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ABSTRACT

Murine Clk1 (also known as Sty) was idenrified as a dual-specificity Kinase capable
of phosphorylating serine. threonine and tyrosine residues when expressed in bacteria.
Expression ot Clk/ is developmentally regulated at the level of RNA expression.
Embryonic cells express two mRNAs of similar size, whereas differentiated cells express
two additional transcripts of larger size. Little is known about the biochemical and
biological activity of Clkl in mammalian cells.

We demonstrate that the two embryonically expressed mRNAs are derived through
alternative splicing of a unique exon (exon EB) within the Clk/ precursor mRNA. These
mRNAs encode full-length catalytically active Clk1 and a truncated inactive polypeptide,
Clk1". Larger incompletely spliced Clk] transcripts accumulate in differentiated cells.

When expressed in mammalian cells Cik1 possesses dual-specificity kinase activity
and is capable of forming complexes with other molecules of Clk1 and CIk1'. The regions
involved in binding map to the amino-terminal non-catalytic domain of Clkl.
Phosphorylation sites map to the amino acids encoded by the alternatively spliced exon EB.
Clk1™ and catalytic mutants of Clkl co-localise with splicing factors in intranuclear
speckles, whereas catalytically active Clk1 causes a redistribution of these factors within
the nucleus. This activity requires the presence of amino acids encoded by exon EB. These
results suggest a role for Clk1 and Clk1T in the regulation of RNA splicing.

Splicing of a Clk] mini-gene, encompassing exon EB, in vivo is regulated by Clk1
and CIk1". Catalytically active Clk! stimulates exclusion of EB leading to the production
of ClkI" mRNA. In contrast, Clk1T promotes EB inclusion leading to production of Clk/
mRNA,

Two Clk1-related human kinases, hClk2 and hClk3, also exhibit dual-specificity
kinase activity and cause the redistribution of nuclear splicing factors. Similar to Cikl',
the hClk truncated isoforms, hClk2™ and hCIkT , co-localise with splicing factors in
nuclear speckles. hClk2 and hClk3 are able to influence the splicing pattern of a murine
Clkl mini-gene in vivo, indicating that they can also regulate precursor mRNA splicing.
Taken together these results imply a role for the Clk family of kinases in the regulation of

gene expression at the level of RNA processing.
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CHAPTER 1

GENERAL INTRODUCTION



(I) Protein Kinases

Eukaryotic cells are continually responding to environmental cues during their
growth and development. To capture and transduce these signals, cells have evolved
complex signalling mechanisms, with pretein phosphorylation, one of the most frequently
observed post-translational modifications in eukaryotic cells, frequently being central to
their action. Phosphorylation is achieved through the enzymatic activity of protein kinases
and occurs predominantly on the three hydroxy-amino acids. serine, threonine and
tyrosine.

Kinases have historically been divided into two families, protein tyrosine kinases
(PYK) and protein serine/threonine kinases (PSK), based upon both amino acid sequence
conservation within the catalytic domain and upon the amino acid(s) phosphorylated by that
catalytic domain (1). Protein tyrosine kinases constirute approximately one third ot all
protein kinases identified (2,3), however, phosphotyrosine accounts for less than 0.05%
of phospherylated hydroxy-amino acids in eukaryotic cells (4). Such low levels of
phosphotyrosine may be reflective of the exquisite control of PYK activity within the cell.
This control underlies the prominence of PYKs within vital signal transduction pathways.

Within the last five years a new family of kinases. the dual-specificity kinases
(DSK), has gained prominence. Members of this family have the ability to phosphorylate
serine/threonine and/or tyrosine residues (reviewed in (5,6)). The majority of lower
eukaryotes do not contain genes encoding DSKs or PYKs, thus it has been suggested that
DSKs and PYKs evolved from an ancestral PSK (7). There are now approximately fifteen

members of the DSK family in mammalian cells (5,6), however, the physiological
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substrates of many remain unknown. A common feature of several DSKs. with known
substrates, is their participation in protein kinase cascade signalling pathways.

Signalling through kinase cascades is typified by the MAPK (Mitogen-Activated
Protein Kinase, also known as ERK (Extracellular-Regulated Kinase) ) network having
a core of three sequentially activated kinases which can amplify and transmit the
extracellular signal (recently reviewed in (8,9), Fig. 1). Two similar pathways have been
identified and well characterised. The first is stimulated by extracellular growth factors
(MAPK pathway) while the second relies on cytokines or agents causing cellular stress (ie.
radiation, osmotic shock) and is now known as the SAPK (Stress-Activated Protein
Kinase) pathway (10). The MAPKs and SAPKs are themselves related proieins as are the
kinases preceding them in the cascades.

MAPKS are activated by one of the MEKs (MAPK/ERK Kinase) which are in turn
activated by the Raf family of kinases (in this naming system Raf is a MEK Kinase or
MEKK). Both MAPK and MEK have been shown to be dual-specificity kinases (11-13).
MAPK is predominately a broad spectrum serine/threcnine kinase which
autophosphorylates 1o a low stoichiometry on tyrosine (14). The regulatory nature of this
tyrosine phosphorylation is unclear. The MEKs were the first subfamily of DSKs for
which the physiological substrates were shown to be phosphorylated with dual-specificity.
The MEKs phosphorylaie MAPKs with threonine/tyrosine specificity (12,13) and are

themselves activated through serine/threonine phosphorylation by Raf kinases (15).



Figure 1
Examples of MAPK signalling cascades in vertebrates and yeast.

Relationship of the signalling molecules in the MAPK pathway stimulated by mitogens,
the SAPK pathway stimulates by cytokines and stress, and the yeast, Saccharomyces
cerevisiae, mating pheromone stimulated pathway. The conserved protein kinase cascade
is outlined with a grey box. Dashed arrows indicate the related kinases. DSK - dual-
specificity kinase.
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It has become clear that many enzymes require phosphorylation on both
serine/threonine and tyrosine residues (16.17). This is exemplitied, as mentioned above,
by the obligatory phosphorylation of MAPKs on both tyrosine and threonine required for
Kinase activation (16). These dual phosphorylations can be achieved through the action of
two protein kinases: a PSK and a PYK. Alternatively. a single DSK could achieve the
same result. The evolutionary conservation of DSKs within the MAPK pathways, trom

yeast to humans, suggests that there has been selective pressure tor their maintenance.

The Sty/Clk Kinase

The Sty/Clk kinase was isolated by virtue of its tyrosine-phosphorylating activity
but upon sequencing the catalytic domain was found to be similar to protein Kinases of the
serine/threonine family (18,19). Sty/Clk can be divided into two major domains; a
carboxyl-terminal catalytic domain (of approximately 320 amino acids) which has highest
homology to members of the CDC28/cdc2 family of serine/threonine kinases (hence the
name Clk, CDC28/cdc2-like kinase), and an amino-terminal non-catalytic domain
(approximately 160 amino acids) which has little homology to other known proteins.
Strongest similarity is observed between the catalytic domain and the yeast FUS3 gene
product (~30% amino acid homology (18,19)). The amino-terminal non-catalytic region
contains a putative nuclear localisation signal (NLS) reminiscent of the NLS of the simian
vacuolating virus 40 large T antigen, suggesting that Sty/Clk may be localised to the

nucleus.
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Further analysis revealed that when expressed and isolated from bacteria Sty/Clk
could autophosphorylate on the thre. .aydroxy-amino acids, Serine, threonine and ryrosine
(Sty), placing it in the DSK family. In virro Sty/Clk1 autophosphorylaies on serine and
tyrosine residues (o approximately equal stoichiometry and on threonine to a lesser extent
(18.19).

Srv/Clk mRNAs show what appears to be a ubiquitous pattern of expression in adult
mouse tssues, however, expression of Srv/Clk RNA is developmentally regulated.
Embryonic stem cells express two mRNA species approximately 1.7 and 1.8-kb in size,
while differentiation of embryonic cells in vitro leads 1o the expression of two additional
Sty/Clk (ranscripts approximately 3.2 and 5.6-kb in size (18). RNA derived from various
tissues of the adult mouse appear to contain the four species of Sty/Clk mRNA (18,19).
Interestingly, the leukaemic cell lines SP10 (myeloma) and P388 (pre-B cell), like

embryonic stem cells, express only the smaller (1.7/1 .8-kb) transcripts (18).

The Sty/Clk Family of Kinases
Since embarking on the work described in this thesis several other protein kinases

have been cloned that share considerable sequence similarity to that of Sty/Cik.

hCIlk1, hClk2 and hCIk3
Johnson and Smith (20) isolated a human homologue, also named Clk (cdc2-like
kinase: herein named hClk1 for human Clk1)), using a polymerase chain reaction (PCR)

based approach with degenerate oligonucleotides designed to identify cdc2-related kinases,
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This kinase is 87% identical to Stv 'Clk. with the major difference being the presence of
an additonal thirty amino acids adjacent 1o the caalyric domain in Sty Clk. Kinase
acuvity, although predicted for hCIk1. has not been demonstrated so it is unclear whether
it is itself a dual-specificity kinase.

Hanes ez al. independently cloned hClk1 and two additional related kinases (hClk2
and hCIk3 with 56 and 51% tdentity to hClkl. respectively) (21), however, once again
kinase activity has not been demonstrated. The genes for these kinases display a wide
pattern of expression, similar to that of Srv/Clk and interestingly, ACIkI, 2 and 3 show an

RNA splicing pattern similar to that of Sty/Clk ((21) and see Chap. 2).

Doa

The Doa (Darkener of apricor) gene was identified in Drosophila melanogaster as
a dosage-sensitive modifier of the apricor allele (w#) of the white eve (w) locus (22). The
wiallele is caused by the insertion of the copia retrotransposon into the second intron of
the w gene. Phenotypically this results in flies, normally displaying red eyes, having
“apricot-colcured” eyes. Doa mutations are dominant in their suppression of the w*
phenotype, thus, flies expressing mutations in the Dog gene have eyes which are darker
than “apricot-coloured”. Doa interacts specifically with the copia element, with mutant
alleles elevating levels of copia transcripts. Mutations of Doa result in defects in
segmentation, and eye and nervous system development. Most recessive mutations are
lethal, supporting the idea that the Doa gene product is vital for fly development. Doa is

expressed throughout development, and both stage and tissue-specific transcripts are
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produced. The Doa gene product possesses intrinsic protein kinase activity although the
amino acid specificity is currently unknown.
The involvement of Doa in the regulation of copia expression, and its predicted
nuclear localisation raise the possibility that it and other Sty/Clk family members may

phosphorylate nuclear proteins regulating gene expression.

AFC1, AFC2 and AFC3

Bender and Fink (23) isolated AFCI (Arabidopsis thaliana Jus3-complementing
gene 1) in a screen to identify genes in higher plants that could comptement the yeast
Saccharomyces cerevisiae with mutations in their MAPK signalling pathways. Hapioid
yeast with mutations in both MAPK homologues, fis3 and kss?, are sterile and cannot
mate as these Kinases are unable to phosphorylate and activate the STE12 transcription
factor, a requirement for the expression of mating-specific genes. AFCI is able to
complement the fus3/kss! double mutant resulting in mating-specific gene expression in
haploid yeast and mating of haploid yeast to yield diploids. Surprisingly, AFCI1 is not a
MAPK homologue but shows similarity to Sty/Clk family members (41% identity to
Sty/CIk kinase domain (23)). Bender and Fink have also isolated two genes related to
AFCI called AFC2 (75% identity to AFC1) and AFC3 (68% identity) (23), and as with

AFC1 the amino acid specificity of these kinases is unknown.



KNS1

KNS (Kinase Next to Spa2) was cloned from Saccharomyces cerevisiae (24) and
displays approximately 40% amino acid identity to mClIk1 within the catalytic domain (22).
Litle is known about the function of KNSI. When deleted or over expressed in yeast KNS/
displays no overt phenotype suggesting that, unlike that of Doa. it is a non-essential gene

(24).

Thus, the Sty/Clk family of kinases has been evolutionarily conserved from yeast
to man arguing that these kinases perform function(s) which confer a selective advantage
to the organism.

For simplicity in this thesis the mouse and human kinases will be referred to as
mClk and hCIk, respectively. Sty/Clk, being the foundiﬁg member of this family has been

given the designation mClk1 with its correspunding human homologue called hClk1.

(II) RNA SPLICING

The control of gene expression is critical for normal cellular growth and
differentiation. There are four possible steps where this regulation can occur: 1) The
structure of the DNA encoding and surrounding the gene: expressed genes are found in
euchromatin which can facilitate the accessibility of the transcription machinery; 2)
transcriptionally, through the coordinated regulation of transcription factors (both integral

components of the transcription machinery as well as trans-acting factors); 3) post-
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transcriptionally at the RNA level, and 4) post-translationally on the protein stage. I will
focus here on post-transcriptional regulation through RNA splicing.

Following transcription in eukaryotes the primary RNA transcript of a gene must
undergo a complex series of modifications before it becomes a mature, readily translatable
messenger RNA (mRNA). These modifications include capping of the 5' end with 7-
methyl-guanosine, polyadenylation of the 3' end, and splicing to remove the intervening
non-coding sequences between exons. With the successful completion of these processes
the mRNA must be transported from the nucleus to the cytoplasm where the translation
machinery resides and turnover of the mRNA can occur. All these processes are potential
sites for the regulation of gene expression and are controlled by a multitude of interactions
between RNAs and RNA binding proteins.

RNA splicing has been recognized as a means whereby higher eukaryotes can
regulate expression and generate isoform diversity within individual genes (25). Precursor
mRNAs (pre-mRNAs) can undergo alternative splicing to generate diverse functional
mRNAs. Alter:ative splicing can involve the use of one splice site (5' or 3') and multiple
complementary splice sites, or exon/intron “skipping”, where entire exons are removed
or introns retained. In some instances, what may be perceived as regulation through
alternative splicing may actually result from differential promoter or polyadenylation site
usage (26). Regulated RNA vrocessing at this level may involve more than one of the

above mentioned processes which are not necessarily mutually exclusive.



“11-
Requirements for Splicing

Figure 2 outlines the sequence requirements within pre-mRNAs for splicing to
occur, as well as a general scheme of the splicing reaction. Cis-splicing elements (5' splice
site (5'ss), 3'ss, polypyrimidine tract and the branch point sequence) are not highly
conserved in mammalian RNAs and mutation within these sequences often does not
completely inhibit splicing but can affect the efficiency of splicing and/or activate cryptic
splice sites (25).

The splicing reaction requires the coordinated action of a large number of protein
and RNA-protein complexes combined as a macromolecular enzyme termed the
spliceosome. The major sub-units of the spliceosome are the Ul, U2, U4, U5 and U6
RNA-protein complexes termed snRNPs (small nuclear ribonucleoprotein particles). The
snRNPs contain a common set of polypeptides referred to as the Sm proteins, as well as
proteins unique to the particular snRNP (27); Both RNA- and protein-interactions between
the snRNPs themselves, and the intron are believed to impart the correct structure
permitting the catalysis of splicing to occur.

In addition to the snRNPs, spliceosomes also contain a group of non-snRNP
splicing factors. Many of these factors contain conserved protein motifs which confer
functions that are consistent with their involvement in the splicing reaction. These motifs
include the RNA binding domain (RBD) and RGG box (both of which are RNA binding
domains), the DEAD/DEAH box (characteristic of a family of RNA helicases) and
arginine/serine-rich (RS) domains (consisting of repeats of arginine-serine dipeptides).

Many of the non-snRNP splicing factors contain one or more of these motifs (28). For
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Figure 2
Pre-mRNA splicing mechanism and the sequence requirements.

Splicing of precursor mRNA requires 5' and 3° splice sites, a polypyrimidine tract and a
branch point. The branch point adenosine necessary for catalysis is highlighted. The pre-
mRNA/spliceosome complex creates the necessary structure to allow the two trans-
esterification reactions (Step 1 and 2) to occur. In Step 1 the 2' hydroxyl (2'OH) group of
the branch point adenosine initiates cleavage at the 5 splice site producing a 2'-5
phosphodiester bond between the adenosine and the 5' end of the intron. Step 2 requires
the free 3' hydroxyl of Exon 1 to initiate cleavage at the 3' splice site and ligation to Exon
2. Splicing yields two products: the ligated exons and the excised intron in the form of a
lariat. The fate of the phosphate moieties at the splice sites is indicated through
highlighted p’s. Y - pyrimidine

(Adapted from Moore et al. (29))



Figure 2
Exon 1 Exon 2
IR G G GUGAGUA —— UACUUAUCC——— — YYYY—CAGpC L=~ |
A A A
5 splice site branch point 3" splice site
polypyrimidine tract
UGpGG N
-~ uAu——-acper
/ Step 1
&
o,
V
T . G,
- AUGAG Uy G,
e UACUU 4P+ )
LPUCC ——— AGgpcT——]
/ \ftep 2
7T -AueaslY,
~o . ~UACUU P¥ Exon 1 Exon 2

pUCC —— AG,,, I GG

Lariat Intron Ligated Exons



13-
example, U2 snRNP auxiliary factor (U2AF), which is required for the stable binding of
U2 snRNP at the branch point in pre-mRNAs, is a heterodimer consisting of U2AF*
(which contains an RS domain) and U2AF® (which contains three RBDs and an RS
domain). U2AF binds to the polypyrimidine tract of pre-mRNAs through the RBDs of
U2AF® which then facilitates binding of U2 snRNP to the nearby branch point sequence

(30,31).

SR Proteins

RS domains have been found in the Ul snRN P-specific protein U1-70k and in the
Drosophila melanogaster splicing regulators transformer (tra), transformer-2 (tra-2) and
suppressor of white apricor (su(w”)). However, RS domains are typified in a series of
proteins known as SR (serine/arginine-rich) proteins which are immunoreactive with the
monoclonal antibody 104 (32,33). Eight SR proteins have been identified in humans and
all are modular in structure consisting of an amino-terminal RBD and a carboxyl-terminal
RS domain (34,35). The main features differentiating the individual SR proteins are the
number of RBDs (one or two) and the length of the RS domain. Biochemical evidence
indicates that the RS domain can mediate protein-protein interactions (12,36), influence
RNA binding (31,37) or act as a signal directing localisation of the SR protein to nuclear
substructures (38,39).

The proto-typical SR protein, ASF/SF2 (also known as SRp30a), was discovered
by two separate groups using two different assays. SF2 (splicing factor 2) was purified,

and subsequently cloned, as a factor essential for splicing in vitro (40,41). ASF (alternative
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splicing factor) was identified as an activity that could influence the selection of alternative
5" splice sites in a viral pre-mRNA (42). It has subsequently been shown that all of the SR
proteins can activate constitutive splicing in vitro (33) and can modulate alternative splicing
(41,43,44). Complete redundancy amongst the SR proteins is unlikely and more recent
work has started to shed some light on the differences in activities of the individual
proteins (45,46).

The presence of RBDs in SR proteins suggests that sequence-specific RNA binding
is probably important for their function. Experiments performed by Zuo and Manley
(1994) have shown that ASF/SF2 can recognize 5' splice sites and that mutations within
the splice site reduce or abolish binding (47). Tacke and Manley (1995) have gone on to
show, using iterative selection from a pool of random RNA sequences, that ASF/SF2 and
the SR protein SC35 (48) bind purine-rich RNA sequences 8-10 bases in length (49).
ASF/SF2 and SC35 proteins wirh their RS domains removed displayed the same RNA
binding specificity as the full-length proteins suggesting that the RS domain is not involved
in determining this specificity. The selected sequences were distinct for the two
polypeptides but interestingly both were found in some 5' splice sites.

Both ASF/SF2 and SC35 have been shown to regulate alternative 5' splice site
choice in a concentration dependent manner (41,43,44). At high concentrations of the SR
protein the 5' splice site proximal to the 3' splice site is chosen whereas with decreasing
concentration of SR protein more distal 5' splice sites are used. This alternative splice site
choice is antagonised by another spliceosomal-associated protein, hnRNP Al

(heterogenous nuclear RNP Al) (44,50).
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Another of the ASF/SF2 selected RNA-binding sequences is found in a number of
purine-rich splicing enhancers (49). Splicing enhancers are most often found within exons
and facilitate splicing of the upstream intron (51-54). This is believed to occur through the
strengthening of weak 5 or 3' splice sites (weak being defined as a sequence not
conforming to the consensus) through the recruitment of other spliceosomal factors. An
additional feature of exons containing splicing enhancers is that they are often regulated
through alternative splicing (52-54).

SR proteins and purine-rich splicing enhancers can also function negatively to
repress splicing. Kanopka er al. have demonstrated that a purine-rich sequence located next
to a regulated 3" splice site in an adenovirus pre-mRNA represses splicing to that site in
the presence of excess SR proteins (55). Thus, the sequence is acting as a splicing
repressor, with binding of SR proteins to this site likely preventing the recruitment of U2
snRNP to the branch point sequence through steric hindrance. Interestingly, when placed
in the downstream exon, this purine-rich sequence acts as a splicing enhancer (55), thus,
SR proteins and the sequences they bind can influence splice site choices either positively
or negatively depending upon their location. |

As previously mentioned RS domains can facilitate protein-protein interactions and
evidence suggests that this is required for RS domain-containing proteins to exert their
effects. Interactions have been demonstrated between the RS domains of individual SR
proteins, as well as between SR proteins and U2AF and U1-70k (12,36).

Figure A indicates how RS domain-containing proteins might enhance splicing

through the stimulation of spliceosome assembly. ASE/SF2 can bind the Ul snRNP-
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specific protein Ul-70k, thus, binding of ASF/SE2 10 the 5' splice site could enhance the
subsequent binding of Ul snRNP 10 this site through the protein-protein binding of the
ASF/SF2 and Ul-70k RS domains (12.47). Furthermore, SC35 can mediate specitic
interactions between U1 and U2 snRNPs at the 3’ splice site by binding U1-70k and U2AF
(which stimulates U2 snRNP binding) (36,56). Functionally. this may bring the 5’ splice
site, branch point, and 3" splice site sequences in proximity to each other, creating a
structure necessary for cleavage and ligation reactions to oceur.

Similarly, SR protein binding to exon splicing enhancers could stimulate
recognition of a weak 3" splice site through RS domain mediated binding of U2AF bound
to the polypyrimidine tract (Fig. 3B). SR protein/exon enhancer-regulated recognition of
3' splice sites is a simple model for an alternative splicing mechanism. Accumulating
evidence suggests that SR proteins function through their combined abilities of RNA

binding and protein-protein complex formation mediated through RS domains.

Spliceosome regulation through phosphorylation

Although a considerable amount is known about the factors involved in the splicing
reaction little is known about the mechanisms which exist to regulate their activity, A
dynamic post-translational modification potentially involved in splicing factor regulation
is protein phosphorylation. Mermoud et al. have used protein phosphatase inhibitors to
demonstrate that dephosphorylation is required for both catalytic steps of the splicing
reaction to occur (57) and that the addition of an excess of protein phosphatase inhibits

spliceosome assembly (58). Further evidence for the role of phosphorylation in splicing
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Figure 3
SR protein-mediated interactions in spliceosome assembly.

