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Abstract

SR proteins are essential splicing factors that are regulated through multisite phosphorylation of
their RS (arginine-serine-rich) domains by two major families of protein kinases. The SRPKs
efficiently phosphorylate the arginine-serine dipeptides in the RS domain using a conserved
docking groove in the kinase domain. In contrast, CLKs lack a docking groove and phosphorylate
both arginine-serine and serine-proline dipeptides, modifications that generate a hyper-
phosphorylated state important for unique SR protein-dependent splicing activities. All CLKs
contain long, flexible N-terminal extensions (140-300 residues) that resemble the RS domains
present in their substrate SR proteins. We showed that the N-terminus in CLK1 contacts both the
kinase domain and the RS domain of the SR protein SRSF1. This interaction not only is essential
for facilitating hyper-phosphorylation but also induces cooperative binding of SRSF1 to RNA. The
N-terminus of CLK1 enhances the total phosphoryl contents of a panel of physiological substrates
including SRSF1, SRSF2, SRSF5 and Tra2p1 by 2-3-fold. These findings suggest that CLK1-
dependent hyper-phosphorylation is the result of a general mechanism in which the N-terminus
acts as a bridge connecting the kinase domain and the RS domain of the SR protein.

Keywords
docking; kinase; kinetics; phosphorylation; splicing

Introduction

As essential regulators of cell function, protein kinases phosphorylate select substrate targets
on serine, threonine or tyrosine. This posttranslational modification may alter the
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conformation and/or the biological activity of the target in complex manners. Protein kinases
are now recognized as essential communication molecules and are often arrayed in signaling
cascades that stretch from membrane receptors to intracellular targets. How protein kinases
recognize specific substrates within these elaborate pathways is an important concern for a
general understanding of signal transduction and for the specific development of kinase-
directed drugs. Numerous studies have pointed to a classic, two-pronged mechanism for
substrate attachment that uses the active site for the recognition of local residues flanking the
phosphorylation site (consensus sequence) and a docking groove that recognizes distal
residues [1, 2]. In general, the consensus sequence that occupies the active site is about 5-8
residues in length and provides a minimal level of recognition whereas specificity can be
generated in distal docking grooves. In all cases studied so far the docking groove is part of
a stable, folded domain presenting highly specific donor-acceptor contacts. In this new
study, we demonstrate that one family of protein kinases important for RNA splicing
incorporates a flexible docking element outside the kinase domain predicted to lack structure
that captures similar flexible domains in their target substrates.

RNA splicing is regulated by SR proteins, a family of splicing factors essential for the
correct establishment of 5'~3” splice sites in precursor mRNA [3]. SR proteins derive their
name from a C-terminal domain (50-300 residues) rich in Arg-Ser dipeptide repeats (RS
domain). While RS domains are vital for SR protein regulation, very little is know about
their structure owing to difficulties in expression and poor solubility at high concentrations.
Sequence analyses indicate that RS domains lack structure and can be classified as
intrinsically disordered [4]. Indeed, recent NMR studies demonstrate that the RS domain in
the prototype SR protein SRSF1 is fully disordered in line with these predictions [5]. In
contrast, several RNA binding domain structures in SR proteins (RRMs) have been solved
and shown to be folded although none contain RS domains [6-8]. The recruitment of SR
proteins for splicing reactions is regulated by multisite RS domain phosphorylation. The SR
protein kinases [SRPKs] phosphorylate numerous serines in the RS domain, a modification
that translocates SR proteins from the cytoplasm to the nucleus for splicing function [9].
SRPK1 binds with high affinity to SRSF1 and readily phosphorylates about 10-12 serines in
the RS domain, a reaction that is driven by a docking groove in the large lobe of the kinase
domain [10]. The docking groove feeds N-terminal dipeptides in lengthy Arg-Ser repeats
into the active site resulting in the net, directional (C-to-N terminal) addition of phosphates
onto the RS domain [11]. Thus, SRPK1 uses an active site and a stable docking groove in a
folded domain to recognize its substrate, a classic example of the two-prong recognition
mechanism.

Once in the nucleus, SR proteins are predominantly hyper-phosphorylated by another family
of protein kinases called CLKs. This reaction is thought to mobilize SR proteins from
nuclear speckles to the spliceosomal machinery [12, 13]. Similar to SRPKs, CLKSs
phosphorylate Arg-Ser repeats. Unlike SRPKs, CLKSs also phosphorylate serines flanking
prolines [14, 15], an activity important for 5° splice-site selection [16]. Phosphorylation at
Ser-Pro dipeptides induces unique substrate conformations since CLK1 treatment of SRSF1
promotes a large gel shift on SDS-PAGE not seen with SRPK1 [17]. CLK1 binds with high
affinity to SRSF1, displaying a dissociation constant tighter than that for SRPK1 [14]. CLKs
are intriguing because, unlike SRPKSs, they possess no docking groove in the kinase domain
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[18] yet efficiently phosphorylate up to 18 serines in the SRSF1 RS domain [15]. The
mechanistic details of how CLKs phosphorylate a narrow polypeptide stretch without a
dedicated docking groove are largely unknown.

