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Phosphorylated serine- and arginine-rich (SR) pro-
teins play an important role in the formation of spliceo-
somes, possibly controlling the regulation of alternative
splicing. Enzymes that phosphorylate the SR proteins
belong to the family of CDC2/CDC28-like kinases (CLK).
Employing nucleotide sequence comparison of human
expressed sequence tag sequences to the murine coun-
terpart, we identified, cloned, and recombinantly ex-
pressed the human orthologue to the murine CLK4
cDNA. When fused to glutathione S-transferase, the cat-
alytically active human CLK4 is able to autophosphory-
late and to phosphorylate myelin basic protein, but not
histone H2B as a substrate. Inspection of mRNA accu-
mulation demonstrated gene expression in all human
tissues, with the most prominent abundance in liver,
kidney, brain, and heart. Using fluorescence in situ hy-
bridization, the human CLK4 cDNA was localized to
band q35 on chromosome 4. © 2001 Academic Press

Protein phosphorylation is a key mechanism in the
control of many cellular processes including signal
transduction or cell cycle regulation. One protein fam-
ily, characterized by serine- and arginine-rich (SR)
members, plays an important role in the formation of
spliceosomal complexes and regulation of alternative
RNA splicing (2, 7, 9). A prominent feature of these SR
proteins is their high degree of phosphorylation, which
seems to be necessary for spliceosome assembly (11,
19). SR proteins are enriched in nuclear speckles, nu-
clear structures sensitive to alterations in cellular
transcription activities (3, 12). It is known that SR
proteins are phosphorylated by a number of protein
kinases, including U1 70-kDa activity (21), SRPK1 (6),
topoisomerase I (15), lamin B-receptor kinase (14),
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SRPK2 (20), and CLK proteins (5, 13). Moreover, CDC2/
CDC28-like (CLK) proteins contain an SR protein homo-
logue domain and are shown to autophosphorylate (8, 10,
13). In this study we provide data on the mRNA expres-
sion pattern and chromosomal localization of human
CLK4 as well as data on the catalytic activity of this new
human protein kinase.

An algorithm combining BLAST (1) based searches
with a domain identification protocol (16, 17) was used
to search for novel human protein kinases in expressed
sequence tag (EST) databases (18). Four hundred sev-
enty-four human ESTs that belong to the protein ki-
nase family but did not correspond to any known hu-
man protein were identified, representing more than
150 novel proteins (18). Of those, 49 had a possible
orthologue in a closely related species, thus allowing
prediction of the detailed function of the novel protein.
These predicted proteins were searched for members of
the CDC2/CDC28-like kinase family, revealing a set of
ESTs (EMBL Accession Nos. AA631990, AI039778,
AI004959, AI094075, AA449725, H29221, and
AI355046) that represented a possible human ortho-
logue of the murine CLK4 protein. The EST clone
AA449725 was purchased from the Resource Center/
Primary Database (Berlin), and its nucleotide se-
quence was determined. Sequence alignment to the
murine CLK4 cDNA revealed a 91-nt deletion in the
human EST clone. To investigate whether the pur-
chased clone represents a cloning artifact, we used
specific oligonucleotide primers and performed an RT-
PCR with total human kidney RNA as reaction tem-
plate (sense primer: 59 GATC-GAATTC-ATG CGG
CAT TCC AAA AGA AC; antisense primer: 59 CAT TTT

TA CGA TTT TCA CT). After amplification, the PCR
roduct was subcloned into the original EST vector
T7T3D-Pac (Pharmacia) using the EcoRI site, intro-
uced by the 59 sense primer before the start codon,
nd the internal and unique SphI site of the human

LK4 cDNA. Sequence inspection of the cloned PCR
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product determined the full-length human sequence of
CLK4, including the missing 91 nt absent in the EST
clone. This cDNA encodes the complete protein se-
quence (481 amino acids) and contains a 322-bp-long
39untranslated region followed by a poly(A) tail (data
not shown). The deduced protein was estimated to be
54 kDa and have a pI of 9.06. Comparison of the pub-
lished protein sequence of the murine CLK4 (13) with
the deduced amino acid sequence from the human
CLK4 cDNA revealed 97% identity, strongly indicating
that the human CLK4 sequence also has functional
similarity to the enzyme present in the mouse.