Protein-protein interactions between the RS domains (RS) of various splicing factors may
aid spliceosome assembly. (A) The binding of the Ul snRNP (U1) to the 5' splice site is
promoted through SRp30a (ASF/SF2) binding to the same 5 splice site. Binding of U2AF
to the polypyrimidine tract stimulates binding of U2 snRNP to the branch point and
promote interaction with SRp30a bound at the 5° splice site. The SRp30a/U2AF interaction
may require SRp30b (SC35). These RS domain-mediated interactions may facilitate the
required interaction of the branch point adenosine and the 5' splice site through structural
changes in the pre-mRNA. (B) SR proteins bound to splicing enhancers may stimulate
recognition of weak 3' splice sites by enhancing binding of U2AF to the polypyrimidine
tract. The pre-mRNA is represented as in Figure 2.

(Adapted from Valcdrcel and Green (34))
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is that thiophosphorylation (1o prevent dephosphorylation) of the U1-70k protein inhibits
splicing but does not prevent spliceosome assembly (39). RS domain containing
polypeptides are potential targets for regulation through phosphorylation.

SR proteins constitute a family of phosphoproteins whose activity is likely regulated
by dynamic phosphorylation (58,60). Kinases which can phosphorylate these epitopes in
vitro have been identified (43,61-64). Phosphorylation of proteins within their RS domain
has the potential to directly regulate protein-protein interactions and directly or indirectly
regulate the other distinct functions of these polypeptides (ie. RNA binding, subcellular

localisation).

Splicing factor localisation

Accumulating evidence indicates that pre-mRNA splicing occurs on nascent
transcripts at sites of transcription (65-67). Much of this data is based upon the co-
localisation of unspliced and spliced RNAs at sites of transcription. Splicing factors have
been found distributed throughout the nucleoplasm (68) as well as being concentrated in
discrete sites within the nucleus (60,68,69). These subnuclear sites can be differentiated
by electron microscopy into peri-chromatin fibrils, interchromatin granules (also called
"speckles”, based upon their speckled appearance following immunolocalisation) and
coiled bodies (70-72). RNA with a rapid turnover has been localised to peri-chromatin
fibrils suggesting that these are the sites of active pre-mRNA splicing. What then is the
function of interchromatin granules, which represent the majority of speckles visualised

as containing spliceosomal components (48,68)? It has also been proposed that these act
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as storage sites tor unassembled splicing factors or that they are sites for the assembly of
spliceosomal components (70.71): two possibilities that are not necessarily mutually

exclusive. Further experimentation is required to resolve these issues.

THESIS WORK

Kinases play an important role in the regulation of signal transduction pathways.
Clk1 was cloned during a screen to identify novel kinases potenuially involved in such
pathways. The work described in this thesis was aimed ar elucidating a roie for this kinase
in mammalian cells. To this end we have characterised the RNA gene products and
initiated a characterization of the protein products.

Chapter 2 is devoted to characterising the RNAs derived from the clk/ gene and
initial biochemical analysis of the clk! gene products expressed in mammalian cells.

In Chapter 3 data is presented which indicates a potential role for the c/k! gene
products in pre-mRNA splicing. Chapter 4 continues in this theme with evidence
implicating the c/k! gene products in the autoregulation of clk! gene expression through
pre-mRNA splicing.

To further characterise the Clkl polypeptide we have attempted to identify
regulatory regions contained within the non-catalytic domain of Clkl (Chapter 5).

Finally, a preliminary biochemical characterisation of the human Clks , hClk2 and
hCIk3, is presented in Chapter 5, the results of which suggest that, there is functional

similarity amongst these related kinases.
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CHAPTER 2

Alternative Splicing of Clk1, a Nuclear Dual Specificity

Kinase
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SUMMARY
The LAMMER subfamily of kinases has been conserved throughout evolution and
its members are thought to play important roles in the regulation of cellular growth and
differentiation programs. Clkl is a murine LAMMER kinase which has been implicated
in the control of PC12 cell differentiation. Multiple transcripts are derived from the Clk!
gene and their relative abundance is developmentally regulated. Alternative splicing of the
primary Clkl transcript generates mRNAs encoding full length catalytically active (Clk1),
and truncated, kinase deficient, polypeptides. Both Clk! and its truncated isoform, Clk1",
are localised in the nucleus, and are capable of heterodimerizing. We also demonstrate that

Clk1 functions as a dual specificity kinase in mammalian cells.

INTRODUCTION

The Clkl gene encodes a member of the recently discovered family of dual
specificity kinases (18,19). To date, at least eighteen distinct genes encoding dual
specificity kinases have been identified in the genomes of yeast and mammals (for reviews
see Douville et al. (6) and Lindberg et al. (5)). These kinases, expressed either as bacterial
products or isolated from mammalian cells, have the ability to autophosphorylate on
serine, threonine and tyrosine residues. Two of the best studied of these enzymes are the
yeast weel™ kinase, a regulator of progression through the cell cycle (73), and MEK
(MAPK/ERK kinase), believed to be a key molecule in mitogen stimulated signalling
pathways (74). We have previously reported the cloning of the murine Clk/ cDNA which

when expressed in bacteria encodes a protein capable of phosphorylating serine, threonine
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and tyrosine residues in vitre (18). The Clkl kinase contains an amino acid motif,
LAMMER, found in kinase subdomain X (22), a feature which is shared with at least eight
other dual specificity kinases expressed in humans, mice, plants and insects (21-23). The
LAMMER motif containing protein kinases appear to be conserved throughout evolution
suggesting that these enzymes may play important roles in the control of cellular growth
and differentiation. Indeed, the DOA kinase, a Drosophila gene product, is critical to the
development of the fly embryo and affects eye differentiation in the adult (22,75). The
AFCI kinase gene of Arabidopsis thaliana can complement yeast signal transduction
mutants via activation of the transcription factor STE12 (23). In mammalian cells, the
physiological function of the LAMMER kinases is largely unknown although
overexpression of the Clk! kinase in PC12 cells appears to initiate their differentiation into
neural derivatives possibly through activation of a protein kinase cascade (76). As has been
observed with other members of the LAMMER kinase family, the Clk! gene appears to
express several differentially processed transcripts. To gain a full understanding of the
physiological role of the Clk1 kinase we felt it important to identify and biochemically
characterize all its gene products. We report here the cloning and sequencing of three
sovel Clkl cDNAs. Two of these cDNAs are derived from incompletely processed
transcripts which accumulate in the nucleus in a developmentally regulated fashion. The
third cDNA encodes a truncated polypeptide (CIk17) which like the full length Clk1 kinase
is found in the nucleus and contains domains which facilitate dimerization. Furthermore,
we present evidence that the Clkl kinase is able to phosphorylate serine, threonine and

tyrosine residues when expressed in mammalian cells.
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MATERIALS AND METHODS
Construction of ¢cDNA library
An L1210 leukaemia cell line cDNA library was constructed in Agtl0 from size selected
poly(A)" RNA. Poly(A)* RNA was fractionated through a 2-10% sucrose gradient in 85%
formamide, 10mM Tris"HCI, pH 7.5, lmM EDTA and 0.2% SDS. Gradients were run
at 200 000xg for 20h at 20°C. Following centrifugation, 0.4ml fractions were collected and
aliquots analyzed by Northern blotting using a Clk! cDNA probe. Fractions containing
RNA larger than 1.8-kb were pooled and precipitated with ethanol. cDNA was generated
with 5ug size-selected poly(A)* RNA using the SuperScript cDNA synthesis system
(Gibco BRL) and was. subsequently size selected for products larger than 1kb by gel

filtration (Sepharose 4B, Pharmacia).

Isolation of cDNA clones

The Agt10 library was screened using a full-length Cik7 ¢cDNA probe. From a screen of
200 000 plaques 18 positives were identified. Six were chosen at random for further
analysis. To determine the size of the inserts PCR was employed to amplify cDNA using
Agt10 and CIk! specific primers. Briefly, pairs of Agt10/Clk] primers were used to amplify
DNA from the primary plaques of the library. Primer pairs were Agtl0 forward
(*agcaagttcagectggttaag®) and ClkI 619F ¥ tecaccacttticcgaaageat ) or Agtl0 reverse
(* cttatgagtattcticcagggta®) and ClkI 619F. 50ul PCR reactions were performed with
S0pmol each primer, 0.2mM each dNTP, 1.25U Taq DNA polymerase in S0mM KCI,

10mM Tris-HCI, pH 8.4, 2.5mM MgCl, and 0.2mg/ml gelatin. PCR conditions were
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94°C, 40s; 50°C, 60s; 72 C, 2min for 30 cycles. Amplified products were resolved by
agarose gel electrophoresis and ethidium bromide staining. Two clones yielding inserts of

approximately 2.6-kb were plaque purified by standard procedures (77).

Sequencing of cDNA clones

The cDNA inserts were subcloned into the Kpnl site of the plasmid pGEM-4 (Promega).
Double-stranded DNA sequencing was carried out using the dideoxy chain termination
method (78). Full length sequence of the cDNA insert was achieved using oligonucleotide

primers.

Northern hybridization analysis

Total RNA was prepared from cells or tissues as described by Chirgwin et al. (79).
Poly(A)* RNA was selected by passage of total RNA through oligo(dT)-cellulose columns
as described by Jacobson (80). To isolate nuclear ar.1d cytoplasmic RNA NIH 3T3 cells (3-
5x107) were resuspended in 1ml lysis buffer (10mM Tris-HCI, pH 8.0, 140mM KCI, 5mM
MgCl,, 1mM dithiothreitol, 0.5% NP40) and lysed in a Dounce homogenizer. Nuclei were
removed from the cytoplasmic fraction by centrifugation for Smin at 1200xg. Total nuclear
and total cytoplasmic RNA was isolated from these fractions as outlined above. Aliquots
of total RNA (20ug) were electrophoresed through 1% agarose gels containing 19%
formaldehyde, 40mM morpholinepropanesuifonic acid (MOPS), 10mM sodium acetate,
ImM EDTA, transferred to Hybond N membrane (Amersham) and UV crosslinked as

described by the manufacturer. Hybridization was carried out in 50% formamide, 6XSSC
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(0.9M NaCl, 0.09M sodium citrate), 5X Denhardt's solution (1% {w/v] Ficoll, 1% [w/v)
polyvinylpyrrolidone, 1% [w/v] bovine serum albumin), 0.5% SDS. 150pg/ml sheared
herring sperm DNA, with a random-primed [**P]-labelled Clk! cDNA probe at 42°C. Blots
were washed in 0.2XSSC, 0.1% SDS at 65°C. The positions of 18S and 285 RNA were

determined by ethidium bromide staining of the agarose gel.

RT-PCR analysis and cloning of ClkIT

Total RNA from P19 cells or mouse tissues was used to synthesize oligo (dT) primed first
strand cDNA with SuperScript RNAse H- reverse transcriptase (Gibco BRL) as per the
manufacturer's instructions. 1-2ul of a 20ul cDNA synthesis reaction was subsequently
used in a PCR amplification. 50ul reactions were performed containing 20pmol primer
ClkI 619F, 20pmol primer Clk1 93R (*cggatccatgagacattcaaagagaact’) and 1.5U Taq
DNA polymerase for 30-40 cycles under the conditions described above. ClkI” cDNA was
generated by RT-PCR using primer ClkI 7R (*catcgtcgtaatcgttige®) and primer Clkl
1539F (*cgtatgentttaagtgg®). Amplified products were resolved by electrophoresis through

a 1.5% agarose gel and ethidium bromide staining.

Sequencing of RT-PCR products

Amplified PCR products were gel purified and cloned directly into the pCRII plasmid
(Invitrogen) (7R/1539F product) or digested with Hindlll and Sacl restriction
endonucleases (93R/619F product) and subcloned into the plasmid pTZ19R (Pharmacia)

following conventional procedures (77). Sequencing was performed as described above.
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Identification of Additional Introns
Additional introns were identified within the CIkl gene by sequencing of genomic
fragments isolated from a D3 embryonic stem cell genomic library (gift of Dr. D.A.Gray,

University of Ottawa) and subcloned into pGEM-4 (Promega).

Construction of cDNA Expression Vectors and Tagged Proteins

pPECE/Cikl was generated by insertion of Clk! cDNA into the mammalian expression
vector pECE (81). The 1.7-kb CikI fragment was isolated from pTZ19R/Clkl by PCR
amplification using the following oligonucleotides: *cggatccatgagacaticaaagagaact®
(including a BamHI site at the 5' end) and reverse sequencing primer
(*ageggataacaatitcacacagga®). This fragment was subsequently digested with EcoRI and
subcloned into pECE previously digested with Smal and EcoRI.

The CIk1 polypeptide was tagged at the amino terminus with a six-repeat human Myc
epitope by subcloning the Myc epitope isolated from Bluescript KS* MTG (60) (Sall/Pst
blunted fragment) into the pECE/Clk! plasmid (KpnlI blunted). The Myc epitope in
PECE/M-Cikl was confirmed to be in frame by sequencing.

PECE/M-Clk***® and pECE/M-ClkI" were generated by PCR directed mutagenesis using
the pECE/M-Cikl plasmid as template and the following oligonucleotides:
¥ gcatagttaaaaatgtggatag® and *geactgctacacgtetac® for pECE/M-CIkKI9R

or *ccegtgtgaatggtgetg” and *argaaattgtigatactttaggt® for pECE/M-ClkI™. 50pl reactions
were performed containing 20ng plasmid, 25pmol each oligonucleotide, 0.2mM each

dNTP, 2U Vent(exo) DNA Polymerase (New England BioLabs) in buffer supplied by the



27-
manufacturer. Amplification conditions were 95°C, 1min; 368 C, lmin; 72 C, 5min for
twenty cycles. The reaction product was phosphorylated with polynucleotide kinase and
recircularized with T4 DNA ligase.

An amino-terminal deletion mutant, pECE/M-CikI**! | |acking the first sixty amino acids
of Clkl, was created by substituiion of the BamHI/BamHI Cikl fragment from pECE/M-
Clkl with the Xholl/BamHI Clk! fragment generated by subsequent digestion of the
BamHY/BamHI fragment with XholIl. All mutations were confirmed by sequencing.

The Myc epitope in these constructs is immunoreactive with the monoclonal antibody
(mAb) 9E10 in immunoprecipitation/immunoblot analysis (82).

Clkl was also subcloned into the bacterial expression vector pGEX-3X (Pharmacia) to
generate the fusion protein GST-Clkl. The 1.7-kb Clk! fragment was isolated from
pTZ19R/CikI by PCR amplification as described above. This blunt/EcoRI fragment was

subcloned into pGEX-3X (BamHI, blunted, foliowed by EcoRI digestion), Clkl was

confirmed to be in frame with GST by sequencing.

COS-1 cell culture and transfection

COS-1 celis were maintained in o-minimal essential medium (MEM) supplemented with
10% calf serum. For transient transfection COS-1 cells were trypsinized, counted and
resuspended in serum-free «-MEM at 2-3x10° cells in 0.5ml. 20ug of the appropriate
plasmid DNA was added and the cells were chilled on ice for 10 minutes. Cells were
electroporated using a Gene Pulser (Bio-Rad) at 220V and 960uF following which the cells

were left at room temperature for 15 minutes. Transfectants were then plated in eMEM
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supplemented with 10% calf serum in the absence or presence of 50uM sodium vanadate.

Cells were harvested 24 hours later.

Immunoprecipitation/Immunoblot analysis

Transfected COS-1 celis were lysed in immunoprecipitation (IP) buffer (20mM Tris-HCI,
pH 7.5, 150mM NaCl, 2mM EDTA, 1% Triton X-100, 2mM NaF, 2mM sodium
pyrophosphate, 500M sodium vanadate, 200ug/ml phenylmethylsulfonyl fluoride, 2pg/ml
aprotinin, Sug/ml leupeptin) for 30 minutes on ice. Lysates were cleared by centrifugation
and the supernatants were immunoprecipitated with either mAb 9E10 or anti-
phosphotyrosine mAb 4G10 (Upstate Biotechnology Incorporated). Immunoprecipitates
were assayed for kinase activity in 20mM HEPES, pH 7.1, 10mM MgCl,, 2mM MnCi,
containing 10uCi [y**P]-ATP for 30 minutes at room temperature. Reactions were arrested
by the addition of Laemmli's sample buffer followed by boiling. Samples were resolved
by 10% SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose
membrane and exposed to Kodak XAR-5 X-ray film.

For immunoblots membranes were blocked in 5% Blotto in TBST (150mM ﬁaCl, 10mM
TrissHCI, pH 7.5, 0.05% Tween-20). Anti-Myc immunoblotting was performed using
ammonium sulfate precipitated 9E10 hybridoma culture supernatant at 1:50-1:100.
Immunoblots were visualized with horseradish peroxidase-conjugated goat anti-mouse
antibody followed by enhanced chemiluminescence (Amersham) and exposure to Kodak
XAR-5 X-ray film.

Phosphoamino acid analysis was performed as previously described (4).
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Immunofluorescence of M-Clkl in COS-1 cells

Following transfection of pECE constructs into COS-1 cells approximately 7.5x10* cells
were plated onto gelatin coated coverslips. 22-24h post-transfection cells were washed with
PBS and fixed in -20°C methanol for 10min at -20°C. Following rehydration of cells in
PBS, anti-Myc mAb (1:50 in PBS containing 0.3% Triton X-100) was added followed by
fluorescein isothiocyanate (FITC)-conjugated anti-mouse secondary antibody (1:20,

DAKOQO).

GST-CIk1 binding columns

GST-Clk1 binding reactions were carried out essentially as described (83). Briefly,
bacterially expressed GST or GST-CIk1 was coupled to Glutathione-Sepharose 4B beads
(Pharmacia) in IP buffer. Approximately 10ug of GST or GST-Clk1 coupled to beads was
used in each binding experiment. COS-1 ceil lysates containing M-Clk1, M-CIk1T or M-
Tik were mixed with GST or GST-Clk1 beads. Incubations were carried out for 2h at 4°C
on a rotating platform. The beads were then washed with IP buffer and proteins eluted with
sample buffer. Bound proteins were analyzed by SDS-PAGE, transferred to nitrocellulose

and subsequently immunoblotted with anti-Myc mAb.

Nucleotide sequence accession numbers
The Genbank accession numbers are U11054 and U21209 for the ClkI-5.6 and Clki”

cDNAs respectively.
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RESULTS
Sequence analysis of the developmentally induced Clk! transcripts reveals introns
Northern blot analysis revealed that the 11210 cell line expressed three distinct
species of Clkl mRNA corresponding in size to the developmentally regulated mRNA
species identified previously in P19 cells and other cell lines (data not shown, (18) and Fig.
2). In order to determine if these transcripts encode ditferent isoforms of the Clk1 kinase
we cloned the larger of these mRNA species. Using size selected mRNA isolated from
L1210 cells we prepared cDNAs from mRNA species larger than 1.8-kb (see Materials
and Methods). Our initial screen of 200 000 recombinants resulted in 18 positive clones
one of which (2.6-kb in size) was sequenced fully. This 2.6-kb cDNA clone contained
regions of sequence identity with the Clk7 1.8-kb embryonic transcript (hereafter referred
to as ClkI-1.8), including the 5’ end, interspersed with regions of non-identity. The
intervening sequences did not, however, maintain the open reading frame as they contained
stop codons in all reading frames (see Fig. 1). Further analysis revealed 5' and 3' splice
sites at the ends of the intervening regions suggesting the presence of intronic sequences
within an incompletely spliced transcript. The 2.6-kb cDNA did not contain the entire
predicted CIk! open reading frame, but rather contained four exons (including an exon
with the predicted initiating methionine), three complete introns (with 5' and 3' splice
sites) and one partial intron (with a S' splice site). To determine from which mRNA
species the cDNA had been cloned, northern blots were probed with the cDNA regions
encompassing individual introns (data not shown). The results of these experiments are

depicted schematically in Figure 2. Probes derived from intron A (IA), or intron B (IB),
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Figure 1

Nucleotide and predicted amino acid sequences of the CikI-5.6 partial cDNA and
Clk1" cDNA.

The amino acid sequence is derived from that predicted from the CikI-1.8 cDNA (18).
Panel A: Clki-5.6 partial cDNA. Predicted intron/exon boundaries are indicated in bold
face. The alternatively spliced exon is underlined and consensus amino acids found in
kinase subdomains are highlighted and indicated by Roman numerals. Amino acids
indicated by an asterisk are encoded by codons split between two adjacent exons. Exons
(E) and introns (I) are labelled as follows: EA: nucleotides 1-456; [A: nucleotides 457-
1326; EB nucleotides 1327-1417; IB: nucleotides 1418-1811; EC: nucleotides 1812-1995;
IC: nucleotides 1996-2082; ED: nucleotides 2083-2249; ID: nucleotides 2250-2572. Panel
B: Clk1-1.7 (Clk17) cDNA.,
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hybridized to the 5.6-kb and 3.2-kb transcripts (hereatter called C/k1-5.6 and Cik1-3.2,
respectively), while probes from intron C (IC) and D (ID) hybridized to C/k7-5.6 but not
CIkI-3.2. This daa indicated that the 2.6-kb cDNA clone represented a partial 3° clone
of the Clk{-5.6 RNA species. Since probes corresponding 1o introns A and B hybridized
to Clkl-3.2 it is likely that this mRNA species is also an incompletely spliced transcript.
Thus both the larger 5.6 and 3.2-kb transcripts contain intron sequences and arise as a
result of incomplete and/or alternative splicing. The intron/exon boundaries of the 2.6-kb

cDNA clone are indicated in Table 1.

Clkl-3.2 and Cik1-5.6kb transcripts are nuclear

Although both ClkI-3.2 and ClkI-5.6 RNAs comained intron sequences the
possibility remained that these RNA species were capable of being translated into truncated
CIk1 polypeptides by the cytoplasmic translation machinery. To test this idea, RNA from
NIH 3T3 cells was separated into cytoplasmic and nuclear fractions and analyzed by
northern blotting. All three Clk! transcripts were found in the nuclear fraction whereas
only Cikl-1.8 was found in the cytoplasmic fraction (Fig. 2). This is consistent with the
larger transcripts (Clk1-3.2 and Clk1-5.6) being nuclear, immature (incompletely spliced)
transcripts. Fractionated Hela cell RNA and L cell RNA showed the same
nuclear/cytoplasmic partitioning of Clk/ transcripts (data not shown).

To determine whether Clk/-5.6 represented the primary transcript from the Clk!/
gene, fragments of the Clk! locus were isolated from a D3 embryonic stem cell genomic

ADASHII library (see Materials and Methods). A fragment surrounding the predicted
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Figure 2

Schematic representation of Cik! transcripts and analysis of their subcellular
localization.

