler, S. Stamm and A. Ullrich,
unpublished work).

Our immunofluorescence studies show that mCLK 1, mCLK2,
mCLK3 and mCLK4 are predominantly nuclear, and we assume
that the nuclear localization signals found in the N-terminal part
of all CLK proteins are responsible for the observed targeting.
The work reported by Colwill et al. [12] provided strong evidence
that some SR proteins are natural substrates for mCLK1 and
that overexpressed mCLK 1 caused a redistribution of mAb104
antigens from nuclear speckles. We have investigated the
substrate specificity of the three other mCLK family members,
and showed that all of them were able to phosphorylate certain
SR proteins in vitro. It is apparent that all the SR proteins that we
investigated were recognized by mCLK 1-mCLK4, which might
be explained by the fact that ASF/SF2 (as an example) is likely
to be a target of several kinases such as SRPK 1, topoisomerase
I and an enzymic activity associated with Ul 70K [10,11,33]. It
should also be kept in mind that the small number of SR proteins
that we tested may represent only a fraction of the total number
found in a cell [4].

We have also investigated the in vivo phosphorylation of a
GFP-ASF/SF2 construct that was co-expressed with mCLK 1-
mCLK4 or their respective catalytically inactive mutants. In
these experiments we observed a molecular mass shift of
GFP-ASF/SF2 upon co-transfection with mCLK1, mCLK2,
mCLK3 or mCLK4, indicative of in vivo phosphorylation, which
may be caused by the CLKs directly (as shown in vitro) or
through activation of a downstream kinase. Furthermore,
mCLK 1-mCLK4 dissolved nuclear speckles, as judged from the
observation that GFP-ASF/SF2 was no longer localized to
these sites (results not shown). However, whether this effect is
truly caused by hyperphosphorylation of GFP-ASF/SF2 alone
is still under investigation. It will be of future interest to map
and compare the phosphorylation sites on ASF/SF2 for
mCLK1-mCLK4, as this may provide an explanation for the
overlapping substrate specificity that we observed.

In view of our Northern blot data, it is conceivable that
mCLKs are co-expressed in most tissues and are indeed part of
a regulatory mechanism that recruits and activates SR proteins,
which can then participate in RNA splicing. One could then
imagine that mCLK1-mCLK4 (and others) phosphorylate SR
proteins at different sites, so that the SR proteins are regulated
through multiple, stepwise, phosphorylation events. Alter-
natively, each mCLK could serve as an end-point of diverse
signals, leading to the phosphorylation of the same splice factor.
It is therefore of considerable interest to have this set of mCLKs
available, in order to compare the phosphorylation sites and to
investigate their precise nuclear localization and possible up-
stream signalling events. Such studies will hopefully increase our
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understanding of the complicated mechanisms that regulate
RNA processing.
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