Northern blot hybridization experiments using
highly pure poly(A)1 RNA from different human tis-
sues (12-Lane MTN blot, Clontech) and human multi-
ple tissue expression arrays (MTE, Clontech) were per-
formed using the complete human CLK4 cDNA
sequence as [a-32P]ATP-labeled probe. When inspect-
ng the human multiple tissue expression (MTE) array,
hich contains RNA from 68 different tissues and 8

ell lines, we detected CLK4 mRNA signals in all cases
data not shown). With the 12-Lane MTN blot, the
trongest signals were obtained from liver, kidney,
eart, muscle, and brain samples (Fig. 1). Further-
ore, accumulation of four different mRNA species,

anging between ;2.0 and ;4.5 kb, was detected. In-
erestingly, in kidney and in liver samples, all four
ypes are almost evenly accumulated, whereas in heart
nd muscle samples, the most prominent accumulation
as detected for the ;2.8-kb CLK4 mRNA species.
To determine the chromosomal localization of hu-
an CLK4, the full-length cDNA was used as probe for
ISH to human chromosome spreads as described (4).
s shown in Fig. 2, specific hybridization signal was

learly detected on band q35 of chromosome 4.
To investigate whether human CLK4 is a fully active

FIG. 1. Northern blot of 1 mg of poly(A)1 RNA from various
human tissues hybridized with the radiolabeled CLK4-specific oligo-
nucleotide probe (CLK4: 59-CAC AGT AGT CAT TCC TGT ATT CGT
CAA C-39). Molecular size markers in kilobases are shown on the
right.
inase CLK4, wildtype (wt) cDNA was subcloned
EcoRI/XhoI sites) into the pGEX-5X1 vector (Pharma-
ia), generating an in-frame glutathione S-transferase
GST)–CLK4-wt fusion construct. In addition, using
he QuickChange Site-Directed Mutagenesis Kit
Stratagene), a dominant-negative mutant of the GST–
LK4-wt (GST–CLK4-K189R) was constructed by mu-

ating the lysine at amino acid position 189 into an
rginine. This mutation should ultimately lead to the
eneration of a catalytically inactive, negative form of
he wildtype kinase as shown previously for murine
LK4 and human CLK2 (10, 13). After sequence con-
rmation, the plasmids pGEX5X1 CLK4wt and pGEX-
X1 CLK4 K189R were transformed into Escherichia
oli strain DH5a, and recombinant human CLK4 mol-

ecules were produced and purified according to the
purification protocol for pGEX fusion proteins by Phar-
macia. Equal amounts of the fusion proteins were used
in an in vitro kinase assay. The kinase assays were
carried out for 30 min at 30°C in a volume of 50 ml {1 mg
of fusion protein, 5 ml of 103 kinase buffer (200 mM
Hepes, pH 7.5; 10 mM MgCl2; 10 mM DTT; 2 mM
sodium orthovanadate), 10 ml of 50 mM ATP, 5 ml of the
appropriate substrate [5 mg/ml MBP; 5 mg/ml histone
2B (H2B)], and H2O to a final volume of 50 ml, comple-
mented with 1 mCi of [g-32P]ATP per sample}. We
clearly demonstrate phosphorylation of myelin basic
protein (MBP) as test substrate for GST–CLK4-wt pro-
tein. In sharp contrast, however, when H2B was used
as a potential substrate, no phosphorylation signals
were detected. In both cases, the mutant form GST–
CLK4-K189R was catalytically inactive, confirming the
relevance of the lysine 189 for the protein9s catalytic
activity. In addition, autophosphorylation of the GST–
CLK4-wt fusion protein (having a calculated molecular
mass of ;83 kDa), was observed (Fig. 3). The signal
een at lower molecular mass (;47 kDa) most probably
riginates from autophosphorylation of a cleavage
roduct of the GST–CLK4-wt fusion protein. As ex-

FIG. 2. FISH demonstrating localization of CLK4 cDNA probe to
human chromosome band 4q35. FITC signal on G-banded chromo-
some is shown, and the position of the signal is shown on the

corresponding idiogram.
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pected, the fusion protein harboring the predicted cat-
alytically inactive form CLK4-K189R did not autophos-
phorylate.

In summary, we describe the molecular cloning, re-
combinant expression, catalytic activity, and chromo-
somal localization of an additional CLK protein, hu-
man CLK4, which is by sequence comparison the
human orthologue of the murine CLK4 protein. The
knowledge of the chromosomal localization of the hu-
man CLK4 gene provides a valuable genetic marker for
further studies and understanding of the regulation of
cellular splicing reactions.
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