Total RNA from NIH 3T3 cells was separated into cytoplasmic and nuclear fractions and
subjected to northern blot analysis. Each lane represents the hybridization of theCik/- 1.8
cDNA to 20ug total RNA. The approximate sizes of the ClkI mRNAs are (from top to
bottom) 5.6, 3.2, 1.8 and 1.7-kb. Positions of 18S and 285 RNA were determined by
ethidium bromide staining of the agarose gel. Exons (EA-ED) are depicted by thick lines
and introns (IA-ID) as thin lines. The alternatively spliced exon (EB) is hatched.
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initiating methionine was cloned into the sequencing vector pGEM-4. Portions of this
genomic fragment were sequenced using oligonucleotides residing in the Cik/ cDNA. Two
introns were identified in addition to those found in ClkI-5.86, demonstrating that Clk]-5.6
is not the primary transcript but is an incompletely spliced RNA. The intron/exon

buindaries and relative positions of these introns are indicated in Table 1.

Cik1 is alternatively spliced

Alignment of the amino acid sequence of Clkl with that of the reported human
homologue (hClk, (20)) using the Lipman-Pearson algorithm (84) revealed very high
homology (83 % identity over 482 amino acid overlap). However, there is a stretch of 30
amino acids contained in Clk1 that is absent within hClk (Fig. 3A). Sequence analysis
indicated that these thirty amino acids are encoded within the second exon (exon B) of the
2.6-kb cDNA clone (see Fig. 1 & 3B). This suggested that exon B may be alternatively
spliced. The Clkl cDNA originally isolated (18) would encode the isoform containing exon
B, whereas the hClk cDNA (20) would encode the isoform lacking this exon. Consistent
with this idea, the ClkI-1.8 transcript often appears as a doublet upon northern blotting
suggesting the presence of a fourth transcript (data not shown, (18) and Fig. 2).

To investigate this possibility we performed reverse transcriptas.e coupled with PCR
amplification (RT-PCR) to amplify the entire coding sequence of Clk! (nucleotide position
7-1539, data not shown) from P19 cell derived cDNA. Two DNA species were amplified,

the sizes of which were consistent with alternative slicing of exon B (data not shown). To
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Table 1
Intron and exon boundaries found in the ClkI-5.6 cDNA.

Coding sequence is capitalized while noncoding sequence is in small letters. Numbering
of nucleotide positions is relative to that of CikI-1.8 (18). Intror/exon boundaries indicated

by an asterisk were determined by sequencing genomic DNA from the Clk/ locus. ND -
not determined

Figure 3
Schematic representation of the alternative splicing of exon B.

Panel A: Comparison of the amino acid sequence surrounding exon B of Clkl (mouse)
with that of the human homologue (hClk). The sequence encoded by exon B in mouse
which is absent in the human cDNA is denoted by the dashed line. Amino acid positions
indicated are relative to those predicted for Ctk1 (18) and hClk (20). Identical residues are
identified by bars and conservative substitutions by dots. Panel B: The nucleotide sequence
of the intron/exon boundaries surrounding the alternatively spliced exon is shown between
the predicted splicing products. Splicing in of exon B would result in production of full-
length Clk1. Splicing out of exon B results in a frameshift which introduces a premature
stop codon (tag, indicated by a period). The resulting protein (CIk1") is truncated prior to
the catalytic domain.
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Table |
£ SPUCE SITE. INIRON SIZE_ 3 SPUCE SITE.
Intron A “GGGgtatga - ~8700p — tgccgecegettgacgigiccag:AaG™
infon B *'GAT:gtatag - 3%4bp — taataattattcctettitttag:ATG**
Intron C "1TT:gtaagt -  8ebp-- ttgtttttttaacgtgtttotag:CCE™
infron D *"ACT:gtaagt -— >320bp - not present
Intron 1* ND ND ctggtaaaatitgictitcatag:ATG"
intron 2* *“CAG:gtaaga - ~600bp - aacoaacttititictectetag:CTA™
Car. N _ tat 19t oty
Consensus ARe:gt g:g'r >600p cNecad — fch —cag@
Figure 3
120 leé
Mouse HHTSQHHSHGKSHRRKRSRSVEDDEEGHLICQSGDVLSARYEIVDTL
I 11aziit] [
Humsa  HSTSHRRSHG —_— DEIVDTL
121 137
B
128 163
<« 3 8 B G|XK 8 H ...24a8 ... 8 A R 4: E I OV ... Clk'l
+«» CAL LCB COC JUT[MAG 8gT cAC ... T2bp ... Bgt gCA Aga tut gas att gttt ...
Exon A .- : Exon B : .. Exen €

s+ CAC dgu|gta tga..856bp..gtc cag [aag agt cac ... 72bp ... agt goa aga tyt ata g..380bp, .ttt taq[a:g L8 ...

126

TR T CIK1'

.+. G4t tca cac ggg|aty asa ttg ttg ats ctt tag ...




~36-
verify the identity of the PCR products, the DNA was isolated, reamplified and subcloned
into the pCRII vector. Sequencing revealed that the larger amplification product
corresponded to full-length Clk! whereas the smaller lacked exon B (Fig. 1). This result
was observed with cDNA derived from P19 cells (see P19 lane, Fig. 4) suggesting that the
alternatively spliced transcript lacking exon B (ClkI-1 .7) arises from a mRNA that co-
migrates with the 1.8-kb transcript.

Expression of ClkI-1.7 and ClkI-1.8, was assayed by RT-PCR amplification of the
region encompassing exon B from cDNA of several mouse tissues (Fig. 4). All tissues
tested, contained both Clkl-1.7 and Clkl-1.8 transcripts. A PCR product of approximately
1-kb in size was also reproducibly amplified from all tissues, the size of which is consistent
with that of a splicing intermediate derived from ClkI-5.6 (data not shown).

The Cik1-1.7 mRNA, generated by alternative splicing of exon B, should encode
a protein homologous to the hClk protein product. The protein product from the murine
Clki-1.7 transcript is predicted to be truncated and catalytically inactive (we have termed
this product Clk17 for truncated Clk1) (see Fig. 3B). However, the protein product of
hClk, which lacks exon B, is predicted to be catalytically active. This apparent
contradiction suggested that either the sequence encompassing exon B is absent in the
human genome and that in its absence the gene has evolved to maintain a catalytically
active molecule or, alternatively, the AClk ¢cDNA is the homologue of Clki-1.7 and should
encode a truncated molecule. To investigate this further a human liver cDNA library (gift
of Dr. D.A. Gray, University of Ottawa) was screened with a fuli-length Cik! ¢cDNA

probe. From an initial screening of 200,000 recombinants, thirty clones were identified.
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Figure 4
RT-PCR analysis of Clk! transcripts demonstrates alternative splicing.

Oligonucleotide primers flanking exon B were used to amplify cDNA generated from aduit
mouse tissues or P19 EC cells as indicated above each lane or to amplify the CikI-1.8
¢DNA. PCR products were resolved on a 1.5% agarose gel and stained with ethidium
bromide. The predicted product sizes of 543-bp (Clkl) and 453-bp (Clkl™) are indicated
on the left and DNA markers sizes are shown on the right.
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Of these, ten were picked at random and analyzed by PCR to determine if they contained
the exon A-exon C region. One positive clone was analyzed further and the sequence of
this boundary indicated that it was the human homologue of CikI-1.7 and would encode
a truncated protein product (data not shown). The human cDNA, as published by Johnson
and Smith (20), contains an additional G residue at this boundary which would maintain
the open reading frame through the catalytic domain. The absence of this residue in our
mouse and human cDNAs causes a frameshift to occur which introduces a stop codon (Fig.

3B).

Expression of Clk1 protein in mammalian cells

The Clk1 cDNA encodes a 57-kDa polypeptide, whereas the Clki7 cDNA encodes
a 16.3-kDa truncated polypeptide lacking the catalytic domain. In order to detect these
protein products we tagged the Clk1 and Clk17 polypeptides with a six-repeat human Myc
epitope and expressed these fusion proteins in COS-1 cells. The epitope tag added 89
amino acids to the amino-terminal end, increasing the molecular mass by approximately
10-kDa. COS-1 cells transfected with the pECE vector alone showed no proteins detectable
by anti-Myc immunoblotting (Fig. 5A, lane 1). Transfection of pECE vectors encoding
Myc-tagged Clkl (M-Clkl) or Clk1T (M-Clk1") c¢cDNAs demonstrated anti-Myc
immunoreactive proteins of approximately 75-kDa and 34-kDa respectively (Fig. 5A, lanes

2.4) corresponding to full-length and truncated Clk1 kinases.
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Figure 5

Expression and catalytic activity of wild-type and mutant Clk1 proteins in COS-1
cells.

COS-1 cells were transfected with either PECE expression vector alone (lane 1) or vector
encoding Myc epitope-tagged Clkl (M-Ciki), catalytic mutant Clkl (K190R), truncated
CIki (T) or an amino-terminal deletion of Clk1 (AXholl) (lanes 2-5, respectively). Myc
tagged proteins were immunoprecipitated with the anti-Myc monoclonal antibody and
subjected to an in vitro kinase assay. Proteins were subjected to SDS-PAGE and transfer
to nitrocellulose. Expression levels were determined by immunoblotting with the anti-Myc
antibody and enhanced chemiluminescence (panel A). Autoradiogram of in vitro catalytic
activities of wild-type and mutant Clk1 proteins (panel B). Phosphoamino acid analysis by
two dimensional thin-layer electrophoresis of wild-type M-Clk1 labeiled in vitro (panel C).
Positions of molecular mass markers (kDa) are indicated to the left of each panel. The
positions of phosphoserine (pSer), phosphothreonine (pThr) and phosphotyrosine (pTyr)
are also indicated.
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CIk1 protein exhibits dual specificity kinase activity in vitro and in vive
Clkl expressed in bacteria has dual specificity kinase (DSK) activity (1). To
determine if Clkl expressed in mammalian cells has similar DSK activity we used an
immune complex kinase assay. Cells transfected with the M-Clk! plasmid expressed a 75-
kDa phosphoprotein as detected in an anti-Myc mAb immune complex Kinase assay (Fig.
5B, lane 2). Phosphoamino acid analysis of the M-Clkl phosphoprotein revealed
substantial phosphoserine, phosphothreonine and phosphotyrosine (pTyr) (Fig. 5C). 1t
remained possible that a co-precipitating kinase was responsible for phosphorylation of
some or all of the sites on M-Clk1. To address this problem a catalytically inactive mutant
of M-Clkl, M-CIk1***® was generated. Oligonucleotide-directed PCR mutagenesis was
used to change the invariant lysine residue 190 in subdomain II of the catalytic domain to
an arginine residue (K190R). While expression of this mutant could be readily detected by
immunoblotting COS-1 cell extracts (Fig. 5A, lane 3), M-CIk1¥'"R showed no kinase
activity or evidence of phosphorylation (Fig. 5B, lane 3). This result demonstrates that
Clk1 protein expressed in mammalian cells exhibits DSK activity. To test its in vivo
phosphorylation state, M-Clk! was transfected into COS-1 cells, immunoprecipitated with
either anti-Myc mAb or anti-pTyr mAb and then subsequently immunoblotted with anti-
Myc mAb (Fig. 6). Cells grown in the absence or presence of vanadate, a phosphotyrosine
phosphatase inhibitor, showed similar levels of anti-Myc immunoprecipitatable M-Clk1
(Fig. 6, lanes 1,2). In the absence of vanadate only a fraction of the M-Clk1 could be
immunoprecipitated with anti-pTyr mAb (Fig. 6, lane 3). In the presence of vanadate,

however, similar amounts of M-Clk] could be immunoprecipitated with anti-pTyr mAb
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Figure 6
Cik1 protein is phosphorylated on tyrosine in vivo.

COS-1 cells were transfected with the PECE vector encoding Myc epitope-tagged Clk1
(M-CIk1) and grown overnight in the absence (lanes 1,3) or presence (lanes 2,4) of 50uM
sodium vanadate (VO,). M-Clk] was immunoprecipitated (IP) with either the anti-Myc
monoclonal antibody (myc, lanes 1,2) or an antiphosphotyrosine monoclonal antibody
(pTyr, lanes 3,4). Immunoprecipitated Myc-tagged proteins were visualized by
immunoblot analysis and enhanced chemiluminescence with the anti-Myc antibody.
Positions of molecular mass markers (kDa) are indicated on the left.
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(Fig. 6, compare lanes 2 and 4). As expected the M-CIk1¥'*R mutant did not react with
the antibody directed against phosphotyrosine (data not shown). These results were
corroborated by incubating transfected COS-1 cells with [**P]-orthophosphate and
performing phosphoamino acid analysis on labelled M-Clk1 protein. As with the in vitro
kinase assay, all three hydroxyamino acids were phosphorylated when M-Clkl was

labeiled in vivo (data not shown).

Nuclear localization of CIk1 protein

The subcellular localization of M-CIK1 in transfected COS-1 cells was determined
by indirect immunofluorescence with the anti-Myc mAb. M-Clk1 expressed in COS-1 cells
was nuclear with undetectable cytoplasmic staining (Fig. 7B). Deletion of the first sixty
amino acids of Clk1 (M-Clk14**! which contain the predicted nuclear localization signal
(NLS), directed widespread cytoplasmic expression of this polypeptide (Fig. 7C). Nuclear
staining was not eliminated, suggesting that there may be muitiple NLSs in Clk1. M-
Clk14%™! expressed in COS-1 cells as assessed by immunoblotting, retained in vitro
catalytic activity (Fig. 5A, lane 5, Fig. 5B, lane 5 respectively). The mutants, M-Clk1T
and M-CIK1¥"*®, were also targetied to the nucleus (Fig. 7D and data not shown)
demonstrating that catalytic activity is not required for nuclear compartmentalization of

Clkl.
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Figure 7
Subcellular localization of wild-type and mutant ClkI proteins.

COS-1 cells were transfected with the pECE vector alone (panel @), or vector encoding
Myc epitope-tagged CIk1 (panel b), an amino-terminal deletion of Clk1 (Clk12¥®! panef
c) or truncated Clkl (CIk1", panel d). Myc-tagged Clkl proteins were visualized by
indirect immunofluorescence with the anti-Myc monoclonal antibody followed by FITC-
conjugated secondary antibody. Cells were photographed at a magnification of 40X with
exposure times of 30s (panels b-d) and 60s (pane! a).
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CIk1 protein can dimerize
Since both Clk1 and its truncated counterpart, Clk17, are found in the nucleus we
wished to determine if the two isoforms could physically interact with one another. M-
Clkl expressed in COS-1 cells was incubated in vitro with bacterially expressed
glutathione-S-transferase “GST) or a GST-CIk1 fusion protein coupled to glutathione-
Sepharose 4B beads. M-Clk1 from COS-1 cells did not bind to beads alone or to GST-
coupled beads (Fig. 8, lanes 2,3). However, M-Clk! was able to bind to immobilized
GST-Cik1 (Fig. 8, lane 4). To rule out the possibility that the Myc epitope tag was
mediating this interaction we tested the ability of another epitope tagged DSK, M-Tik
(Abraham and Bell, unpublished), to bind to the GST-Clk1 column. As can be seen in
Figure 8 (lanes 5-8) the M-Tik kinase did not bind to either GST or GST-Clk! columns
demonstrating that the Myc epitope was not responsible for the observed binding of M-
CIk1 to GST-CIk1.
Truncated Clkl (M-CIk1™) also formed heterodimers with full-length Clkl (Fig.
8, lanes 9-11) demonstrating that the Clk1 dimerization domain is contained in the amino-
terminal portion of the molecule anu is not dependent upon catalytic activity of the kinase.
These results, however, do not differentiate between a direct association of Clk1 with itself

or an association mediated through an intermediary molecuie.
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Figure 8
CIk1 can dimerize in vitro.

COS-1 cells were transfected with the pECE expression vector encoding Myc epitope-
tagged Clkl (M-CIkl lanes 1-4), Tik (M-Tik, lanes 5-8) or ‘runcated Clk1 (M-CIk1T,
lanes 9-11). Protein from equivalent fractions of cell lysates was subjected to
immunoprecipitation with the anti-Myc monoclonal antibody (lanes 1,5,10) or affinity
purification with glutathione-Sepharose 4B (Seph, lanes 2,6), Gst coupled to Seph (GST,
‘anes 3,7,9) or GST-CIk1 coupled to Seph (GST-CIk1, lanes 4,8, 1 1). Purified Myc-tagged
proteins were visualized by immunoblot analysis and enhanced chemiluminescence with
the anti-Myc antibody. Positions of molecular mass markers (kDa) are indicated on the left
and right.
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DISCUSSION

Isoforms of several protein kinases have been predicted and identified based on
¢DNA cloning of multiple RNA transcripts (85-87). For instance, six transcripts, coding
for at least two protein isoforms, are derived from the gene encoding the kB neurogenic
tyrosine kinase receptor (85). These trkB proteins, gpl457® and gp957*8, have identical
extracellular and transmembrane domains, but only gpl45™® contains the cytoplasmic
kinase domain. Similarly, the fibroblast growth factor tyrosine Kinase receptor-1 gene
generates several transcripts which encode receptor variants (86). One of these, a receptor-
like molecule that lacks the transmembrane and kinase domains, is secreted and
catalytically inactive,

The expression of the Clk! gene is developmentally regulated at the ievel of
transcript processing. Embryonic stem cells eXpress two major transcripts (1.7 and 1.8-kb)
whereas differentiated cells express two additional partially spliced mRNAs (3.2 and 5.6-
kb). While the two larger mRNAs are sequestered in the nucleus and are unavailable for
protein translation, the 1.7 and 1.8-kb mRNAs are capable of directing synthesis of a
truncated and full length Clk! protein respectively. In general, unspliced primary
transcripts are relatively short lived with half iives on the order of minutes (88). However,
several examples of developmentally regulated mRNAs exist which reflect developmental
changes in expression of factors involved in the splicing process. In Drosophila,
differentially expressed splicing factors control the expression of the sex lethal and
transformer RNAs during sexual determination (89). In the developing pituitary, increased

transcription of the proopiomelanocortin (POMC) gene results in accumulation of
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immature transcripts possibly due to limiting amounts of specific splicing factors (90).
Immature T cell antigen mRNA species appear to accurnulate at specific stages of T cell
development due to the presence of a cycloheximide sensitive splicing inhibitor protein
(91). It is unknown at this time which, if any, of these mechanisms accounts for the
accumulation of Clk! mRNA precursors. It is of interest to note, however, that two
leukaemic cell lines, P388 (pre-B) and SP10 imyeloma), like embryonic stem ceils, do not
accumulate these larger transcripts (18). Thus the 1.7/1.8-kb embryonic transcripts may
be favoured in rapidly proliferating cells such as embryonic or tumour cells.

Amino acid comparison of Clk1 with its human homologue, hCIk, revealed a thiirty
amino acid insertion in CIk1. Isolation and sequencing of the ClkI-5.6 partial cDNA clone
revealed that this thirty amino acid segment was contained within a single exon.
Alternative splicing of this exon would generate either the full-length product, Clkl
(containing the exon), or a truncated polypeptide (CIk1T, lacking this exon) due to a
frameshift which introduces a stop codon (see Figure 3B). Johnson and Smith (20)
suggested that the AClk cDNA, which lacks the exon, coded for an active kinase. We have
isolated a human Clk ¢cDNA and sequenced it in this region. Our sequence indicated that
the G residue at position 546 in the AClk cDNA is not present, and as a result an mRNA
with this 91-bp exon absent would encode a truncated protein as predicted by the mouse
sequence. One simple interpretation of this data is that the original human cDNA contained
a sequencing error and that Clk1" and CIk1 isoforms are encoded in both the human and
mouse genomes. A similar conclusion has been reached by Hanes er al. (21) who have

recently reported the sequence of two new human kinase cDNAs with significant sequence
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homology to both Cik/ and hClk . As we have shown here for Clk1, the primary
transcripts of these two kinases (2Clk2 and #Clk3) undergo alternative splicing 10 generate
mRNAs predicted to encode full length and truncated, catalytically inactive kinases (21).
This striking conservation of amino acid sequence and splicing pattern for three separate
kinase genes suggests that they may represent a subfamily of enzymes with related
physiological targets. It is of interest to note that the DOA and AFC1 LAMMER kinases
have been implicated in the control of transcription. The nuclear localization of CIkI is
consistent with it having a role in the regulation of transcription and/or RNA processing.
With respect to this latter idea, we and others have recently found that Clkl énd CIk1T can
interact with members of the SR family of splicing factors (62). We are testing the
possibility that hCik2, hClk3 and their truncated derivatives also associate with splicing
factors.

One commonly accepted paradigm of kinase regulation is that dimerization is
required for kinase activation and subsequent signal transduction (92,93). Evidence for this
idea includes the demonstration that catalytically inactive kinase mutants dominantly
suppress wild type kinase activity (94). Clk1 and Clk1T show identical patterns of
expression, subcellular localization and can form heterodimers in vitro. We suggest that
a dynamic interaction between Clk1 and Clk1T may be involved in the regulation of the

biological properties of Clk1 and related kinases.
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CHAPTER 3

The CIk1 Protein Kinase Regulates the Intranuclear

Distribution of SR Splicing Factors
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SUMMARY
Mammalian Clk! is the prototype for a family of dual specificity kinases (termed
LAMMER kinases) that have been conserved in evolution, but whose physiological
substrates are unknown. In a yeast two-hybrid screen, the Clkl kinase specifically
interacted with RNA-binding proteins, particularly members of the serine/arginine
(SR)-rich family of splicing factors. Clkl itself has an SR-rich non-catalytic
amino-terminal region which is important for its association with SR splicing factors. In
vitro, Clk1 efficiently phosphorylated the SR family member ASF/SF2 on serine residues
located within its SR-rich region (the RS domain). Tryptic phosphopeptide mapping
demonstrated that the sites on ASF/SF2 phosphorylated in vitro overlap with those
phosphorylated in vivo. Immunofluorescence studies showed that catalytically inactive
forms of ClkI co-localise with SR proteins in nuclear speckles. Over expression of the
active Clk1 kinase caused a redistribution of SR proteins within the nucleus. These results
suggest that the CIk1 kinase directly regulates the activity and compartmentalization of SR

splicing factors.