The CLK family (CLK1-4) possesses lengthy, N-terminal extensions (140-300 residues) that
are classified as RS domains owing to the presence of arginine-serine dipeptides [19]. These
N-termini are generally rich in many additional disorder-promoting amino acids common to
RS domains (e.g., Arg, Ser, Lys, Pro, Gly, etc). Although the N-terminus is not a CLK1
substrate, it has been shown to be important for the recognition of certain RS domain-
containing proteins in a yeast two-hybrid screen [19]. What role this N-terminus might play
in regulating the SR protein phosphorylation levels has not been explored. To evaluate how
CLK1 achieves high-level SR protein phosphorylation, we studied a kinase form lacking the
N-terminus [CLK1(AN)]. Although CLK1 phosphorylates about 18 serines in SRSF1,
CLKZ1(AN) only phosphorylates about 6 serines suggesting that the N-terminus is vital for
complete RS domain activation. The N-terminus can make direct contacts with both the
unstructured RS domain in SRSF1 and the kinase domain suggesting that this extension is
highly dynamic and can act as a bridge between the kinase and substrate. CLK1-dependent
phosphorylation induces cooperative binding of SRSF1 to the Ron exonic splicing enhancer
(ESE), a phenomenon that is abrogated by deletion of the N-terminus. The CLK1 N-
terminus is not only essential for SRSF1 hyper-phosphorylation but is also necessary for
high-level phosphorylation of several other SR proteins. These findings suggest that the N-
terminal extension serves as a general facilitator of SR protein hyper-phosphorylation by
connecting a flexible RS domain to the CLK kinase domain.

Material & Methods

Materials

Adenosine triphosphate (ATP), 3-(A-morpholino)propanesulphonic acid (Mops), Tris
(hydroxymethyl) aminomethane (Tris), MgCl,, NaCl, EDTA, glycerol, sucrose, acetic acid,
Lysozyme, DNAse, RNAse, Phenix imaging film, BSA, Whatman P81 grade filter paper, g-
agarose, Ni-resin, and liquid scintillant were obtained from Fisher Scientific. [y-32P] ATP
was obtained from NEN Products. Lysobacter enzymogenes endoproteinase Lys-C and
protease inhibitor cocktail were obtained from Roche. Anti-His monoclonal antibody was
purchased from Biolegend. InstantBlue was purchased from Expedeon, Hybond ECL
nitrocellulose blotting membrane was purchased from Amersham, and the KinaseMax ™" Kit
was purchased form Ambion.

Expression and Purification of Recombinant proteins

Human SRPK1 and SRSF1 and mouse CLK1, CLK1(AN) and His-N (CLK1 residues 1-160)
were expressed from pET19b vectors containing an N-terminal His Tag. Human Tra2p1,
SRSF2, and SRSF5 were expressed from pET28a vectors with a C-terminal His Tag. GST-
SRSF1 and GST-N (CLK1 residues 1-160) were expressed from a pGEX vector. The
plasmids for SRSF1, SRPK1, Tra2B1 and CLK1 were transformed into BL21(DE3) E. coli
strain. SRSF2 and SRSF5 were transformed in plus4RA E. coli strain. Cells were grown at
37°C in LB broth with 100 pg/ml ampicillin [Tra2p1 supplemented with 50 pg/mL
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Kanamycin], and protein expression was induced with 1 mg/mL IPTG at room temperature
for 5 hours for SRSF1, SRSF2, SRSF5, and Tra2p constructs and for 12 hours for SRPK1,
and 2.5 mg/mL IPTG for 16 hours for CLK1. All His-tagged CLK1 and SRPK1 proteins
were purified by Ni-resin affinity chromatography as previously published [17]. SRSF1,
SRSF2, SRSF5, and TRA2B1 were refolded and purified as previously published [15]. GST
protein constructs were purified with glutathione-agarose resin according to a published
procedure [20].

Phosphorylation Reactions

Substrate phosphorylation was carried out in 200 mM Mops (pH 7.4), 10 mM Mg?*, and 5
mg/mL BSA, at 23 °C according to previously published procedures [11]. Typical time
courses were carried out with 30-90 nM enzyme, 20-150 nM SRSF1 and 50-100 uM
[y-32P]ATP (4000-8000 cpm pmol~1). For competition experiments, reactions were carried
out using 20 nM CLK1, 20 uM ATP [y-32P]ATP, 50 nM SR(ARRMZ1) and varying SR
protein. All reactions were carried out in a total volume of 10 uL and quenched with 10 pL
SDS PAGE loading buffer. Phosphorylated SR proteins were separated from unreacted ATP
on 12% SDS-PAGE, cut from the dried SDS PAGE gel and quantitated on the 32P channel in
liquid scintillant. The total amount of phosphoproduct was determined from the reaction
specific activity (cpm/min).