INTRODU: ..ON

Clk1 is a mammalian protein kinase with the unusual property of phosphorylating
both serine/threonine and tyrosine residues (reviewed in (5,6)). Clkl was isolated in an
anti-phosphotyrosine antibody screen designed to isolate cDNAs for enzymatically active

tyrosine kinases (18,19). The protein is composed of a carboxyl-terminal kinase domain,
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most closely related 1o serine/threonine-specific kinases, preceded by an amino-terminal
non-catalytic region of 156 residues. When isolated from bacteria or mammalian cells,
Cik1 has been shown to autophosphorylate on all three hydroxyamino acids (6,18, 19).
CIk1 is the prototypic member of the LAMMER tamily of protein kinases. which
has been conserved through evolution (22). This family includes: KNS1 from
Saccharomyces cerevisiae (24), AFC1, AFC2, AFC3 from Arabidopsis thaliana (23),
DOA from Drosophila melanogaster (22), human Clk1l (hClk)(20), hClk2 (21,95), and
hClk3 (21) as well as mouse Clk1. In addition to a strong degree of homology across the
kinase domain, these proteins share a highly conserved motif, "EHLAMMERILGPLP",
in subdomain X of the kinase domain. This region is not conserved among kinases in
general (1) and may be invoived in dictating substrate specificity (22). The best
characterised member of this family from a genetic perspective is Drosophila DOA. The
doa gene was isolated as a dosage-sensitive modifier of the apricot allele at the white eye
locus (75). Homozygous loss-of-function doa mutants die at the early larval stage
indicating that this gene is critical for development (75). Stage-specific and tissue-specific
doa transcripts have been identified in Drosophila indicating that expression of the
LAMMER family may be regulated at the post-transcriptional level (22). Consistent with
this notion, the expression of Clkl is developmentally regulated at the level of RNA
processing, as illustrated by the generation of two alternatively spliced transcripts encoding
a catalytically active kinase (Clkl) and a truncated protein lacking the kinase domain
(Clk1T) (96). These two transcripts are observed in rapidly proliferating cells and

undifferentiated stem cells (18,19,96). In contrast, in adult mouse tissues or upon stem cell
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differentiation, larger transcripts are detected (18,19). The biological functions of
mammalian Clk! are unknown, although a possible role in PC12 differentiation has been
ruggested (76). No in vivo substrates of Clkl, or other LAMMER kinases, have been
identified. To address this question, a yeast two hybrid screen was employed to isolate
Clk1-binding proteins (97). In this assay Clkl was shown to interact with five
RNA-binding proteins: hnRNP G (98), RNP S1 (99), and three members of the SR (serine-
arginine rich) protein family; ASF/SF2 (also known as SRp30a) (41,43), X16 (also known
as SRp20) (100), and SRpS5 (K. Colwill, T. Pawson, unpublished). The five cloned
proteins contain an amino-terminal RNA binding domain and a carboxyl-terminal RS
domain. Catalytic activity was not required for this binding as kinase-inactive Clk]¥!%r
bound to the RNA binding proteins with similar efficiency as wild-type. The kinase
domain alone showed no interaction with these proteins. In contrast, the amino-terminal
non-catalytic region could interact with RNP S1, ASF/SF2 and X16 but not with hnRNP
G or SRp53. The isolated RS or RNA binding domains of X16 showed little interaction
with Clk! suggesting that more extensive contacts along both binding proteins are required
for efficient association.

Clkl can phosphorylate ASF/SF2 in vitro at sites within the RS domain that are
also phosphorylated in vivo. Although Clk1 displays dual-specificity kinase activity
ASF/SF2 was only phosphorylated on serine and threonine residues (62).

We show here that Clk1 regulates the nuclear distributicn of SR splicing factors in
vivo. We propose that SR splicing factors are physiologically relevant substrates for the

Clk1 kinase,
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MATERIALS AND METHODS
Immunofluorescence Assay
COS-1 cells were transfected with plasmids encoding M-Cik1 or M-CIKI*™*® (96} both
of which contain the Myc epitope. Cells were fixed. and probed as described (96). For
anti-Myc/anti-SR  double staining by indirect immunofluorescence. fixed cells were
incubated with mAb 9E10 (a-Myc, 25 ul of culture supernatant) (82). followed by
secondary fluorescein-conjugated goat-anti-mouse IgG (1:100, Jackson Immunoresearch
Laboratories) specific for mouse IgG and subsequently incubated with mAb 104 (a-SR,
25 pl culture supernatant) (32) followed by secondary biotin-labelled e-mouse IeM (1:100,
Amersham) and streptavidin coupled to Texas Red (1:100, Amersham). Anti-Myc/anti-Sm
staining was performed using mAb 9E10 (25 pl of culwre supernatant) and a human anti-
Sm antisera (1:300, gift of Dr. X.-D. Fu, University of California, San Diego) followed
by rhodamine-conjugated goat-anti-mouse IgG (1:50, Tago, Inc.) and FITC-conjugated
rabbit-anti-human IgG/IgA/IgM (1:500, gift of Dr. M. Paulin-Levasseur, Univeristy of
Ottawa). Cells were viewed by confocal microscopy using an upright Leica Confocal Laser
Scanning Microscope equipped with a 55 mW Krypton/Argon air-cooled laser and a 25X

or 63X Plan Apo oil immersion lens.

Triton X-100 Extraction
Transfected cells were extracted on coverslips (for immunofluorescence) or in
microcentrifuge tubes (for immunoblotting) with extraction buffer (20mM Tris"HCI, pH

7.5, 150mM NaCl, 2mM EDTA, 1% Triton X-100, 2mM NaF, 2mM sodium
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pyrophosphate, 500uM sodium vanadate, 200ug/ml phenylmethylsulfonyl fluoride, 2ug/m]
aprotinin, Sug/ml leupeptin) ‘or 30 minutes at 4°C. For immunofluorescence coverslips
were washed with PBS, and fixed and processed as above. For immunoblotting lysates
were cleared by centrifugation. Supernatants (Triton extracted fraction) and peliets (SDS
extracted fraction) were boiled in Laemmli's SDS buffer and samples resolved by 10%
SDS-PAGE and transferred to nitrocellulose membrane. Membranes were probed with

anti-Myc mAb as described previously (Chap. 2).



RESULTS
Subnuclear localization of Clk1 and SR proteins in vivo

If Clk1 interacts with SR proteins in mammalian ceils then these polypeptides might
be anticipated to have a shared subcellular localization. During interphase, pre-mRNA
splicing factors including the SR proteins, are found localised in nuclear "speckles”
(48.69,101). To investigate this point, COS-1 cells were transiently transfected with
plasmids encoding either full le agth Clk1 (M-CIk1) or kinase inactive Clk1 (M-Clk | K%)
(96). These proteins were fused to the Myc epitope to allow detection by mAb 9EI10 (82).
Cells were subsequently probed with mAb 104 which recognizes SR proteins (32) and
mAb 2E10 to detect transfected Clk! proteins and analysed by indirect
immunofluorescence followed by confocal microscopy imaging. Representative fields are
shown in figure 1. Clk1**® was found predominantly in nuclear speckles where they
co-localised with endogenous SR proteins (Fig. 1B,C). In contrast, cells expressing
catalytically active Clk1 displayed a diffuse nucleoplasmic staining pattern for both the
kinase and SR proteins (Fig. 1D). Untransfected cells adjacent to those expressing Clk1
displayed a normal distribution of SR proteins in nuclear speckles (Fig. 1A). Identical
results were obtained using an antibody specific for a single SR protein family member,
SC35 (48).

Since anti-SC35 and anti-SR mAb 104 recognize phospho-epitopes, it is
conceivable that the dispersion of the iinmunofluorescence signal representing the SR

family seen when CIk1 is over expressed may be due to phosphorylation of SR members
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Figure 1
Nuclear localization of Clk1l and its effects on the distribution of SR proteins.

Indirect immunofluorescent staining and confocal microscopy of transfected COS-1 cells
using the anti-Myc mAb (¢-Myc, panels a.d,g,j and m), anti-SR mAb 104 (x-SR, panels
b,e,hk and n), or an overlay of the two signals (a- Myc+a-SR, panels ¢.f,i,/ and 0).
Alignment of green and red signals appears yellow. Both low power magnification (25X)
of M-Clk1*""® transfected COS-1 cells (panels d-f) and M-Clk1 transfecied cells (panels
Jj-1) and high power magnification (63X) of untransfected COS-1 cells (panels a-c), M-
CIk1¥'® (panels g-Iy and M-Clk1 (panels m-o) transfected cells is shown.
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outside of the speckle once Clkl is released from the speckles. To ensure that over
expression of CIkl caused disassembly of speckles and redistribution of SR family
members rather than phosphorylation of SR members outside the speckles, the anti-Sm
antibody, which recognizes components of the snRNPs, was used (69). When Clk1¥!%R jg
over expressed, the Sm proteins are co-localised with Clk1¥'%® in gspeckles (Fig. 2). Over
expression of CIkl causes a redistribution of the Sm proteins similar to the SR family,
indicating that Clk1 does indeed cause disassembly of nuclear speckles and subsequent
redistribution of speckle proteins.

The apparent contrasting subnuclear localization of Clk1 and Clk1X*%® proteins as
detected by immunofluorescent staining was supported by the observation that these two
proteins display differential solubility in a non-ionic detergent. COS-1 cells transfected
with either M-Clk1 or M-CIk1®'*®R were separated into Triton X-100 soluble and insoluble
fractions as described in Matcrials and Methods and analysed by immunoblotting (Fig. 3).
While essentially all of the CIk1 protein was soluble in Triton X-100, a significant portion
of the CIk1X'"*® protein remained insoluble. It is of interest to note that the active kinase,
Clk1, migrates as a broad band while the inactive point mutant, Clk1¥'*® migrates as a
discrete band following SDS-PAGE. This banding is suggestive of multiple
phosphorylation states of the active kinase, as has been observed for other kinases such as
MAPK and Weel (102,103).

When Triton X-100 treated COS-1 cells were subjected to analysis by
immunofluorescence, the speckled pattern of Clk1¥!**® remained intact (Fig. 3) while the

wild type protein staining pattern was lost (data not shown). These results are consistent
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Figure 2
Effect of CIk1 on the distribution of Sm proteins.

Indirect immunofluorescent staining and confocal microscopy of transfected COS-1 cells
using the anti-Myc mAb (z-Myc, panels a,d,g and j), anti-Sm antisera (a-Sm, panels b,e,/t
and k), or an overlay of the two signals (¢- Myc+a-Sm, panels ¢,f,i and /). Alignment
of green and red signals appears yellow. Both low power magnification (25X, panels a-
¢,g-i) and high power magnification (63X, panels d-f,j-f) are shown.
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Figure 3

Active and inactive CIk/STY kinases display differential solubility in non-ionic
detergent.

(A) COS-1 cells transfected with pECE expression vectors encoding Myc epitope tagged
Clkl (M-Clk1)} or a catalytic mutant M-CIk1X'9R were lysed in Triton X-100 containing
buffer (see Materials and Methods) to yield a Triton-soluble fraction (8) and a Triton-
insoluble fraction (I). Extracts were analysed by SDS-PAGE and immunoblotting with the
anti-Myc antibody as described. Positions of molecular mass markers (kDa) are indicated
to the left. (B) The Triton X-100 insoluble Clk1*'¥® co-localises with SR splicing proteins.
COS-1 cells transfected with M-CIk1%!*® and grown on coverslips were extracted with
Triton X-100-containing buffer. Following extraction cells were fixed and processed for
indirect immunofluorescence by confocal microscopy using the anti-Myc antibody (z-Myc)
and the anti-SR antibody (¢-SR). (a)a-Myc, (b)a-SR, (c)overlay of the «¢-Myc and «-SR
signals. Alignment of the green and red signals appears yellow.
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with the idea that the catalytic activity of CIK1 is involved in the regulation of its

subnuclear localization.

DISCUSSION
CIk1 interacts with RNA-Binding Proteins

Potential binding partners for the Clkl protein kinase have been isolated by
screening a T cell cDNA library using the yeast two hybrid system (62). Five of the clones
isolated are RNA-binding proteins and three are members of the SR family of essential
splicing factors. While the ClIk1 kinase domain was not sufficient for a positive interaction
with these RNA-binding proteins, the isolated amino-terminal RS region of Clk! associated
with ASF/SF2, X16, and RNP S1. This result is consistent with previous data implicating
RS domains in protein-protein interactions (12,36,104). A characteristic of previously
described RS domains is the presence of repeating RS/SR dipeptides (reviewed in (34,35)
). Although Clk1 does not contain long stretches of RSRS repeats, it contains ten RS/SR
dipeptides and one RSRS motif. This amino-terminal domain s also sufficient to target
Clk1 to nuclear speckles in vivo (see Chap. 4), a feature that has been shown for exist for
other RS domains (38,39).

The amino-terminal domain of Clk1 therefore possesses many of the features of
known RS domains, including an involvement in nuclear targeting and an ability to interact

with RS proteins.
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Phosphorylation of ASF/SF2
Phosphorylation/dephosphorylation of splicing factors may be an important aspect
of splicing regulation (57,105), and SR protein function in vitro can be affected by
phosphorylation (58,106). In vitro, Clkl efficiently phosphorylated ASE/SE2,
predominantly in the ASF/SF2 RS domain on serine residues. Phosphothreonine was only
seen n the RNA-binding domain and not in the RS domain, therefore, it is likely that the
RNA-binding domain of ASF/SF2 was phosphorylated to a minor extent by CIkl. The in
vitro sites of phosphorylation were also found to be phosphorylated in vivo suggesting that
ASF/SF2 is a physiological substrate of Clk1. There are additional sites phosphorylated
in vivo that cannot be accounted for by Clk1 phosphorylation in virro, suggesting that Clkl
is not the only kinase that phosphorylates SR proteins. Indeed, two other kinases have been
identified that can phosphorylate ASF/SF2 in vitro, SRPK1 (106) and an uncloned Ul 70K
kinase (61). In contrast to CIkl, neither of these kinases are able o phosphorylate

ASF/SF2 outside of the RS domain.

Subnuclear Localization of Clk

It has been shown previously that Clk1 is localised to the nucleus (96). In this
study, we show that a kinase inactive mutant of Clkl is localised to discrete speckles
within the nucleus where SR proteins are located. The truncated CIKIT protein is encoded
by an alternatively spliced Clk1 transcript, and contains only the RS region. At present,
the function and localization of the truncated Clk1T polypeptide is unclear. However, the

tight association of the Clkl RS domain with SR protems suggests that Clk1T could be
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involved in the regulation of SR protein compartmentalization. This could oceur by the
formation of inactive Clk1:Clk17 heterodimers or by sequestering of SR proteins by Clki(?
(93,94). In contrast to the Clk1 kinase-inactive mutant, wild-type Cikl displayed a more
diffuse nuclear distribution. Jn vivo, kinase-inactive Clkl appears 1o be
hypophosphorylated whereas the wild-type protein appears hyperphosphorylated
presumably as a consequence of autophosphorylation. This result indicates that
phosphorylation may oppose retention in the speckles. This hypothesis is further borne out
by the loss of SR proteins from the speckles when wild-type Clk1 is over expressed. We
propose that the SR proteins and Clk! are targetted to the speckles through their RS
domain (38,39) but are released from this site upon phosphorylation.

Nuclear speckles have been proposed to act as storage sites for splicing components
(67,70,71,107). There is no evidence wuat speckles are disassembled prior to the onset of
splicing (67) and this may only occur when the kinase responsible for the release of factors
is over expressed. One possibility is that at physiological levels of Clk1 only a subset of
SR factors are phosphorylated and released from the speckles. The availability of a subset
of SR factors may be a significant regulatory mechanism, given the influence of the
relative concentration of individual splicing factors on pre-mRNA processing
(42,45,46,108). Due to the complexity of factors involved in pre-mRNA processing it
seems likely that multiple kinases, perhaps other members of the LAMMER family,
regulate the many facets of splicing. We propose that Clk1 and SRPK1 are two members

of a family of kinases that regulate SR protein trafficking and activity.
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CHAPTER 4

Splicing of the SR Protein Kinase Clk1 by an

Autoregulatory Mechanism
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SUMMARY
Control over the expression of cellular genes through constitutive and alternative
precursor mRNA splicing requires SR {serine/arginine-rich) proteins. Reversible protein
phosphorylation is essential for both spliceosome assembly and the catalytic process of
splicing and it has been suggested that SR proteins may be one of the key targets of
regulated protein kinase activity. The Clkl kinase phosphorylates SR proteins and causes
their redistribution within the nucleus. The primary Clk! transcript contains an
alternatively spliced exon (EB), yielding mRNAs encoding catalytcally active and
truncated inactive polypeptides (Clk1 and CIk17 respectively). We present evidence that
Clk! and CIk17 proteins autoregulate the splicing of the Clk/ pre-mRNA in vivo. We show
that the peptide domain encoded by exon EB is essential for the regulatory activity of the
Clk1 kinase. Taken together, our results demonstrate that Clk! kinase is involved in the

control of alternative splicing.
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MATERIALS AND METHODS
Construction of Plasmids
The Clk! mini-gene (containing introns A and B, (109)) was created in the plasmid pGEM-
4 (Promega). pGEM-4/Clk1 was created by the insertion of the Clk! cDNA (Kpnl/Xbal
fragment from pECE/CIkI (96) into PGEM-4 previously digested with Kpnl and Xbal.
PGEM-4/ClkI**® was generated by PCR-mediated mutagenesis using pGEM-4/Clk!
plasmid as a template and the following oligonucleotides: s'gcatagttaaaaatgtggatag-"' (663R)
and ¥gcactgctacacgictac® (659F) as previously described (109).
The mini-genes in pGEM-4 (called pGEM-4/Clk1/1-2-3] and PGEM-4/ClkI1*!™R[]-2_3]
were created by substitution of the 236-bp Nsil fragment from PGEM-4/Clk1 or pGEM-
4/CII®*®, respectively, with the 1501-bp Nsil fragment from pGEM-4/Cik! 5.6 ((109):
this fragment encompasses Intron A-Exon B-Intron B). The mini-genes were subsequently
subclioned into the pECE expression vector by substitution of the ~ 1450-bp Safl/Xbal
fragment from pECE/M-Cik] with a ~2.7-kbp Sall/Xbal fragment from either pGEM-
4/Clk1[1-2-3] or pGEM-4/CIkI¥®® 1o create pECE/M-Clk] {1-2-3] or pECE/M-
ClkeIX1%0K{]-2-3]. The first exon of the minigene is fused in frame with a human Myc
epitope to facilitate identification of protein products (60). -
To facilitate future splicing analyses the mini-genes were subcloned into the pcDNA3
expression vector (Invitrogen). The ~3-kb Clkl mini-gene was isolated from either
PECE/M-ClkI[1-2-3] or pECE/M-CIkI¥'®*(]-2-3] by PCR amplification using the
oligonucleotides: *tattccagaagtagtgagg® and *ggegeactagteglatgetttttaagtgg * (1539F, which

includes a Spel site at the 5' end). 50ul reactions were performed containing 200ng
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plasmid, 25pmol each nligonucleotide, 0.2mM each dNTP, 2mM MgS0,, 1 unit Vent
DNA Ploymerase (New England Biolabs) in buffer supplied by the manufacturer.
Amplification conditions were 94°C, 30sec: 48°C, 30sec; 72°C, 3min for 4 cycles followed
by 94°C, 30sec; 60 C, 30sec; 72 C, 3min for 20 cycles. The reaction products were
digested with Spel and subcloned into pcDNA3 previously digested with EcoRV and Xbal
to create the plasmid mini-genes CMV/Clk]/ and CMV/ClkI*"%®  Generation of these
plasmids resulted in the loss CIk1’s normal translation stop codon. Twelve new amino
acids are added before a stop codon is encountered within the pcDNA3 vector
(KHTTRGPYSIVSPKC.).

Mini-gene CMV/CR-1 was generated by removal of the 709bp Clal fragment from the
Clk! catalytic domain in CMV/CIkI. The resulting expression plasmid generates Clk1T and
a truncated version of Clk1 (amino acids 1-179 of Clk1).

CMV/CR-2 was generated by digestion of CMV/Clk] plasmid with BamHI, subsequent
blunt-ending with DNA polymerase (Klenow fragment) and religation. The outcome of this
is to introduce a translation stop codon (TGA) following the Myc epitope tag. CMV/CR-2
does not encode any Clkl polypeptides.

To create pECE/M-Clk145*% the Clk! catalytic domain (amino acids 159-483) was PCR
amplified using oligonucleotides *gagctcgagatatgaaattgttgat® (567R; including a Xhol site
at the 5' end) and *ggegeactagicgtatgctitttaagtgg® (1539F; including a Spel site at the 5’
end). The cDNA fragment encoding the Myc epitope tag and CIkI amino acids 1-129 was
PCR amplified using oligonucleotides S cgeactagtgtatcgatcagetatg® (MTG3; including a

Spel site at the 5' end) and *cccgrgtgaatggtgetg® (479F). PCR amplifications were
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performed as described earlier. The amplified catalytic domain was digested with Xhol and
Spel and ligated into pBK-RSV (Stratagene) previously digested with XAl and Xbal to
create pBK-RSV/Cikljcat.dom. . The amplified vegulatory domain was digested with Spel
and subcloned (Spel/blunt) into pBK-RSV/ClkI{cat.dom. ] prepared by digesiion with X#ol,
blunt ending with T4 DNA polymerase, and subsequent digestion with Spel to create pBK-
RSV/M-Clk147%"%, Ligation of these two fragments introduces a novel serine residue
between Clk1 amino acids 129 and 158. To generate pECE/M-Cik]2/%%138 the M-Clk ] 413158
fragment was isolated by Sacl digestion, blunt ending with T4 DNA polymerase,
subsequent digestion with Kpnl and ligated into the pECE vector (HindIII digested, blunt
ended with T4 DNA polymerase, followed by Kpnl digestion). Generation of pECE/M-
Clk1453%158 resulted in the loss Clk1’s normal translation stop codon. Two new amino acids

are added before a stop codon is encountered within the pECE vector (KHTTR.).

COS-1/293T Transfections

Cells (COS-1 (110) and 293T/17 (111)){(60-75% confluent 60-inm dish) were transfected
with 18ul Lipofectamine (Gibco BRL) according to the manufacturer’s instructions.
Typically, 2.5pg CMV/CR-1 or 0.1ug CMV/CR-2 was cotransfected with Cik1 or control
plasmids totalling 5ug. pECE and pcDNA3 DNA was used as filler to maintain constant
amounts of transfected DNA for M-Clk and HA-Clk plasmids, respectively. Cells were
harvested after 24 hours in PBS. Protein lysates were generated from one quarter of the
cells by the addition of sample buffer. Total RNA was extracted from the remaining three

quarters using RNeasy purification (Qiagen) as per the manufacturer’s instructions.
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RT-PCR Analysis
Total RNA samples (100mg), isolated using RNeasy (Qiagen), were processed for RT-PCR
by reverse transcription followed by amplification using the following primers:
Y1ggtaggagtggaagaag® (corresponding to positions 397-414 in the ClkI cDNA (18)) and
Y'gatggciggeaactagaa®, directed against the Bovine Growth Hormone polyadenylation signal
of the pcDNA3 vector. PCR conditions, including number of cycles and template
concenirations, were optimized to maintain linearity during amplificaction. Linearity was
monitored by serial dilution of the template cDNAs, demonstrating a corresponding
decrease in signal , as well as consistent ratios between bands of interest (EB*/EB"). PCR
products were separated on 1.5% agarose gels stained using SYBR Green I (Molecular
Probes), visualized and quantitated using the STORM fluorescence imager and
ImageQuaNT software (Molecular Dynamics).
The identity of the spliced CR-I mRNAs was confirmed by direct sequencing of the PCR
products. As n figure 1, the larger PCR product is derived from spliced RNA containing
exon EB and the smaller product corresponds to spliced RNA in which exon EB has been

skipped.

Immunoblot Analysis

Aliquots of protein were resolved by 10% SDS-PAGE and transferred to nitrocellulose.
Membranes were blocked with 5% skim milk powder in TBST (150mM NaCl, 10mM
Tris-HCI, pH 7.5, 0.05% Tween 20) and subsequently probed with a mix of either anti-

HA monoclonal antibody (mAb) (BAbCO Inc.} and anti-B-tubulin mAb (112) or anti-Myc
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9E10 mAb and anti-B-tubulin mAb. [mmunoblots were visualised with Horseradish
peroxidase-conjugated goat auri-mouse antibody followed by enhanced chemiluminescence

and exposure to Reflection film (Dupont NEN).

Immunofluorescence

COS-1 cells were transfected with PECE/M-CIkI expression vectors, fixed and stained as
previously described (62). Cells were viewed by confocal microscopy using an upright
Leica Confocal Laser Scanning Microscope equipped with a 55 mW krypton/argon air-

cooled laser and a 63X Plan Apo oil immersion lens.
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RESULTS AND DISCUSSION
We have dernonstrated previously that the ClkI pre-mRNA is alternatively spliced
(96) and interacts with SR proteins (62). To determine if the Clk! kinase (18,19) can also
elicit changes in pre-mRNA splicing we constructed a Clk/ mini-gene which contains two
introns flanking the alternatively spliced exon, referred to in the following as EB (Fig.
LA). Splicing of the mini-gene to retain exon EB (exon inclusion) generates an mRNA
encoding fuli-length catalytically active Clk1 whereas splicing to exclude exon EB (exon
skipping) generates an mRNA encoding CIk1T (96). When expressed in COS-1 cells the
Clk! mini-gene leads to the production of predominately Clk1' protein as determined by
immunoblot analysis (Fig. 1B, lane 2). In contrast, when a point mutation is introduced
within the ATP binding fold of the catalytic domain of the Clk1 mini-gene rendering the
full-length Clk1 protein catalytically inactive (Clk1X!%R), significantly more full-length
protein is produced (Figure 1B, lane 3). Analysis of the mRNA produced from the two
mini-genes, by reverse transcription and quantitative PCR amplification (RT-PCR),
supported the immunoblot results. As can be seen in figure I (C and D, lane 2), cells
transfected with the wild type Clk! mini-gene predominantly express mRNA encoding
CIk1™ protein. The catalytically inactive CIKI¥™R mini-gene construct produced
significantly more mRNA encoding full-length CIK1X'®R protein (Fig. 1C and D, lane 3).
These results are consistent with the idea that the catalytic activity of the Clkl kinase
regulates the splicing of the Clk] pre-mRNA.
To determine the relative contributions of the Clkl and CIk1T proteins to the

alternative splicing of CikI pre-mRNA, two smaller mini-gene constructs were created
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Figure 1
Catalytic activity of Clk1 kinase regulates splicing of Clkl pre-mRNA in vivo.

A,Schematic representation of the Clkl pre-mRNA mini-gene and the spliced mRNA
products. The alternatively spliced exon (EB) and primers used for amplification by RT-
PCR are shown. CMV, cytomegalovirus promoter. B, Clk1 and Clk1" proteins expressed
in cells following transfection of CMV vector (lane 1), CMV/CIkI pre-mRNA (lane 2) and
CMV/Clk1*"*® pre-mRNA. Clk! proteins were detected by anti-Myc mAb immunoblot.
Anti-B-tubulin mAb was used to control for equal loading of proteins. Positions of
molecular mass markers (kDa) are indicated to the left of the panel. WT, wild-type kinase.
C, Detection of Clk] mRNAs expressed following RT-PCR amplification; lanes are as in
B. Positions of molecular size standards (kb) are indicated to the left of the panel. D, Ratio
of Clkl mRNAs shown in C.; lanes are as in B.
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(CMV/CR-1 and CMV/CR-2. Fig. 2A). The CR-1 mini-geule contains a large deletion
within the caralytic domain and has the capacity to produce only truncated Clk1 proteins
and no full length kinase while the CR-2 mini-gene contains a translational stop codon
following the Myc epitope tag which prevents the production of any Clk1 related proteins.
The CR-1 mini-gene was co-transfected into the human cell line 293T (113) along with
increasing amounts of an expression vector encoding a haemagglutinin epitope tagged
version of Clkl (HA-CIk1,(62)). The RNA products of the CR-1 reporter were analysed
by quantitative RT-PCR amplification (Fig. 2). As can be seen in figure 2B, lane 2.
transfection of the CR-1 reporter on its own, gave rise to mRNA products in a ratio similar
to that seen with CIk*/*® mini-gene (compare Fig. 2B lane 2 and Fig. 1C, lane 3). Co-
transfection of the HA-CIK1 expression vector promoted exon EB skipping. The ratio of
exon EB inclusion to exon EB skipping decreased as the HA-Clk1 protein level increased
(Fig 2, lanes 2-5) This experiment is representative of five separate transfections which
gave 6-10 fold decreases in the ratio of exon EB inclusion:exon EB skipping.(EB*/EB").
Thus, overexpression of Clk1 kinase in vivo can promote exon EB skipping in COS-1 and
293T cells.

Co-transfection of CR-1 with HA-CIk1¥'™R resulted in a modest (2-3 fold) but
reproducible increase in the ratio of EB*/EB- (Fig. 2B, lanes 6-9). One interpretation of
this result is that the catalytically inactive Clk1¥'*® protein can act as a dominant negative
inhibitor of the endogenous 293T human Cik1 protein kinase and thus favours exon EB

inclusion.
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Figure 2
Catalytically active Clk1 promotes exon skipping of Clk] pre-mRNA in vivo.

A, Schematic representation of ClkI mini-genes. The primers used for amplification by
RT-PCR are indicated. B, Pattern of ClkI alternative splicing upon cotransfection of ClkJ
and Clk1*'*® expression vectors. Lane 1, CMV vector, lanes 2-9 2.5ug CMV/CR-1 +
0.5, 2.5, Sug CMV/HA-Clk (lanes 3-5) or CMV/HA-CIKX!"R (lanes 7-9), respectively.
Positions of molecular size standards (kb) are indicated to the left of the panel. C, Ratio
of Clk7 mRNAs shown in B.; lanes are as in B. D, Detection of Clk1 proteins expressed
by anti-HA mAb immunoblot; lanes are as in B. Positions of molecular mass markers
(kDa) are indicated to the left of the panel.
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We have previously suggested that Clk1® may be a natural antagonist to Clk1
activity (96). Since the CR-1 reporter construct does have the coding capacity to produce
Clk1", we compared the spliced products generated irom CR-1 and CR-2, which produces
no Clkl related proteins. In figure 3A it is evident that increasing amounts of CR-1
transfected per cell favours exon EB inclusion. We believe that this is a result of an
increase in Clk1" protein production per transfected cell. To test this idea a fixed amount
of CR-1 was transfected along with increasing amounts of a Clk1T expression vector and
again we observed an increase in exon EB inclusion (Fig. 3C and D). In contrast.
increasing amounts of the CR-2 reporter, which cannot produce Clk protein, does not alter
the EB*/EB" ratio (Fig. 3A and B). Thus, overexpression of catalyrically active Clkl
favours skipping of exon EB, while conversely, Clk1T promotes exon EB inctusion.

We next determined whether regions other than the catalytic domain of CIk1 are
involved in the promotion of exon EB skipping. In particular, since portions of exon EB
are conserved between the three known Clk family members (21) we created a deletion
mutant of CIk! lacking exon EB (herein referred to as Clk18131%8) The Clk 12130158 protein
when expressed in bacteria displayed considerable catalytic activity indicating that it retains
a functional kinase domain (data not shown). Co-transfection of CR-1 with CIk1813-158 jn
293T cells resulted in a splicing pattern similar to that seen with Clk1¥!%R and Clk1T (Fig.
4A and B).

We have shown previously that Clk1 kinase can alter the subnuclear distribution
of SR proteiné ((62) and Fig. 4D, a-c). Clk1T co-localises with SR proteins in nuclear

speckles but does not affect their distribution (Fig. 4D, d-f). The Clk1413-158 protein, which
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Figure 3
Clk1" promotes exon inclusion of CIkI pre-mRNA in vivo.

A, Pattern of Cik! alternative splicing upon cotransfection of Clk1T expression vector.
Lane 1-4, 2.5ug CMV/CR-1 + 0, 0.5, 2.5, 5ug pECE/M-CIkIT (109). respectively.
Positions of molecular size standards (kb) are indicated to the left of the panel. B, Ratio
of Clkl mRNAs shown in A.; lanes are as in A. C, Increasing expression of CR-I but not
CR-2 Clk!I pre-mRNA promotes exon inclusion. Cells were transtected with 0 (lanes 1.5).
0.5 (lanes 2,6), 2.5 (lanes 3,7) or 5ug (lanes 4.8) CMV/CR-1 (lanes 1-4) or CMV/CR-2
(lanes 5-8). Positions of molecular size standards (kb) are indicated to the left of the panel.
D, Ratio of Cikl mRNAs shown in C.; lanes are as in C.
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was predominantly nucleoplasmic, like Clk1, but was also found at a low but detectable
level in speckles, did not, however, significantly affect SR protein speckles (Fig. 4D,
g,h,1). We conclude that the peptide motif encoded by exon EB is essential for both SR
protein re-distribution and exon EB skipping.

Alterations in SR protein concentration are thought to be critical to the control of
alternative splicing (45,46,50,114). Indeed exon skipping and inclusion can “~ modulated
by both the concentration of SR proteins and the placement of the splicing enhancers they
bind within the pre-mRNA (52,55). Alternatively, SR protein activity could be modulated
in a more rapid and dynamic fashion by post-transiational phosphorylation (57-59,106).
With this in mind, we propose the following model as a mechanism for the auto-regulation
of Clkl gene expression, CIk1 kinase phosphorylates an SR protein(s) and inhibits its
ability to stimulate exon inclusion, while Clk1T protein forms inactive heterodimers with
Clk1, thus reducing SR protein phosphorylation and promoting exon inclusion. We suggest
that in vivo, members of the Clk kinase family (21) can phosphorylate distinct SR proteins
thus impinging upon the regulation of alternative splicing programs throughout
development. Furthermore, the Clk kinases may act as an interface between signal

transduction pathways and the mRNA spiicing machinery.
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Figure 4

The peptide encoded by the CIk1 alternatively spliced exon is necessary for exon
skipping activity.

A, Pattern of ClkI alternative splicing upon cotransfection of Clk147*1% expression vector.
Lane 1, CMV vector, lanes 2-5 0.1ug CMV/CR-2 + 0, 2.5 and Spg pECE/M-Clk]4/3¢-158,
respectively. Positions of molecular size standards (kb) are indicated to the left of the
panel. B, Ratio of ClkI mRNAs shown in A.; lanes are as in A. C, Detection of Clk1453>
1% protein expression by anti-Myc mAb immunoblot; lanes are as in A. Positions of
molecular mass markers (kDa) are indicated to the left of the panel. D, Nuclear
localisation of Clk1 isoforms and their effects on the distribution of SR proteins. Indirect
immunofluorescent staining of transfected cells using the anti-Myc mAb {a-Myc, panels
a,d,g) and anti-SR mAb («-SR, panels b,e,h) or an overlay of the two signais (¢-Myc +
®-SR, panels ¢,f,i). Cells were transfected with pECE/M-Clk! (panels a-c), pECE/M-Clk1”
(panels d-f) or pECE/M-Clk14/%158 Magnification 63X.
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CHAPTER 5

Dissection of the Regulatory Domain of Clk1
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INTRODUCTION

Successful signal transduction in mammalian celis requires a number of regulated
and dynamic transitions. Two of the most important of these are protein- protein
interactions and protein phosphorylation (reviewed in (115)). Protein domains implicated
in protein-protein binding have been found in numerous diversely related polypeptides.
These include Src homology 2 and 3 (SH2 and SH3) domains (116), the phosphotyrosine-
binding (PTB) (117), WWP/WW ( 118,119), and RS domains (34) and 14-3-3 proteins
(120). Interestingly, SH2, PTB and 14-3-3 domains mediate their protein-protein
interactions through the binding of sequence-specific peptide motifs containing a
phosphorylated residue. SH2 and PTB domains bind peptides containing phosphotyrosine
(116), whereas 14-3-3 proteins bind phosphoserine containing peptide domains (120).

SH2 domains have been shown to mediate both intra and intermolecular
interactions. Intermolecular binding to phosphotyrosine allows for the creation of multi-
protein complexes, a feature desirable for transduction of a signal (115). An obvious
advantage for an intramolecular interaction is that it can be used as a means for allosteric
regulation of a protein.

Phosphorylation at other sites is also important for regulating the activity of many
enzymes. Protein kinases have the unique ability to exert this regulation through intra and
intermolecular phosphorylation. For example, phosphorylation within the ATP binding
fold of cyclin dependent kinases prevents ATP binding within the catalytic domain and
thereby inhibits kinase activity (reviewed in (17)). Many kinases also possess an

“activation domain”, found between subdomains VII and VIII of the catalytic domain, that



-80-
when phosphorylated leads to activation of the kinase (121). These examples of inhibitory
and stimulatory (auto)phosphorylations can occur on serine/threonine and/or tyrosine
residues and are believed to involve conformational/steric changes to the catalytic domain,
thus affecting activity (17,121).

Protein kinases and in particular tyrosine and dual-specificity kinases are, therefore,
poised to control signal transduction networks through the regulation of protein-protein
complex formation and protein enzymatic activity.

Clkl exhibits considerable serine/threonine and tyrosine autophosphorylating
activity in vitro and in vivo and is thus a candidate for controlling one or more of the above
mentioned regulatory activities/mechanisms. Biochemical characterization of the Clkl
kinase is important for a complete understanding of its physiological role. To this end, we
have initiated an analysis of the amino-terminal non-catalytic region of Clk1 to identify
potential phosphorylation sites, domains involved in protein complex formation and in the
subnuclear localization of the kinase as well as domains necessary for the in vivo activity
of Clkl towards SR proteins. We report here that the amino acids encoded by the
alternatively spliced exon {exon B) are essential for autophosphorylation of Clkl in vitro
and are required for the catalytic activity of Clkl towards SR proteins in vivo.
Furthermore, we present evidence that some of these residues can be phosphorylated in
vitro by Clkl and that phosphorylation of a tyrosine residue encoded by exon B may

regulate the catalytic activity of Clkl in mammalian cells.
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MATERIALS AND METHODS

Plasmid Constructions - Clkl Deletions

Clk1 deletion mutations were created from the pECE/M-Clk! plasmid using PCR-mediated
mutagenesis. Deletion mutations starting from amino acid 62 used the common
oligonucleotide * ctacggtcgacctgetticeagataatag® (271F; containing a Safl site at the 5' end)
and a unique oligonucleotide as follows:

1) pECE/M-CIK1°*¥® : *catgegtegaccgagecagggeatee® (341R; Sall site at 5* end)

2) pECE/M-CIk1**® : “catgegicgacaageagataccagatgea® (371R; Sall site at ' end)

3) pECE/M-CIK1%%*!!! : Scargegtegacttacaaaagtaaacacagga® (425R; S site at 5' end)
4) pECE/M-CIk1%%'® : Scargegicgacgaagagtcaccgaagg® (478R: Sall site at 5 end)

5) pECE/M-CIk14%'® : Satgaaattgtigatactitaggt® (571R)

50ul reactions were performed containing 20ug pECE/M-Clkl, 25pmol each
oligonucleotide, 0.2mM each dNTP, 2mM MgS80;, 1 unit Vent or 2 units Vent(exo} DNA
Polymerase (New England Biolabs) in buffer supplied by the manufacturer. Typical
amplification conditions were hot start reactions (5 min pre-heat at 95°C followed by the
addition of enzyme) followed by 95°C, 60sec; 53 C, 60sec; 72 C, Smin for 2 cycles
followed by 95°C, 60sec; 60°C, 60sec; 72°C, 5min for 25 cycles. The reaction products
were digested with Sa/l, gel-purified and recircularized by ligation. pECE/M-Clk 1262160
was generated by phosphorylation of the amplification product with T4 polynucleotide
kinase, followed by gel-purification of the DNA and subsequent recircularization by

ligation.
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Deletion constructs 1-4 and pECE/M-Clk |46 carrying the K190R substitution (rendering
the kinase domain catalytically inactive) were also generated by substirution of the 3.2-kb
BstEIl/Pvul fragment (Clk1 amino acids 146-483) with that from pECE/M-Clk1K!%R_
6) pECE/M-CIk14"2'® _ Amino acids 1-111 were contained withina ~ 1.5-kb Pvul/Xhol
fragment generated by digestion of PCR amplified DNA. pECE/M-CIk] was amplified
using oligonucleotides tacggatcriccactectace? (419F/Xhol, Xhol site at 5' end) and
5'galtgatgaacaccacgccgccttggtatm:acr;ta,g,,va3' (ST1100AA). This DNA was restricted with Xhol
(Clk! amino acid 111) and Pvul (which digests within the B-lactamase gene). Amino acids
130-483 were contained in a ~3.4-kb Sa/l/Pvul fragment isolated from pECE/M-Clk14¢*
' by Safl/Pvul digestion. Ligation of the ~1.5-kb Pvul/Xhol and ~3.4-kb Sall/ Pvul
fragments created the Clk1 deletion 112-129 and reconstituted the B-lactamase gene.
7) pECE/M-Clk 141 129KIMR a5 generated as above using the ~ 3.4-kb Sa/l/Pvul fragment
derived from pECE/M-CIlk]262-129.K150R
8) PECE/M-Clk 140812129 w5 creared by ligation of a ~ 1.2-kb Pvul/Sall fragment (Clk1
amino acids 62-111) from PECE/M-CIk12® and a ~3.6-kb Sall/Pvul fragment (Clk1
amino acids 130-483) from pECE/M-Clk14!12129.
9) pECE/M-Clk]AH0AHZI0KINR (0o generated as above using the ~3.6-kb Safl/Pvul

fragment isolated from M-Clk]A4!12-129.KI%0R

10) pECE/M-CIk14 (Clk1 catalytic domain) was created by substitution of the fuli-
length Clk1 cDNA in pECE/M-Clk1 (~1.7-kb EcoRI fragment) with the Clk1 catalytic

domain (~1150-bp EcoRI fragment). The catalytic domain was amplified from
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pTZ19R/Clk1 (18) using oligonucleotides *ctigaattcctiaggtgaaggtact’ (391R: EcoR1 site
at 5’ end) and *acgucicgagegacggecagtge? (UWXI). as above except PCR conditions were
95°C, 50sec; 60°C, 60sec; 72°C, 2min for 25 cycles. The reaction product was digested
with EcoRl, gel-purified and ligated into pECE/M-CIkI.

11) pECE/M-CIk1(A3'UTR) - The 3'UTR of the ClkI cDNA was removed by PCR
amplification of Clkl or CIkI¥™R cDNAs using the oligonucleotides
*tcggtacctegagatgagacattcaaagaga® (93R) and *ggegeactagtegtargemtiaagtgg > (1539F; Spel
site at 5’ end). Amplification conditions were similar to those described above except with
the following cycling temperatures: 94°C, 30sec: 55°C, 30sec; 72 C, 2min for 2 cycles
followed by 94°C, 30sec; 65°C, 30sec; 72°C, 2min for 20 cycles. The reaction product was
digested with BstEIl and Spel, gel-purified and was subcloned into pECE/M-Cikt
following removal of the Clk1 fragment by BstEIl/Xbal digestion. Generation of pECE/M-
Clk1(A3'UTR) resulted in the loss Cik1’s normal translation stop codon. Two new amino

acids are added before a stop codon is encountered within the pECE vector (KHTTR.).

Junction Fragments - The nucleciide sequence and predicted amino acid translation
product are indicated. Bolded nucleotide sequence indicates junction, often encoding a

restriction site. Newly encoded non-Clk1 amino acids are bolded.

A62-83 S R ST ® p A62-93 S R S T®™% R
agc agg tcg acc gag cca agce agg tcg aca age aga
A62-111 S R S$THWy K A62-129 S R S T'WK §

age agg tcg act tac aaa agc agg teg acg aag agt
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A112-129 R SSMT™K § Al-165 L NS™L G E
aga tcc teg acg aag agt g aat tec tta ggt gaa

A62-160 S R ST V DBE]
age agg teg acc gta gat gaa att

Al1-60 P G I N E
(named AXholl) ccc gga tec ata aat gag

12) pECE/M-CIk1¥!%® - Tyrosine 160 was converted to phenylalanine or aspartate using
the pAlter site-directed mutagenesis system (Promega). The 1.7-kb Clkl EcoRI cDNA
fragment isolated from pECE/M-CIk1 was subcloned into the EcoRI site of pAlter-1
plasmid. Orientation was determined by restriction enzyme analysis. Nucleotides 570 and
571 were substituted us‘ing oligonucleotide * craagtgcaaga(t/g)(a/t)tgaaartgtrga® (Y563F/D,
which is partially degenerate at two positions, nucleotides 570 and 571). This
oligonucleotide will produce four codons: tat ~ Tyr, trt ~ Phe, gat - Asp, gtt - Val,
Plasmids carrying the codons ttt (pAiter/Clk1Y'%F) and gat (pAlier/ClkY'*® ) were
identified and chosen by sequencing. pECE/M-Clk1Y'F and pECE/M-CIkI''®® were
generated by substitution of the 550-bp BstEll/Ndel in pECE/M-CIk! with that from

pAlter/Clk1¥'*F and pAlter/Clk1Y'®P, respectively.

GST-Clk1 Deletions - pGEX-3X/CIk1¥*® (which expresses GST-CIk1¥'*®) was created
by substitution of the ~1.4-kb Sall/EcoRI fragment from pECE/M-CIk1X'R with that

from pGEX-3X/CIk1.
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pGEX-3X/Clk1*%8 (GST-Clk 12130158y ang PGEX-3X/CIk121% (GST-Clk 12'% were
generated by substitution of the ~ 1.7-kb BamHI/EcoRI Clkl fragment from pECE/M-

Clk 1413138 and pECE/M-Clk 1262160, respectively, with that from pGEX-3X/CIk]1.

COS-1 Cell Expression of Clk1 Polypeptides - Transfection of COS-1 cells, generation
of protein lysates, immunoprecipitation, immunoblot and kinase assays were performed
as described in chapter 2. In some cases Histone was included as an exogenous substrate

during kinase assays.

GST/GST-CIk1 Purification - GST and GST-Clk1 binding reactions were carried out as
described in chapter 2. Bacteria harbouring pGEX-3X (Pharmacia) or pGEX-3X/Clk1
plasmids were induced to express GST and GST-Clk! fusion proteins, respectively, as per
the manufacturer’s instructions. Bacteria (50ml induced culture) were lysed in
immunoprecipitation (IP) buffer (20mM Tris-HCL, pH 7.5, 150mM NaCl, 2mM EDTA.,
1% Triton X-100, 2mM NaF, 2mM sodium pyrophosphate, 500uM sodium vanadate,
200ug/ml PMSF, 2ug/ml aprotinin, Spg/ml leupeptin) by sonication three times for
20sec.. Lysates were cleared by centrifugation (10min., 4°C at maximum speed in a
microcentrifuge). Lysates containing GST or GST-Clk1 were incubated with glutathione-
Sepharose 4B beads (Pharmacia) for 1hr at 4°C with rocking. Beads were washed three
times with 1ml IP buffer. To quantitate bound GST/GST-CIk1 an aliquot was removed,

washed twice with PBS and protein concentrations determined by Bradford assay (BioRad).
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Approximately [0ug GST or GST-Clk1 coupled to beads was used in each binding

experiment.

GST/GST-CIk1 Binding Assay - COS-1 cells were transfected with plasmids and protein
lysates extracted in IP buffer as described in chapter 2. Cell lysates were mixed with GST
or GST-Clk1 beads and incubated for 2hr at 4°C with rocking. The beads were then
washed three times with IP buffer and proteins eluted with sample buffer. Bound proteins
were analysed by SDS-PAGE, transferred to nitrocellulose and subsequently
immunoblotted with anti-Myc mAb. Immunoblots were visualised with HRP-conjugated
goat anti-mouse antibody followed by enhanced chemiluminescence and exposure to

Reflection film (Dupont NEN).

Peptide Synthesis and Phosphorylation - The Clkl peptide (amino acids 130-164,
KSHRRKRSRSVEDDEEGHLICQSGDVLSARYEIVD) was synthesized on an Applied
Biosysterns 431A peptide synthesizer by solid phase peptide synthesis, using a modification
of Fluorenylmethoxycarbonyl (Fmoc) chemistry with HBTU (2-(1 H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate} used as the activating agent. Following
synthesis the peptide was cleaved from the synthesis resin using a trifluoroacetic acid
mixture (containing thiol scavengers to avoid side-chain reactions) for 2h at 22°C,
precipitated and washed with T-buty! ether and lyophilised. Peptide purity was confirmed
by mass spectroscopy analysis. The peptide, although insoluble in kinase buffer (20mM

HEPES, pH 7.1, 10mM MgCl,, 2mM MnCl,), was soluble in diluted kinase buffer (20mM
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HEPES, pH 7.1, ImM MgCl, 0.2mM MnCl). For peptide  phosphorylation
immunoprecipitated pECE/M-CIk1 or affinity purified GST-Clk1 polypeptides were
incubated with 10pg peptide, 10uM ATP and 54Ci [y*“PJATP in 25pl diluted kinase buffer
for 20 min at room temperature. Reactions were arrested by the addition of sample butter
followed by boiling. Samples were resolved by 15% or 7%-20% SDS-PAGE and exposure
of the gel to storage phosphor screen (Kodak) and detection by Phosphorimager
(Molecular Dynamics). Phosphoamino acid analysis was pertormed on phosphoproteins

following transfer of proteins to nitrocellulose as described in chapter 2.
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RESULTS
Phosphorylation Sites

To identify potential autophosphorylation sites within the putative regulatory
domain (amino acids 1-160) of the Clk1 kinase we generated a series of deletions within
this region (Fig. 1). Deletions were created by PCR based mutagenesis using pECE/M-
CIkI as a starting template, All deletion mutants retained the Myc-epitope tag at the amino
terminus.

To determine if Clk1 deletion mutants expressed in mammalian cells retained
catalytic activity we used an immune complex kinase assay. COS-1 cells were transfected
with individual pECE plasmids expressing the series of deletion mutants, M-Clk1
polypeptides were isolated by anti-Myc immunoprecipitation followed by in vitro kinase
assay. Deletion of the first sixty amino acids (A1-60) has previously been shown to have
no gross effect on autophosphorylation (Chap. 2, Fig. 5). Based on this result we decided
to make deletions carboxyl-terminal to this site. Mutants lacking the next 67 amino acids
(A62-83, A62-93, A62-111 and A62-129) all displayed significant autophosphorylation
activity as assessed by in vitro kinase assay (Fig. 2A, lanes 1-4). A larger deletion
encompassing the next thirty amino acids (A62-160), although expressed at high levels
(Fig. 2B, lane 2), displayed undetectable levels of autophosphorylation (Fig. 2A, lane 6).
Deletion of the entire regulatory domain (A1-165) resulted in a polypeptide which
displayed no kinase activity as assessed by in vitro kinase assay (Fig. 2A, lane 5).

Expression of the polypeptide was confirmed by anti-Myc mAb immunoblot (Fig. 2B, lane
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Figure 1
Schematic Representation of Clk1 Regulatory Domain Deletions.

Deletions were created between amino acids 1 and 165 of Clkl (defined here as the
putative regulatory domain). All deletions have the Myc epitope tag fused at the amino
terminus of Clkl. The alternatively spliced exon (exon B) is represented in black and
constitutes amino acids 129-159. Deletions were generated with a wild-type catalytic
domain or a catalytically inactive domain containing the substitution of amino acid lysine
190 for arginine (K190R). MTG - Myc epitope tag; KRKKR - putative nuclear localisation
signal. :
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Figure 2
Expression and catalytic activity of Clkl deletion mutants in COS-1 cells.

A, Autoradiogram of in vitro catalytic activities of CIk1 deletion proteins. B, Expression
levels were determined for those displaying no catalytic activity by immunoblotting with
the anti-Myc antibody followed by enhanced chemiluminescence. COS-1 cells were
transfected with individual pECE expression vectors encoding Myc epitope-tagged Clk1
deletion mutants (A62-83, 62-93, 62-111, 62-129, 1-165, 62-160, 130-158, 1-60/112-129
and 1-60/112-129;A, lanes 1-9, respectively). Myc-tagged proteins were
immunoprecipitated with the anti-Myc monoclonal antibody and subjected to an in vitro
kinase assay. Proteins were resolved by SDS-PAGE and transfer to nitrocellulose.
Positions of molecular mass markers (kDa) are indicated to the left of each lane. The same
three markers (68, 43 and 29-kDa) are found in A, lanes I-5. The positions of individual
CIkl polypeptides are indicated with an asterisk. Open arrow head (») indicates the
position of immunoglobulin heavy chain; closed arrow head (») indicates the position of
exogenously added histone.
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1). The precise start of the catalytic domain is ill-defined. thus, a simple explanation for
the lack of catalytic activity in this mutant is that some amino acids of the catalytic domain
are deleted. The lack of activity in the smaller deletion, A62-160. may also be due to the
removal of critical catalytic domain amino acids. To test this idea A62-160 was expressed
in bacteria as a GST fusion protein (GST-CIk1%62'%)  affinity purified from bacterial
lysates using glutathione-Sepharose and assayed for catalytic activity by in vitro kinase
assay. GST-Clk1%°*'® displayed significant catalytic activity indicating that this mutant
contains a functional kinase domain (Fig. 3).

The presence of kinase activity in mutant A62-129 and the lack thereof in A62-160
suggested that a domain necessary for autophosphorylation is "ound between amino acids
130-160. We, therefore, created a mutant which lacked this domain (A130-158) and
expressed it in COS-1 cells. Immunoprecipitated M-CIk13*%8 displayed no
autophosphorylation by in vitro kinase assay (Fig. 2A, lane 7) despite high protein
expression levels (Fig. 2B, lane 3). To confirm the presence of a functional kinase domain
A130-158 was also expressed in bacteria as a GST fusion protein (GST-Clk14130-158)
Similar to GST-Clk14%'%, GST-CIk 14315 possessed catalytic activity indicating that it
contains a functional kinase domain (Fig. 4B, lane 2). These results suggest that amino
acids 130-158 are required for the autophosphorylating activity of CIk1 expressed in
mammalian cells. Interestingly this stretch of amino acids is encoded by the alternatively
spliced exon, exon B (see Chap. 2, Fig. 1).

The lack of autophosphorylation of Clk14%**'® in mammalian cells may be due to

the removal of autophosphorylation sites within that sequence. The primary amino acid
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Figure 3
Bacterial expression and catalytic activity of Clk1262-160,

Clk14%1% was expressed in bacteria as a glutathione-S-transferase (GST) fusion protein.
GST or GST-CIk1**'® were affinity purified with glutathione-Sepharose 4B and subjected
to an in virro kinase assay. Proteins were resolved by SDS-PAGE and transfer to
nitrocellulose. Lanes 1-2, Immunoblot (IB) of expressed GST and GST-Clk126*'% proteins
with the anti-GST monoclonal antibody. Lanes 3-4, Phosphorimage of in vitro catalytic
activities of GST-tagged proteins. GST-CIk146'® mjgrates with a molecular mass of
approximately 70-kDa (indicated by an asterisk). Positions of molecular mass markers
(kDa) are indicated to the left.
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sequence of exon B contains 5 serine residues and one tyrosine residue (the codon is split
between exons B and C) which may act as sites for autophosphorylation. To determine if
the amino acids encoded by exon B could serve as a substrate for the Clk1 catalytic domain
we synthesized a peptide encompassing this region (Fig. 4A and see Materials and
Methods) and tested for the ability of Clkl to phosphorylate it in virro. GST-Clkl
expressed in bacteria was affinity purified with glutathione-Sepharose and an in virro
kinase assay was performed in the presence of the peptide. As is evident in figure 4B
(lanes 4 and 5), GST-CIk1 was able to phosphorylate the peptide. This phosphorylation
was specific to catalytically active Clk1 as neither GST alone nor the catalytically inactive
point mutant of Clk1 (GST-CIk1¥'%®) was able to phosphorylate the peptide (Fig. 4B, lanes
1 and 3). The peptide has a predicted molecular mass of approximately 4-kDa but
following phosphorylation migrates with a range of mobilities between 4-6-kDa (Fig. 4B).
Such mobility differences may be due to phosphorylation of the peptide at multiple sites.
Phosphoamino acid analysis of the phosphopeptide (~6-kDa form) revealed that only
serine site(s) were phosphorylated (Fig. 4C).

We next tested whether the deletion mutant lacking exon B (GST-Clk123%1%) could
phosphorylate the peptide in trans. As shown in figure 4B (lane 2), GST-Clk14'3%1%8 yag
able to phosphorylate the peptide indicating that this sequence is not required to be within
the primary sequence for its phosphorylation.

Since Clk148%1%® displayed a difference in autophosphorylating activity when
expressed either in mammalian cells or bacteria we wished to test the ability of Clk14130-158

expressed in COS-1 cells to phosphorylate the peptide. Similar to the results with
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Figure 4
Phosphorylation of Clk1 peptide by bacterially expressed Clkl proteins.

A, Sequence of the synthetic peptide and corresponding amino acid positions in Clk1. B,
Phosphorimage of in vitro catalytic activities of GST-tagged proteins. GST (lane 3) and
GST-CIk! fusion proteins (K190R, lane 1; A130-158, lane 2: and wild-type CIk1, lanes
4 and 5) expressed in bacteria were affinity purified using glutathione-Sepharose 4B and
subjected to an in vitro Kinase assay in the presence (lanes I-4) or absence of Clk! peptide
(lane 5). Proteins were resolved by 7%2-20% SDS-PAGE and transfer to PVDF membrane.
The positions of molecular mass markers (kDa) are indicated to the left of the panel,
Asterisks mark the positions of full-length GST-Clk! fusion proteins. C, Phosphoamino
acid analysis by two-dimensional thin-layer electrophoresis of the peptide phosphorylated
by GST-Cik1 (B, lane 4). Positions of phosphoserine (pSer), phosphothreonine (pThr) and
phosphotyrosine (pTyr) standards are indicated. P; - free inorganic phosphate.
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autophosphorylation of the kinases themselves, Clk1253%15% expressed in mammalian cells
was unable to display significant peptide phosphorylation when compared to the full-length
active Kinase (Fig. 5A). Peptide phosphorylation by full length Clkl was on serine

residue(s), as seen with GST-Clk1 from bacteria (Fig. 5B).

Tyrosine 160 Phosphorylation

Songyang et al. (122) have identified tyrosine 160 in Clk1 as a possible site of
phosphorylation. Tyrosine 160 is found within the sequence Y'EIV, a sequence, which
when tyrosine phosphorylated, falls within the consensus sequence for binding the SH2
domain of the fps/fes tyrosine kinases (122). Phosphorylation of tyrosine 160 may be by
autophosphorylation or phosphorylation by a different kinase. To determine if tyrosine 160
is a major site of autophosphorylation and/or a regulatory phosphorylation site we created
a site-directed mutant of Y160. Two mutants were created, Y 160F, to convert tyrosine to
the non-phosphorylatable phenylalanine, and Y160D, to convert tyrosine to aspartate, a
negatively charged amino acid which may mimic phosphotyrosine. Both mutants were
highly expressed when transfected into COS-1 cells (Fig. 6A). Clk1Y'%F displayed
significant autophosphorylation (Fig. 6B, lane 1) suggesting that phosphorylation at this
site is not necessary for activity of the catalytic domain. In contrast, Clk1Y'®? exhibited
no catalytic activity (Fig. 6B, lane 2) and displayed an increased mobility on SDS-PAGE
relative to that of the wild-type kinase. This difference in mobility is similar to that seen
with the catalytically inactive mutant CIk1¥'*® (see Chap. 2). If substitution of tyrosine

160 with aspartate indeed mimics phosphorylation of this residue this result suggests that
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Figure 5
Phosphorylation of Cik1 peptide by CIk1 proteins expressed in COS-1 cells.

A, Phosphorimage of in vitro catalytic activities of Myc-tagged proteins. COS-1 cells were
transfected with pECE vector alone (lanes I and 2), vector encoding Myc epitope-tagged
Clkl, CIk1¥%® or Clk145'8 (Janes 3-4, 5-6, and 7-8, respectively). Myc-tagged proteins
were immunoprecipitated with anti-Myc monoclonal antibody and subjected to an in vitro
kinase assay in the absence (lanes 1,3,5 and 7) or presence (lanes 2,4,6 and 8) of the Clkl
peptide. Proteins were resolved by 15% SDS-PAGE and transfer to PVDF membrane. The
positions of molecular mass markers (kDa) are indicated to the left of the panel. B,
Phosphoamino acid analysis by two-dimensional thin-layer electrophoresis of the peptide
phosphorylated by wild-type Clk1. Positions of phosphoserine (pSer), phosphothreonine
(pThr) and phosphotyrosine (pTyr) standards are indicated. P, - free inorganic phosphate.
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‘Figure 6
Catalytic activities of Clkl Y160 mutants in COS-1 cells.

A, Expression of Clk1 Y160 mutants determined by anti-Myc antibody immunoblotting
(IB) and enhanced chemiluminescence. B, Phosphorimage of in vitro catalytic activities
of CIkl Y160 mutants. COS-1 cells were transfected with pECE expression vector
encoding Myc epitope-tagged Clk1 Y160F mutant (A,B lane 1), Y160D mutant (A,B lane
2) or wild-type CIk1 (A,B lane 3),. Myc-tagged proteins were immunoprecipitated and
subjected to an in vitro kinase assay. Proteins were resolved by SDS-PAGE and transfer
to nitrocellulose. The positions of molecular mass markers (kDa) are indicated to the left
of each panel. IgG - immunoglobulin heavy chain. ‘
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phosphorylation of Y160 down-regulates the catalytic activity of Clk1. Sequencing of the

catalytic domain of Clk1Y!%P

indicated that there were no nucleotide substitutions, apart
from those at positions 570 and 571, which might explain the lack of catalytic activity. A
possible explanation for the lack of activity is that the Y160D causes a conformational

change in the kinase, rendering it inactive.

Identification of Clk1:Clkl Interaction Domains

We have previously shown that Clkl is able to form a complex with other
molecule(s) of Clkl (Chap. 2, Fig. 8). Truncated Clkl (Clki™) is also able to form a
complex with CIk1 indicating that the amino-terminal portion of the molecule contains an
interaction domain and that catalytic activity is not required for this interaction.

To gain further insight into the biochemical regulation of the Clkl kinase we
wished to determine the domain(s) involved in Clk1:Clk1 binding. We have used the panel
of deletion mutants describe above to map these domain(s). Myc-epitope tagged Clkl
. deletion mutants expressed in COS-1 cells were incubated in vitro with bacterially
expressed GST or GST-Clk! fusion protein coupled to glutathione-Sepharose. Bound
proteins were eluted, resolved by SDS-PAGE, transferred to nitrocellulose and
immunoblotted with the anti-Myc mAb. None of the Clk1 polypeptides interacted with
GST-coupled beads (Fig. 7A, 8A, 9A, lanes 1-6). Full length Clkl was able to bind
immobilized GST-Cik1 as has been previously shown (Fig. 7A, lane 7 and Chap. 2, Fig.
8). To test whether the catalytic domain confers any binding ability for GST-CIk1 the Al-

165 mutant was assayed in this system. When expressed in COS-1 cells A1-165 displayed
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Figure 7
Binding of Clk1 deletion mutants to GST-CIKk1 ir vitro.

COS-1 cells were transfected with pECE vector encoding Myc epitope-tagged wild-type
CIkl (A, lanes 1 and 7, B, lane I), or CIk1 deletion mutants A1-60 (A, lanes 2 and 8, B,
lane 2), A62-83 (A, lanes 3 and 9, B, lane 3), A62-93 (A, lanes 4 and 10, B, lane 4),
A62-93" catalytic mutant (A, lanes 5 and 11, B, lane 5) and A62-111 (A, lanes 6 and 12,
B, lane 6). Protein from equivalent fractions of cell lysates was resolved by SDS-PAGE
and transfer to nitrocellulose (B) or subjected to affinity purification with bacterially
expressed GST coupled to glutathione-Sepharose 4B (GST AP, A, lanes 1-6) or GST-Clk1
coupled to Sepharose (GST-Cikl, A, lanes 7-12) followed by separation using SDS-PAGE
and transfer to nitrocellulose. Myc-tagged proteins were visualised by immunoblot analysis
{IB) and enhanced chemiluminescence with the anti-Myc antibody. The positions of
molecular mass markers (kDa) are indicated to the left of each panel.
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undetectable catalytic activity and was unable to form a complex with GST-CIk1 (Fig. 8A,
lane 11}. In contrast, Clk1", although expressed at levels much lower than Al-165, showed
considerable binding (compare Fig. 8A, lanes 11,12 and 8B, lanes 5,6). These results
indicated that Clk1:Clk1 complex formation is mediated by amino acids found within the
amino-terminal regulatory domain.

Deletion of the first sixty amino acids (A1-60) resulted in loss of binding (Fig. 7A,
lane 8) despite a reasonable level of expression (Fig. 7B, lane 2). Therefore, a domain
within amino acids 1-60 is likely required for binding to GST-Clk1. Deletion of amino
acids 62-83 (A62-83) also resulted in a CIk1 polypeptide which was unable to interact with
GST-CIk1. All larger carboxyl-terminal deletions also had impaired binding (see A62-93,-
111 and -129 in Fig. 7A, lanes 10,12 and Fig. 8A, lane 9, respectively), These
polypeptides were all expressed at levels comparable to that of full-length Clk1 (see A62-
83, -63, -111 and -129, Fig. 7B and 8B). Thus, A62-83 demarks the smallest deletion with
impaired binding. The proximity of this region to A1-60 suggests that there may be a
single domain that encompasses the junction of these regions (amino acids 60-62) or that
there are at least two domains. This domain(s) is defined here as a positive regulatory
domain; one that enhances Clk1:Clk1 binding.

A further deletion, A62-160, which also removed the amino acids encoded by exon
B showed considerable binding to GST-Clkl (Fig. 8A, lane 10). The lack of A62-129
binding and the apparent binding of A62-160 suggested that between amino acids 130-160
resides a domain which inhibits Clk1:Clk1 binding. This domain would be defined as a

negative regulatory domain; one that diminishes Clk1:Clk1 binding. An important
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Figure 8
Binding of Clk1 deletion mutants to GST-CIk1 ir vitro.

COS-1 cells were transfected with pECE vector encoding Myc epitope-tagged wild-type
CIk1 (A, lanes I and 7, B, lane 1), or Clk! deletion mutants A130-158 (A, lanes 2 and 8,
B, lane 2), A62-129 (A, lanes 3 and 9, B, lane 3), A62-160 (A, lanes 4 and 10, B, lane
4), A1-165 (A, lanes 5 and 11, B, lane 5) and truncated Clk1 (CIk1T, A, lanes 6 and 12,
B, lane 6). Protein from equivalent fractions of cell lysates was resolved by SDS-PAGE
and transfer to nitrocellulose (B) or subjected to affinity purification with bacterially
expressed GST coupled to glutathione-Sepharose 4B (GST AP, A, lanes 1 -6) or GST-Clk1
coupled to Sepharose (GST-CikI, A, lanes 7-12) followed by separation using SDS-PAGE
and transfer to nitrocellulose. Myc-tagged proteins were visualised by immunoblot analysis
(IB) and enhanced chemiluminescence with the anti-Myc antibody. The positions of
molecular mass markers (kDa) are indicated to the left of each panel.
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difference between the deletion mutants A62-129 and A62-160 is that the former displays
catalytic activity whereas the latter does not. Thus, the phosphorylation state of the Clk1
deletion polypeptide may contribute to its ability to bind to GST-Cik1 (see below). To test
the idea that amino acids 130-160 contain a negative regulatory domain we determined the
ability of delerion mutant A130-158 to bind GST-Cik1. Although expressed at a level
similar to that of Clk1, Clk14**' djsplayed enhanced binding to GST-Clk1 (compare Fig.
8A, lanes 7,8 and 8B, lanes 1,2). Thus, the amino acids encoded by exon B (130-158)
contain a domain which, when present in Clk1, inhibit Clk1:Clk1 complex formation. A
caveat to this interpretation of the results is that Clk14*1%8 |ike ClkB61% does not
display catalytic activity when expressed in mammalian cells. Therefore, as mentioned

~above the phosphorylation state of the kinase may contribute to its binding ability.

Binding of K190R mutants

To eliminate the contribution of Clk1 autophosphorylation during these binding
studies we have generated a series of deletion mutants containing an inactive catalytic
domain. The wild-type catalytic domain was substituted with a catalytic domain carrying
the K190R point mutation. In contrast to their catalytically active counterparts, Al-60°
(superscripted minus sign denotes a KI90R catalytic domain), A62-83", A62-93" and A62-
111" were able to bind GST-ClkI (Fig. 9A, lanes 8, 9, 11 and Fig. 7A, lane 711). These
results iqdicated that the positive regulatory domain(s) identified above (between 1-83) is

evident only in the presence of a functional kinase domain.
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Figure 9
Binding of CIk1¥'*R deletion mutants to GST-CIk1 in vitro.

COS-1 cells were transfected with pECE vector encoding Myc epitope-tagged catalytic
mutanis of full-length Clk1 (A, lanes I and 7, B, lane I), or Clk1 deletion mutants A62-83"
(A, lanes 2 and 8, B, lane 2), A62-111" (A, lanes 3 and 9, B, lane 3), A62-129° (A, lanes
4 and 10, B, lane 4), A1-60° (A, lanes 5 and 11, B, lane 5) and truncated Clk1 (Clk1 T A,
lanes 6 and 12, B, lane 6). Protein from equivalent fractions of cell lysates was resolved
by SDS-PAGE and transfer to nitrocellulose (B) or subjected to affinity purification with
bacterially expressed GST coupled to glutathione-Sepharose 4B (GST AP, A, lanes 1-6)
or GST-CIk1 coupled to Sepharose (GST-Cikl, A, lanes 7-12) followed by separation
using SDS-PAGE and transfer to nitrocellulose. Myc-tagged proteins were visualised by
immunoblot analysis (IB) and enhanced chemiluminescence with the anti-Myc antibody.
Superscripted minus sign denotes the mutant catalytic domain K190R. The positions of
molecular mass markers (kDa) are indicated to the left of each panel.
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The larger A62-129" deletion showed reduced binding to GST-CIk1 compared to
Clk1%%R when expressed at comparable levels (compare Fig. 9A, lanes 7, 10 and 9B,
lanes 1,4). The considerable binding of A62-111"but reduced binding of A62-129" suggests
that a domain necessary for binding is contained between amino acids 112-129. To test this
idea we created a mutant lacking amino acids 112-129 (A112-129). A112-129 retained the
ability to form a complex with GST-Clk1 (Fig. 10, lane 3) indicating that removal of this
sequence is not sufficient to prevent binding.

We next tested the ability of Clk1 lacking two of the putative regulatory domains
to bind GST-Clk1. The double mutant A1-60/112-129" exhibited much impaired complex
formation with GST-Clk1 in comparison to the single mutants (compare Fig. 10, lanes 3-
5). Analysis of the polypeptide levels indicated that the reduced binding was not due to low
expression levels of A1-60/112-129 (Fig. 10, lanes 8-10). The residual binding of Al-
60/112-129" may be due to the regulatory domain which maps to 62-83 and which is
retained in this mutant. We cannot rule out the possibility that the lack of binding of any

mutant is not due to conformational changes introduced by the deletion.

Subnuclear “Specklising” Domain

Catalytically inactive Clk1 polypeptides co-localise with SR proteins in nuclear “speckles”.
To identify the region(s) necessary for localisation of Clkl to speckles we expressed
Clk1%"R deletion mutants in COS-1 cells and assessed their nuclear localisation by indirect
immunofluorescence. We have previously shown that Clk17 localises to nuclear speckles

(Chap. 4) indicating that amino acids 1-129 are sufficient for this compartmentalization.
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Figure 10
Binding of Clk1¥'**® deletion mutants to GST-CIK1 in vitro.

COS-1 cells were transfected with PECE vector alone (lanes I and 6) or pECE vector
encoding Myc epitope-tagged catalytic mutants of full-length Clk1 (lanes 2 and 7), or Clk1
deletion mutants A112-129" (lanes 3 and 8), A1-60 (lanes 4 and 9) and double mutant A1-
60/112-129 (lanes 5 and 10). Protein from equivalent fractions of cell lysates was resolved
by SDS-PAGE and transfer to nitrocellulose (Lysates, lanes 6-1 0) or subjected to affinity
purification with bacterially expressed GST-CIk1 coupled to Sepharose (GST-Cik1, lanes
1-5) followed by separation using SDS-PAGE and transfer to nitrocellulose. Myc-tagged
proteins were visualised by immunoblot analysis (IB) and enhanced chemiluminescence
with the anti-Myc antibody. Superscripted minus sign denotes the mutant catalytic domain
K190R. The positions of molecular mass markers (kDa) are indicated to the left of each
panel.
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Deletion of amino acids between 1-60 or 62-129 had no observable effect on subnuclear
localisation (Fig. 12d-f and Fig. 11a-c, respectively). These results suggest that either the
deletions were not sufficiently large to remove the domain or that there is more than one

domain sufficient to direct Clk1 to speckles and that the deletions did not encompass them.

SR “De-Specklising” Domain

Catalytically active Clk1 causes the redistribution of SR proteins in vivo (Chap. 3).
To determine the domain(s) required for this activity we have expressed Clkl deletion
mutant in COS-1 cells and determined the subnuclear localization of endogenous SR
proteins. Clkl“‘@, although widely expressed throughout the cell retained the ability to
cause SR protein redistribution (Fig. 12a-c). Deletions from 62-111 had no observable
effect on CIk1 activity towards SR proteins whereas A62-129 had an intermediary effect
with many of the cells expressing this deletion also showing the loss of SR proteins from
speckles (Fig. 11d-f). However, there were also cells which displayed a diffuse staining
pattern of Clk1 and a speckled pattern of SR proteins (Fig. 11g-i). Deletion of amino acids
130-158 (Clk141%*158), a5 has been previously shown, resulted in a kinase which could no
longer cause the redistribution of SR proteins (Fig. 13a-c and Chap. 4, Fig. 4). Deletion
of the entire amino-terminal region of Clk1 (A1-165) resulted in a polypeptide which was
predominately cytoplasmic and which could no longer cause SR protein redistribution (Fig.
13d,e). These results suggested that amino acids encoded by exon B (amino acids 130-159)

are required for the ability of Clk1 to cause the redistribution of SR proteins.
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Figure 11

Nuclear localization of Clk1 deletion mutants and their effects on SR protein
distribution.

COS-1 cells were transfected with pECE vectors encoding Myc epitope-tagged Clk1K!%R
deletion mutant A62-129" (panels a-c), or Clk1 deletions A62-129 (panels d-i) or A62-160
(panels j-I) and subjected to indirect immunofluorescent staining and confocal microscopy.
Confocal images are from the anti-Myc monoclonal antibody (mAb) (a-Myc, panels a, d.g
and /), anti-SR mAb (2-SR, panels b,e,h and k) or an overlay of the two signals (a-
Myc+aSR, panels c.f,i and J). Superscripted minus sign denotes the mutant catalytic
domain K190R. Alignment of green and red signals appears yellow. Magnification 63X.
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Figure 12

Nuclear localization of Clk1 deletion mutants and their effects on SR protein
distribution.

COS-1 cells were transfected with pECE vectors encoding Myc epitope-tagged Clk!
deletion mutants A1-60 (panels a-c) and A1-60/112-129 (panels g-I) or Clk1X¥1%R deletion
mutants A1-60° (panels d-f) and A1-60/112-129 (panels j-I) and subjected to indirect
immunofluorescent staining and confocal microscopy. Confocal images are from the anti-
Myc monoclonal antibody (mAb) (a-Myc, panels a,d,g and j), anti-SR mAb (a-SR, panels
b.e,h and k) or an overlay of the two signals (a-Myc+aSR,. panels c,f,i and 0).
Superscripted minus sign denotes the mutant catalytic domain K190R. Alignment of green
and red signals appears yellow. Magnification 40X (panels j-f) and 63X (panels a-I).
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Figure 13

Amino acids encoded by the alternatively spliced exon are necessary for SR protein
redistribution.

COS-1 cells were transfected with pECE vector encoding Myc epitope-tagged Clkl
deletion mutant A130-158 (panels a-c), A1-165 (panels d, e) or wild-type Clk1 (panels f-h
and subjected to indirect immunofluorescent staining and confocal microscopy. Cells were
double-labelled with anti-Myc monoclonal antibody (mAb) (2-Myc) and anti-SR mAb (-
SR) (panels a-c) and visualized by indirect immunofluorescence and confocal microscopy.
a-Myc+a-SR (panel ¢) is an overlay of the two signals. Alignment of green and red
signals appears yellow. Control samples in panels f and g lack the Texas Red-coupled anti-
IgM secondary antibody specific for the «-SR mAb. Control samples in panels h and [ lack

the FITC-coupled anti-IgG secondary antibody specific for the a-Myc mAb. Magnification
63X.
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DISCUSSION

Deletions within the amino-terminal non-catalytic region of Clk1 have been used
to identify possible regulatory domains. We have identified the amino acids encoded by
exon B in Clkl as important for the regulation of Clkl’s catalytic activity
(autophosphorylation and SR protein redistribution). Intriguingly, A130-158 can
autophosphorylate when expressed in bacteria, suggesting that in COS-1 cells an inhibitor
of Clkl catalytic activity may exist. Although Clkl is able to phosphorylate serine
residue(s) within this region the outcome of this modification is unknown. It remains
possible that the phosphorylation state of this domain is inconsequential to Clk1’s activity.

Tyrosine 160 (Y160) within the exon B domain was not phosphorylated by Clk1
[in trans, however, it may be an autophosphorylation site when present in cis. Within the
peptide, Y160 was located near the carboxyl end, thus the necessary aﬁnino acid
recognition sequence for phosphorylation by Clk1 at that site may extend beyond the
sequence present in the peptide. It is intriguing to speculate that Y160 is recognized by a
nuclear tyrosine kinase and when phosphorylated inactivates the Clk kinase. When
phosphorylated, Y160 falls within the consensus for binding of the fps/fes tyrosine kinase
SH2 domain (122). Little is known about the proteins which interact with these kinases,
however, CIk1 and a fps/fes-like kinase may form part of a signalling pathway from the
cytoplasm to the nucleus. For instance, the FER kinase has a similar tissue distribution to
the Clk kinase, is known to shuttle between the cytoplasm and nucleus and is related to the

fps/fes kinases which recognize the Y160 motif (123,124). Y160 is conserved among the
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Cikl family members hClk1, 2 and 3 (21) suggesting that this may be an important residue
in Cik signalling.

Receptor tyrosine kinases typically require dimerisation for activation of their
catalytic domains (125), however, it is still unclear whether dimerisation plays any role in
the activation and signal transduction capabilities of non-receptor kinases. We have
identified three domains in Clk1 which regulate its ability to form Clk1:Clk1 complexes
in vitro (summarized in Fig. 14). Two of these domains are identified in the double
deletion mutant A1-60/112-129". This mutant has residua! binding when compared to single
deletions, indicating that sequences within either deleted region are important for binding.
Further deletions within this region will be required to identify the exact sequence(s)
involved. A1-60/112-129 was still able to cause the redistribution of SR proteins (Fig. 12g-
I} suggesting that dimerisation is not required for this activity.

The third domain maps to the sequence encoded by exon B. Removal of this
sequence enhanced Clk1:Clkl binding. It is important to note that this mutant did not
display catalytic activity in COS-1 cells. Thus, the enhanced binding of this mutant may
simply be due to the increased charge of the protein relative to that of full-length Clk1.

A suggested function of the RS domain in SR proteins is in subnuclear localisation
to speckles (38,39). CIkl itself possesses an amino-terminal non-catalytic domain rich in
serine and arginine residues (Chap. 3). However, it contains only 10 SR or RS di-peptides
(the longest stretch is RSRS) and, therefore, would not be classified as containing a typical
RS domain (126). We were unable to identify a discrete domain which resulted in loss of

targetting of Clk1 to nuclear speckles. It is likely, therefore, that several regiohs
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Figure 14

Summary of effects of Clkl deletions on Clk1 binding and SR protein
redistribution.

A summary of the effects of : 1) Clk1 on SR protein redistribution in COS-1 cells, 2) Clkl
deletion mutants on binding to GST-Clk1 (Clk1 Binding), and 3) Clk1X'%® deletion mutants
on binding to GST-CIk1 (ClIk!1" Binding). Deletions were created between amino acids |
and 165 of Clk1 (defined here as the putative regulatory domain). All deletions have the
Myc epitope tag fused at the amino terminus of Clk1. The alternatively spliced exon (exon
B) is represented in black and constitutes amino acids 130-159. Deletions were generated
with a wild-type catalytic domain or a catalytically inactive domain containing the
substitution of amino acid lysine 190 for arginine (K190R). MTG - Myc epitope tag;
KRKKR - putative nuclear localisation signal. + indicates SR redistribution or Clk}
binding; - indicates no SR redistribution or Clk1 binding; nd - not determined;

* - indicates catalytic activity in mammalian cells not demonstrated.
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of the polypeptide are involved in the subnuclear targetting of Clk1 and that sequences
other than RS domains can also perform this function. The A130-158 mutant was targetted
to speckles yet had a dramatically reduced ability to cause SR protein redistribution. Thig
result is consistent with our inability 1o show catalytic activity of A130-158 in COS-1 cells
although it possesses a functional catalytic domain.

hClk2 and hCIk3 display a common mode of alternative splicing with that of Clkl
(21) and can cause the redistribution of SR proteins in vivo (see Chap. 6). QOutside the
catalytic domain these kinases show limited sequence identity to CIk1 (21) and no apparent
conserved regions. The analogous deletions in Clk2 and CIk3, as performed here, may
help to identify functionally similar domains.

It is too early to conclude that Clk1:Clk! interactions are not an important mode
of regulation. Further analysis of the consequences of Clk1 deletions on RNA splicing will

aid in elucidating the roles of these regions on CIk! function.
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CHAPTER 6

The CIk2 and CIk3 Dual-Specificity Protein Kinases Regulate the

Intranuclear Distribution of SR proteins and Influence Pre-mRNA Splicing
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SUMMARY

Three members of the Clk family of kinases (CIk1, 2 and 3) undergo conserved alternative
splicing to generate catalytically active (CIk) and inactive (CIK") isoforms. The prototype,
murine Clkl (mClkl), is a nuclear dual-specificity kinase that can interact with, and cause
the nuclear redistribution of, SR proteins. Human CIk? and CIk3 (hClk2 and 3) are also
found within the nucleus and display dual-specificity kinase activity. The truncated
isoforms, hCIk2" and hCIk37, colocalise with SR proteins in nuclear speckles. Catalytically
active hClk2 and hClk3 cause the redistribution of SR proteins and can regulate the

alternative splicing of a model precursor mRNA in vivo.

INTRODUCTION

Signal transduction in eukaryotes is mediated by networks of proteins, transmitting
extracellular stimuli across the plasma membrane, through the cytoplasm and finally into
the nucleus. Signalling pathways initiated by such diverse stimuli as mitogens, hormones
and stress make use of distinct cytoplasmic kinase cascades to transmit and amplify these
signals.

Two distinct MAPK (mitogen-activated protein kinase) pathways have been
identified and there is genetic evidence for the existence of others (reviewed in (8,9));
These pathways have as their central activating components a trio of kinases arranged in
a cascade. For instance, growth factor stimulation, leading to the activation of Ras and/or
PKC, is followed by the sequential phosphorylation and activation of the cytoplasmic

MAPK cascade. Thus, Ras and/or PKC can activate the first kinase in the cascade, Rafl,
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a MEKK (MAPK or ERK (extraceilular signal-regulated kinase) kinase kinase)).
Activated Rafl phosphorylates and activates the second member of the cascade MEK
(MAPK/ERK kinase 1 or 2) which in turn phosphorylates and activates the third kinase
MAPK (ERKI1 or ERK2), Activation of MAPK leads to its nuclear translocation where it
can phosphorylate and activate several nuclear proteins, many of which control events
resulting in cell proliferation (8,9).

A second pathway includes cytokines and stress as stimuli resulting in the
sequential activation of MEKK1, Sek/Jnkk/Mkk4 (the MEK), and Sapk/Jnk (the MAPK)
which in turn phosphorylates nuclear targets including the transcription factors c-Jun and
TCF-EIk1 (reviewed in (10)). The conserved higherarchy of these cascades is remarkable.
The MAPKs, MEKs and MEKKSs constitute three families of evolutionarily conserved
kinases (8,9). There is genetic evidence for the existence of other distinct pathways,
however, the players (kinase cascade members and otherwise) remain to be identified
(127,128).

Controlled gene transcription through the regulated activation of ;ranscription
factors is generally accepted as critical for normal cellular growth and differentiation and
can be mediated in part through MAPK pathways. Equally important control of gene
expression occurs post-transcriptionally at the level of RNA processing (25). The RNAs
of most transcribed genes undergo capping, splicing, polyadenylation nuclear/cytoplasmic
transport, translation and degradation. All of these processes are potential sites for
regulation of gene expression and indeed may be regulated by the known MAPK pathways

or more likely by distinct kinase cascade signalling pathways.
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We and others have identified the Sty/Clk kinase (18,19) which we believe is
involved in the regulation of pre-messenger RNA (pre-mRNA) splicing (62) and that we
propose is an integral part of a cellular kinase signalling pathway regulating gene
expression post-transcriptionally.

Murine Sty/Clk (herein called mClk1) is rhe prototype of a family of protein
kinases which have been conserved throughout evolution {18-24,95). We have shown that
the mClkl primary transcript is alternatively spliced to generate mRNAs encoding a full-
length catalytically active dual-specificity kinase (mClk1) and a truncated, kinase-deficient
polypeptide (mClk1T) (96).

The biological activity of the mClkI gene products are largely unknown although
possible roles in PC12 differentiation (76) and in the regulation of RNA splicing have been
suggested (62). In the latter case, we have shown that mClk! kinase can interact with and
phosphorylate members of the serine/arginine-rich (SR) family of splicing factors (62).
Furthermore, overexpression of mClkl kinase in mammalian cells, initiates the
redistribution of nuclear SR proteins suggesting that mClkl directly regulates the
compartmentalization and activity of SR splicing factors.

Additional members of the Clk family have been cloned from human cDNA
libraries (21,95) and like mCikl all three human Clk genes express alternatively spliced
mRNAs predicted to encoded fuil-length catalytically active and truncated inactive
polypeptides (21).

The identification of related but distinct Clk gene products suggests that muitiple protein

kinases may be involved in the regulation of mRNA splicing. To test this idea we
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compared the biochemical and biological properties of human hCIk2 and hCIk3 gene
products. Like mClkl, the full length hClk2 and hClk3 proteins exhibit dual-specificity
protein kinase activity in vitro and in vivo and can effect changes in the subnuclear
compartimentalization of SR proteins. Truncated isoforms encoded by all three Clk genes
co-localise with SR proteins in nuclear speckles. Furthermore, all three Clk kinases
regulate the splicing of a mCIk1 pre-mRNA. These results suggest the possibility that Clk

gene products may be involved in the control of constitutive and/or alternative splicing.
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MATERIALS AND METHODS
Construction of Plasmids
Human Clk kinase clones (hClk; Dr. K.H. Scheit) were subcloned into the pECE/M-Sty
expression vector (96) by substitution of the Sty fragment for #Clk fragments. To facilitate
subcloning the BamHI restriction site found within the 3' SV40 polyadenylation sequence
was destroyed. This was achieved by a partial BamHI digestion of pECE/M-Sty followed
by blunt ending with T4 DNA polymerase. The linear ~4.7-kb pECE/M-Sty fragment was
gel-purified and religated to generate pECE/M-Sty (ABamHI).
The hClk fragments (entire coding sequence) were generated by PCR amplification using
the following oligonucleotides: ACtk2 and ACIK2T - *cgggatccatgecgeatcctegaagg?
(including a BamHI site; initiating methionine in bold) and *'tgtctagatcaccgactgatatcecg®
(including a Xbal site; termination codon in bold). AClk3 and hClk3T
“cgggatccatgeatcactgtaagega® (inéluding a BamHI site; initiating methionine in bold) and
*tgtctagateatcrgettgggtigeg” (including a Xbal site; termination codon in bold). 50ul
amplification reactions were performed containing 100mg plasmid, 25pmol each
oligonucleotide, 0.2mM each dNTP, 1 unit Vent DNA Ploymerase (New Engiand Biolabs)
in buffer supplied by the manufacturer. Amplification conditions were 94°C, 30sec; 60°C,
30sec; 72°C, 90sec for 20 cycles. The reaction products were digested with BamHI and
Xbal, gel-purified and substituted for the Sty BamHI/Xbal fragment in pECE/M-Sty

(dBamHI).
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The Myc epitope was confirmed to be in frame by sequencing and is immunoreactive with
the mouse monoclonal antibody (mAb) 9E10 in immunoprecipitation/immunoblot analysis

(82).

Cell Culture and Transfection

Monkey COS-1 (110) cells were maintained in a-miriimai essential medium (¢-MEM)
supplemented with 10% caif serum and were transiently transfected by electroporation.
Trypsinized cells were counted and resuspended at 2-3 X 109 cells in 0.5mi serum-free o-
MEM. 10pug of plasmid DNA was added and the cells chilled on ice for 10min. Cells were
electroporated using a Gene Pulser (BioQRMad) at 220V and 960uF following which the cells
were left at room temperature for 15 min. Traﬁsfectants were plated in «-MEM containing
10% calf serum. In experiments to detect the presence of phosphotyrosine transfected cells
were grown in the absence or presence of 50uM sodium vanadate. Cells were harvested
approximately 24h post-transfection.

For splicing analysis COS-1 cells were transfected using Lipofectamine (Gibco BRL)
according to the manufacturer’s protocol. Cells in 60mm dishes (60-75% confluent) were
transfected with 2.5ug CMV/CR-1 reporter gene DNA (129) and 0.5, 2.5 or 5ug
pECE/hClk DNA. pECE DNA was use'c.l'.as filler to keep the total amount of DNA
constant. Cells were harvested after 24h in PBS. Protein extracts were generated from one
quarter of the sample by direct lysing of the cells in sample buffer (130). Total RNA was
extracted from the remaining sample using RNeasy purification (Qiagen) as per the

manufacturer’s instructions.
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Immunoprecipitation/Immunoblot Analysis

Transfected COS-1 cells were lysed in immunoprecipitation butfer (20mM Tris-HCI, pH
7.5, 150mM NaCl, 2mM EDTA, 1% Triton X-100, 2mM NaF, 2mM sodium
pyrophosphate, 500puM sodium vanadate, 200ug/ml phenylmethylsuifonyl fluoride, 2ug/ml
aprotinin, Sug/ml leupeptin) for 30min on ice. Lysates were cleared by centrifugation.
Supernatants were either loaded directly on gels (lysates) or immunoprecipitated with
either mAb 9E10 or anti-phosphotyrosine mAb 4G10 (Upstate Biotechnology Inc.).
Immunoprecipitates were assayed for kinase activity in 20mM HEPES, pH 7.1, 10mM
MgCl,, 2mM MnCl, containing SuCi [Y**P]ATP for 30min at room temperature. Reactions
were arrested by the addition of sample buffer followed by boiling. Samples were resolved
by SDS-polyacrylamide gel electrophoresis (PAGE) followed by exposure of the gel to
phosphor screen and phosphorimager analysis (Molecular Dynamics) or transfer to
nitrocellulose membrane for immunoblot analysis.

For immunoblots, membranes were blocked in 5% skim-milk in TBST (150mM NacCl,
10mM Tris-HCl, pH 7.5, 0.05% Tween 20). Anti-Myc immunblotting was performed
using 9E10 hybridoma culture supernatant at 1:100. Immunoblots were visualized with
horseradish peroxidase-conjugated goat anti-mouse antibody followed by enhanced

chemiluminescence and exposure to Reflection film (Dupont NEN).

Phosphoamino acid analysis
Samples were resolved by SDS-PAGE and transfer to PVDF membrane. Following

autoradiographic exposure *P-labelled bands were excised, acid hydrolysed and subjected
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to two-dimensional electrophoresis in the presence of non-radioactive phosphoamino acid

standards (4).

Immunofluorescence Assay

Transfected COS-1 cells were grown on gelatin coated (0.1% gelatin in PBS) coverslips.
Cells were fixed and probed as previously described (96). For double staining by indirect
immunofluorescerice, fixed cells were incubated with mouse mAb 9E10 (¢-Myc (IgG),
1:100 hybridoma supernatant) and mouse mAb 104 (a-SR (IgM), 1:2 hybridoma
supernatant (32)) for h at 37°C, followed by secondary fluorescein-conjugated goat anti-
mouse IgG (1:100, Jackson Immunoresearch Laboratories) specific for mouse IgG and
biotin-labelled goat anti-mouse IgM (1:100, Amersham) for 1h at 37°C. Subsequently cells
were incubated with streptavidin coupled to Texas Red (1:100, Amersham) for 1h at 37°C.
Cells were viewed by confocal microscopy using an upright Leica Confocal Laser
Scanning Microscope equipped with a 55 mW Krypton/argon air-cooled laser and 40X or

63X (Plan Apo) oil immersion lens.

RT-PCR Analysis

100ng total RNA was used RT-PCR analysis with the following oligonucleotides to
amplify mClkI-specific products: *tggtaggagtggaagaag® (corresponding to positions 397-
414 in the mClkl cDNA (18)) and *gatggctggeaactagaa®, directed against the Bovine
Growth Hormone polyadenylation signal in the CMV/CR-1 vector. PCR conditions,

including number of cycles and template concentrations, were optimized to maintain
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linearity during amplification. Linearity was monitored by serial dilution of the template
cDNAs, demonstrating a corresponding decrease in signal, as well as consistent ratios
between bands of interest (EB*/EB). PCR products were separated on 1.5% agarose gels,
post-stained with SYBR Green 1 (Molecular Probes) and visualised and quantitated with
Storm fluorescence imager and ImageQuaNT software (Molecular Dynamics).

The corresponding immunoblot was probed with anti-Myc 9E10 (82) monoclonal antibody
and visualised with horseradish peroxidase-conjugated anti-mouse antibody and

chemiluminescence.
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RESULTS
Expression of hClk2 and hCIk3 Proteins in Mammalian Cells

The hClk2 cDNA (also known as PSK-G1 (95)) is predicted to encode a 60.1 kDa
protein, whereas the hClk2" cDNA (also known as hClk2,,, (21)) would encode a 17.6
kDa truncated polypeptide lacking the catalytic domain (21). Similarly, the hCIk3 and
hClk3" (also known as hCIk3 s, (21)) cDNAs are predicted to encode catalytically active
and catalytically inactive polypeptides of 58.6 and 19.0 kDa, respectively (21). To detect
the expression of these protein products we have added a six-repeat human Myc epitope
(60) to each of the hClk cDNAs and expressed them in COS-1 cells. The epitope tag adds
89 amino acids to the amino-terminal end of each polypeptide, increasing the molecular
mass by approximately 10-kDa. COS-1 cells transfected with the pECE expression vector
alone expressed no proteins detectable by anti-Myc immunoblotting (Fig. 1A, lane 1),
COS-1 cells transfected with the pECE vector harbouring Myec-tagged hCIk2 or hClk3
cDNAs expressed anti-Myc immunoreactive proteins of approximately 80 and 75-kDa,
respectively (Fig. 1A, lanes 2 and 3). Cells transfected with Myc-tagged hCIk2" or hCIk3T
expression vectors had anti-Myc immunoreactive proteins of approximately 34 and 35-

kDa, respectively (Fig. 1A, lanes 4 and 5).

hCIk2 and hCIk3 Proteins Exhibit Dual-Specificity Kinase
Activity in Vitro and in Vive
mClk1 expressed in mammalian cells has dual-specificity kinase activity (96). The

high sequence similarity within the catatytic domains of mClki, 2CIk2 and hCIk3
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Figure 1
Expression and catalytic activity of hClk2 and hCIk3 proteins in COS-1 cells

COS-1 cells were transfected with pECE expression vector alone (lanes I,6) or vector
encoding Myc epitope-tagged hClk2 (lanes 2,7), hCIK3 (lanes 3,8), hCIK2T (lane 4) or
hCIk3T (lane 5). Cells were lysed in immunoprecipitation buffer (see Materials and
Methods) and Myc-tagged proteins immunoprecipitated with the anti-Myc monoclonal
antibody and subjected to an in virro kinase assay. Proteins were resotved by SDS-PAGE
and transfer to nitrocellulose. Protein expression levels were determined by
immunoblotting (IB) aliquots of cell lysates with the anti-Myc antibody and enhanced
chemiluminescence (A, lanes I-5). Phosphorimage of in virro catalytic activities of hClk2
and hClk3 proteins (A, lanes 6-8). Phosphoamino acid analysis by two-dimensional thin
layer electrophoresis of hClk2 and hCIk3 labelled in vitro (B). Positions of molecular mass
markers (kDa) are indicated to the left of the panel. The positions of phosphoserine (pS),
phosphothreonine (pT) and phosphotyrosine (pY) standards are also indicated.
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prompted us to determine whether these two new kinases displayed similar dual-specificity
activity. hClk2 and hCIk3 proteins expressed in COS-1 cells were immunoprecipitated and
subjected to an immune complex Kinase assay as described in Materials and Methods. As
can be seen in figure 1A, lanes 7 and 8, phosphorylated bands of the expected sizes (80
and 75 kd respectively) are detected and under these assay conditions, hClk2 displays
higher in vitro kinase activity than hClk3 despite similar levels of expression (compare Fig.
1A, lanes 2 and 3 with lanes 7 and 8). Phosphoamino acid analysis of the phosphorylated
bands in figure 1A revealed that both hCik2 and hClk3 had dual specificity protein kinase
activity in vitro (Fig. 1B).

We next determined whether the Clk kinases were phosphorylated on tyrosine
residues in vivo. Extracts prepared from transfected COS-1 cells were immunoprecipitated
with antibodies directed against phosphotyrosine as described in Materials and Methods.
Immunoprecipitates were resolved on SDS polyacrylamide gels and immunoblotted with
an anti-Myc antibody (82). When cells were grown in the absence or presence of vanadate
(a phosphotyrosine phosphatase inhibitor) similar levels of hCIk2 (Fig. 2, lanes 9 and 10)
or hClk3 (Fig. 2, lanes 11 and 12) protein were detected, however, only in the presence
of vanadate were the two kinases significantly phosphorylated on tyrosine residues (Fig.
2, lanes 3-6). As in the in vitro kinase assay described above, hClk2 seems to have

significantly more tyrosine phosphorylating activity in vive than hCIk3.
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Figure 2
hCIk2 and hClk3 are phosphorylated on tyrosine in vivo.

COS-1 cells were transfected with pECE expression vector alone (lanes 1,2,7,8), vector
encoding hClk2 (lanes 3,4,9,10) or hClk3 (lanes 5,6,11,12) and grown in the absence (-,
lanes 1,3,5,7,9,11)) or presence (+, lanes 2,4,6,8,10,12) of 50 puM sodium vanadate
(VO,). Celis were lysed in immunoprecipitation buffer (see Materials and Methods) and
Myc-tagged proteins immunoprecipitated (IP) with the anti-phosphotyrosine monoclonal
antibody (Tyr(P), lanes 1-6). Proteins were resolved by SDS-PAGE and transfer to
nitrocellutose. Expression levels were determined from aliquots of cell lysates (lanes 7-12).
Proteins were visualized by immunoblot analysis (IB) and enhanced chemiluminescence
with the anti-Myc antibody. Positions of molecular mass markers (kDa) are indicated to
the left of the panel.
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Truncated hClk proteins co-localise with splicing factors

The subcellular localisation of #Clk2 and hCik3 gene products in transfected COS-1
cells was determined by indirect immunofluorescence. Potential nuclear localization signals
have been predicted from the primary amino acid sequence of the hClk proteins (21) and
indeed all four hClk isoforms are found in the nuclear compartment (Fig. 3 and 4). The
truncated isoforms (hCIk2T and hCIk3T) had a punctate staining pattern reminiscent of
nuclear “speckle” structures that are believed to be stores of mRNA splicing factors in
interphase nuclei (Fig. 3 and 4, panel &, respectively) (70,71). We have shown previously
that the mouse Clk1 kinase can associate with members of the SR protein family (33) and
can phosphorylate one of them, ASF/SF2, in vitro (62). We therefore tested whether the
speckle structures which contain the hClk2T and hClk3" polypeptides also contained SR
proteins. To this end, transfected cells were doubly stained with an antibody directed
against the Myc tag (to identify hClk2T or hCIkT) and a second monoclonal antibody
(mAb 104) girected towards an epitope shared by the SR protein family (32). As can be
seen in figures 3 and 4 both hCIk2T and hClk3" proteins co-localise with SR proteins in
nuclear speckles (Fig. 3 and 4, panels g-i, respectively). In a subset of cells hCIk2T is
found in large nuclear inclusions distinct from speckles (Fig. 3, panels j-I). The SR
proteins within such cells are no longer found in discrete speckles but are co-localised with

hCIk2". The nature and consequence of these nuclear structures is unknown at present.
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Figure 3

Nuclear Localization of hCIk2 and hClk2" and their effects on the distribution of
SR proteins.

Indirect immunofluorescent staining and confocal microscopy of transfected COS-1 cells
using the anti-Myc 9E10 monoclonal antibody (mAb) (¢-Myc, panels a,d, g.j), anti-SR 104
mAb (a-SR, panels b,e,h,k) or an overlay of the two signals (¢-Myc+a-SR, panels
c.f,i,0). Alignment of green and red signals appears yellow. Cells were transfected pECE
expression vector encoding hCIk2 (panels a-f) or hCIk2T (panels g-). Magnification 40X
{panels d-f); all others at 63X. :
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The hClk kinases initiate the redistvibution of SR proteins

The full-length hClk2 and hCIk3 kinases had a diffuse nucleoplasmic staining
pattern reminiscent of that seen in cells transfected with the related mouse kinase mClkl
(Fig. 3 and 4, panels a and d, respectively) (62). We have shown that the mCIk1 kinase,
by virtue of its catalytic activity causes the re-organization of SR proteins in transfected
cells (62). Similarly, hClk2 and hClk3 kinases when overexpressed initiated the
redistribution of SR proteins from speckles to a diffuse nucleoplasmic staining (Fig. 3 and
4, panels a-f, respectively). hCIk3 appeared to have a reduced ability to cause the
redistribution of endogenous SR proteins when compared to hClk2 again parallelling the
differences we observed in the kinase activity of the two enzymes (compare cells

expressing low levels of hClk2 and hCIk3 in Fig. 3 and 4, panels d-f, respectively).

Clk2 and CIk3 regulate splicing in vivo

The SR proteins comprise a family of related polypeptides which can regulate
constitutive and alternative splicing of pre-mRNAs (34,35). We have shown above that
hClk2 and hC1k3 overexpression may regulate the distribution of the SR splicing factors,
To determine the in vivo effects of hClk2 and hClk3 on pre-mRNA splicing we transiently
transfected of hClk2 or hClk3 expression vectors along with the mClk1 splicing mini-gene,
CMV/CR-1 (see Chap. 4). CMV/CR-I can produce two transcripts, EB* and EB’, by
alternative splicing of a unique exon (EB). CR-I spliced mRNA products were then
assessed by RT-PCR analysis as described in Materials and Methods. When expressed in

COS-1 cells the CR-I mini-gene leads to the production of predominately EB° mRNA (Fig.
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Figure 4

Nuclear Localization of hClk3 and hC1k3" and their effects on the distribution of
SR proteins.

Indirect immunofluorescent staining and confocal microscopy of transfected COS-1 cells
using the anti-Myc 9E10 monoclonal antibody (mAb) (a-Myc, panels a,d, g), anti-SR 104
mAb («-SR, panels b,e,h) or an overlay of the two signals ( a-Myc+a-SR, panels ¢.fi).
Alignment of green and red signals appears yellow. Cells were transfected pECE
expression vector encoding hCIk3 (panels a-f) or hCIk3® (panels g-i). Magnification 40X
(panels a-c) and 63X (panels d-i).
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5A,B, lane 1). Cotransfection of hCik2 stimulated exon skipping. The ratio of exon EB
inclusion to exon EB skipping decreased as the hClk2 protein level increased, with a
maximal increase of approximately eight-fold over CR-1 alone (Fig. 5A,B,C, lanes 1-4).
Similarly, cotransfection of hCIk3 promoted exon skipping (Fig. 5A,B,C, lanes 5-7). The
maximal increase in the ratio of exon included:skipped mRNA stimuléted by hClk3 was
only four-fold, again parallelling the differences we observed in the kinase activity of the
two enzymes. These results are consistent with the idea that the Clk2 and CIk3 Kinases

regulate pre-mRNA splicing.
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Figure 5
hClk2 and hCIk3 regulate alternative splicing in vivo.

COS-1 cells were transfected with CMV/CR-I mini-gene reporter alone (lane 1), or
cotransfected with increasing amounts of plasmid (0.5, 2.5 and 5zg DNA) encoding hClk2
(lanes 2,3,4) or hCIk3 (lanes 5,6,7), respectively. Cells were harvested in PBS (see
Materials and Methods) and total RNA and proteins isolated. CR-1-specific RNAs were
amplified by RT-PCR resolvea by gel electrophoresis, stained with SYBR Green I and
visualised by fluorimagery (A). Positions of molecular size standards (kb) are indicated to
the left of the panel. Ratio of CR-I mRNAs shown in A (B). hClk expression levels were
determined from aliquots of cell lysates (C). Proteins were resolved by SDS-PAGE and
transfer to nitrocellulose. Proteins were visualized by immunoblot analysis (IB) and
erthanced chemiluminescence with the anti-Myc antibody. Positions of molecular mass
markers (kDa) are indicated to the left of the panel.
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DISCUSSION

Three lines of evidence support the idea that the Clk proteins comprise a unique
subfamily of protein kinases. Firstly, Clk1, CIk2 and CIk3 share considerable sequence
identity in their catalytic domains (62-73%) although they have significantly divergent
amino-terminal domains (21). Secondly, the three Clk genes display a conserved splicing
pattern which has not been found in other members of the protein kinase superfamily (21).
Thirdly, we show here that Clk2 and CIk3 share biochemical and biological properties with
Clkl. All three enzymes, have dual-specificity protein kinase activity, are found in the
nucleus and co-exist with naturally truncated isoforms. Like Clk1 (62), Clk2 and CIk3
upon overexpression are able to effect changes in the subnuclear localization of SR
proteins and can affect pre-mRNA splicing in vivo.

Alternative splicing is critical to the control of cellular and viral gene expression
(25). Many factors are involved in regulating splicing, however, SR proteins have been
implicated as essential components of both constitutive and alternative splicing programs
(recently reviewed in (34,35)). One of the important questions that still remains to be
answered is how is the splicing machinery regulated. It has been shown that the level of
expression of SR proteins affects splicing decisions such as exon exclusion/inclusion
(114,131). Tissue specific variations in SR protein expression could account for
developmental regulation of mRNA splicing (45) however, it could be argued that post-
translational modification of SR proteins would be a more dynamic regulatory mechanism.
SR proteins are known to be phosphorylated (32,33) and previous studies have

demonstrated that the SRPK1 and mClk] kinases can phosphorylate and initiate the re-
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distribution of SR proteins in vivo (62,106). In the case of SRPK]1, it is clear that this
kinase is able to influence pre-mRNA splicing in vitro (106). The results presented here
indicate that the two related but distinct kinases, hClk2 and hCIk3, are able to affect SR
protein distribution and pre-mRNA splicing in vivo. Taken together these results support
the idea that protein kinases are able to influence pre-mRNA splicing and thus provide a
possible connection between signal transduction pathways and splicing.

What is the relationship between SR protein re-localization and pre-mRNA
splicing? It has been suggested that the speckles represent stores of inactive splicing factors
and that splicing occurs in the nucleoplasm at or near sites of transcription (67,70,71). As
mentioned above the concentration of SR proteins has been shown to affect alternative
splicing patterns (33). We suggest that the Clk kinases regulate SR protein release from
speckles thus altering their effective nucleoplasmic concentration. Alternatively
phosphorylation of SR proteins could directly affect their activity in the splicing reaction.
Possibly each of the Clk kinases phosphorylates a discrete subset of SR proteins thereby
regulating the splicing of a distinct cohort of pre-mRNAs. Alternatively the three kinases
could phosphorylate the same SR proteins but interface with distinct signal transduction
pathways.

One of the unique properties of the Clk kinase family is the common mode of
differential splicing (21,96) which results in the co-expression of catalytically inactive and
catalytically active isoforms. Our demonstration here that the hC1k2T and hCIk3T isoforms
associate with SR proteins but do not affect their localization suggests that the natural

activity of the truncated proteins may be to antagonize the full length active kinase.
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Recently, we have found that overexpression of the mouse Clk1T protein promotes exon
inclusion while the Clk1 kinase promotes exon exclusion (see Chap. 4). These observations
coupled with the demonstration that Clk1 can form heterodimers with CIk1' (96) suggests

that the alternatively spliced Clk isoforms may be self regulatory.



CONCLUSION

The murine Clkl kinase was identified as a novel enzyme displaying the unusual
property of dual-specificity phosphorylation when expressed in bacteria. This inspired the
question: what is the role(s) of Clkl in mammalian cells? We have used molecular
biological techniques in an attempt to answer this question. The work presented in this
thesis points to a function for mCIk1, and the related hClk2 and 3 kinases, in pre-mRNA
splicing.

The dissection of the non-catalytic domain of mCIk1 has identified regions which
may impart levels of regulation on mClk1 function. These include possible dimerisation
domains and regulatory phosphorylation sites (Fig. 1). An important issue this raises is
whether the related kinases hClk1, 2 and 3 have similar dimerisation and phosphorylation
motifs as mClk1.

Based on the results presented in this thesis and previous work in the field a
possible model of mClk1 function is presented in Figures 2 and 3.

Nuclear speckles contain a cohort of splicing factors, including SR proteins
(69-71). Active mCIk1 liberates SR proteins from these storage sites, thus, increasing their
effective nucleoplasmic concentration. Indeed, changes in SR protein concentration have
been shown to affect pre-mRNA splicing (33,45,50,114) and may be a mode of splicing
regulation.

How does mClk1 regulate its own splicing? The active mClk1 kinase promotes
skipping of exon EB and therefore down regulates production of its own full-length

mRNA. In contrast, the truncated Clk1T protein promotes exon EB inclusion thus
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Figure 1

Schematic representation of Clk pre-mRNA splicing and transtated protein
products.

The mClk1 precursor mRNA is alternatively spliced through the inclusion or exclusion of
exon EB. EB inclusion leads to production of full-length mCIk1 polypeptide comntaining a
nuclear localisation site at the amino-terminus and autophosphorylation sites and a potential
upstream kinase phosphorylation site (Tyr 160) encoded by EB. EB exclusion leads to
production of truncated mClk1T through the introduction of a translation stop codon by
frame shifting. This polypeptide lacks the catalytic domain and EB-encoded
phosphorylation sites but retains the nuclear localisation signal.
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Clk1 pre-mRNA

-
-

—
——

-5"'09
5' — NN - /.~ A AAA
Dimerisation domains l
/\ / Alternatively spliced exon
i Bt £~ Tyr 160 iwbamesad  Cik1’
o | ATA Iy craln

\ \Autophosphorylation sites
Nuclear localisation signal



-139-
increasing the production of the full-length mClk! kinase mRNA. In the proposed model,
there exists in the mClk] pre-mRNA a splicing element in or near the alternatively spliced
exon, EB, which can be bound by an SR protein(s). This cis splicing motif may be either
a repressor sequence (Fig. 2) or an enhancer sequence (Fig. 3) of exon inclusion.

In the presence of a splicing repressor element just upsiream of exon EB the model
proposes that: active mClkl homodimers phosphorylate SR proteins causing their release
from the storage speckles, promoting their binding to the repressor element and, thus,
favouring skipping of exon EB. As a consequence, the level of Clk protein is increased
which in turn forms inactive Clk:CIKT heterodimers. These heterodimers are unable to
phosphorylate SR proteins and thus exon EB inclusion is favoured (Fig. 2).

In the presence of an exonic splicing enhancer (Fig. 3) hypophosphorylated SR
proteins bind the enhancer, stimulate spliceosomal recognition of the adjacent upstream 3°
splice site/branch point, thus promoting exon inclusion. Active mClkl homodimers would
cause the hyperphosphorylation of these SR proteins, preventing their further association
with the enhancer element, thus, promoting exon skipping at the expense of exon
inclusion. Hyperphosphorylation of SR proteins would also cause their premature release
from speckles, sites of SR protein recycling or spliceosomal complex assembly.

The two possibilities mentioned here may not be mutually exclusive, as
phosphorylation of a particular SR protein by mClkl may increase binding to certain
splicing elements (ie. intron repressors) while inhibiting binding to others (ie. exon

enhancers). Alternatively, phosphorylation of a particular SR protein by mClkl may
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Figure 2

A model for mClk1-mediated splicing regulation of the mClkl pre-mRNA through
a splicing repressor element.

In this model the mClk1 pre-mRNA contains a splicing repressor element upstream of the

alternatively spliced exon EB, mClkl phosphorylated SR proteins can bind this element
and prevent inclusion of EB. See text for details.
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Figure 3

A model for mClkl-mediated splicing regulation of the mCikl pre-mRNA through
an exon splicing enhancer.

In this model the mClkl pre-mRNA contains a splicing enhancer element within the
aliernatively spliced exon EB. Binding of SR proteins to this element stimulates recognition
of EB and exon inclusion. mCiki phosphorylated SR proteins are unabie to bind this
element with the resultunt enhancement of exon skipping. See text for details.
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promote binding to splicing elements (Fig. 2), whereas phosphorylation of a different SR
protein may actually inhibit its binding.

The above model has been outlined for the regulation of the mCIk! pre-mRNA
however, mClkl likely regulates the alternative splicing of numerous pre-mRNAs
(containing splicing elements) through the phosphorylation of different SR protein family
members.

What role do the Cik family members play? We propose that the individual Clks
(Clkl, 2 and 3) each regulate a unique subset of SR proteins through their
phosptiorylation. Such SR protein regulation may impart control of splicing ot a unique
cohort of pre-mRNAs.

Additionally, the individual Clks may interface between intracetluiar signalling
networks and the post-transcriptional mechanism of mRNA splicing. It is intriguing to
speculate that Clk1 is regulated through stress activation of the SAPK pathways, whereas
Clk2 or 3 activity is regulated in response to mitogen stimulation of the MAPK pathway.
The intrinsic dual-specificity catalytic activity of the Clks may allow these kinases to play
key parts in such signal transduction pathways. As mentioned previously, proteins
requiring dual phosphorylation on serine/threonine and tyrosine residues may be the
substrates of independent PSKs and PYKSs, or alternatively, the substrates of a single DSK
poised to perform both modifications. Along with PYKs, DSKs and their substrates have
the potential to create signalling complexes mediated through dynamic phosphorylation-
dependent protein binding sites. Autophosphorylation of DSKs on tyrosine may create the

binding sites for secondary signalling proteins containing SH2 and/or PTB domains (116).
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It also remains to be seen if components of the RNA splicing machinery are regulated by
direct tyrosine phosphorylation.

Controlled gene expression is critical for normal cellular growth and differentiation.
The evolutionary conservation of the Clk family of dual-specificity kinases suggests that
they play key roles in regulating this expression through pre-mRNA splicing. One might,
therefore, predict that de-regulation of splicing would lead to developmental defects
and/or disease. Indeed, it has been suggested that at least 15% of all inherited human
diseases are a consequence of splicing defects (132). Future work in elucidating the
mechanism of regulation of splicing is essential for a complete understanding of such

Eevenls.
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