Pull-down assays

GST-tagged proteins (4 uM) were incubated with His-tagged proteins (0.2 uM) in binding
buffer [0.1% NP40, 20 mM Tris (pH 7.5) and 75 mM NacCl] for 30 min at room temperature
before incubating with 15 pL glutathione-agarose resin for 30 min. The resin was washed
5X with 200 pL binding buffer, and the bound proteins were eluted with SDS quench buffer
and boiling for 5 min. Bound protein was resolved by 12% SDS-PAGE and visualized by
Instant Blue Coomassie stain or western blotting with anti-His mouse antibody (Biolegend).

LysC Proteolysis

SR(R214K) (0.25 pM) was phosphorylated using CLK1 and CLK1(AN) and 100 pM
[y-32P]ATP (4000-8000 cpm pmol~1) for 60 min in 30 uL total volume. This reaction was
split in half, and an equal volume of buffer (50 mM Tris pH 8.5, 2 mM EDTA) with and
without 0.35 pg of LysC was added and incubated at 37 °C for 60 min. Phosphorylated SR
protein fragments were visualized using 18% SDS-PAGE.

RNA Binding Assays

The binding of a 13mer RNA oligomer based on the Ron ESE (AGGCGGAGGAAGC) to
SRSF1 in the absence and presence of CLK1 phosphorylation was assessed using a filter-
binding assay. Kinase phosphorylation reactions were carried out in the presence of 100 mM
Mops (pH 7.4), 10 mM free Mg?*, 5 mg/mL BSA, 100 uM ATP, 100 nM CLK1 or
CLKZ1(AN), and 2 uM SRSF1 at 23 °C for 1 hour. Mock reactions were carried out under the
same conditions in the absence of kinase and ATP. RNA labeling was carried out using the
KinaseMax™ Kit from Ambion and complete RNA labeling was confirmed by running
reactions on a 12% urea PAGE gel. Increasing concentrations of SRSF1 were incubated with
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6 pmol of Ron ESE labeled with 32P-ATP at 23 °C for 30 minutes in a final volume of 20 pL
in buffer containing 100 mM Mops (pH 7.4), 10 mM free Mg2*, 5 mg/mL BSA, 150 mM
NaCl, 10% glycerol, and 5 units of RNAse inhibitor. Samples were then spotted on a
Hybond ECL nitrocellulose blotting membrane (0.45 pm, Amersham) using a Bio-Dot
microfiltration apparatus (Bio-Rad). A vacuum is applied to capture the SRSF1-RNA
complex and each sample washed 4 times with 400 pL wash buffer containing 20 mM Tris-
HCL (pH 7.5) and 100 mM NaCl. Membranes were dried and dots corresponding to
SRSF1:RNA complex were cut and quantitated on the 32P channel in liquid scintillant. In all
cases, the total amounts of 32P-labeled RNA added in the reaction and retained on the filter
at high SRSF1 concentrations were identical.

Data Analysis

Results

The time-dependent production of phosphoproduct was fit to a single exponential function.
The initial velocity data were fit to the Michaelis—Menten equation. W« values were
converted to Agg; Using the total enzyme from a Bradford assay. The relative initial velocities
for the competition data were fit to equation (1)

Vi_ Eo—1I, _a,ppKI + \/(EO —Io—2PP KI )2+4appK1 Eo
Vo B 2Eo (1)

where 1/, is the relative initial velocity (ratio in the presence and absence of inhibitor), &,
is the total enzyme concentration, /, is the total substrate inhibitor concentration and 2P K; is
the apparent dissociation constant for the substrate inhibitor. The K is calculated from 2P K;
using equation (2)

PPK =K, (1+§> 0

where K] is the true dissociation constant for the substrate inhibitor, K, is the Michaelis
constant for the fixed substrate and [S] is the fixed substrate concentration.

CLK1 N-Terminus Regulates SRSF1 Phosphorylation Levels

We showed that CLK1 incorporates approximately 18 phosphates into the RS domain of the
SR protein SRSF1 [15]. To establish whether the CLK1 N-terminus affects this reaction, we
expressed a form lacking N-terminal sequences (Fig. 1A). Unlike the kinase domain, the N-
terminus of CLK1 is predicted to be largely disordered and lacking in secondary structure
based on computational analyses (Suppl Fig. 1). CLK1(AN) incorporated less 32P into a
fixed amount of SRSF1 compared to the wild-type enzyme (Fig. 1B). Although CLK1
phosphorylation induces a gel shift resulting from Ser-Pro phosphorylation [17], CLK1(AN)
did not induce this shift consistent with lower phosphorylation levels in SRSF1 (Fig. 1B).
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CLKZ1 incorporated a total of 18 phosphates, whereas CLK1(AN) added about 6 phosphates
(Fig. 1B). The addition of more CLK1(AN) does not improve the net phosphorylation levels
indicating that SRSF1 underphosphorylation is not due to an unstable kinase (Fig. 1C).
Furthermore, CLK1 doping of the CLK1(AN)-phosphorylated SRSF1 enhances total
phosphorylation to the same extent as the wild-type control, indicating that lower
phosphorylation levels are not the result of poor substrate viability (Fig. 1C). Taken together,
these findings indicate that the CLK1 N-terminus regulates high-level SRSF1
phosphorylation.

N-Terminus Controls High-Affinity Binding

To assess the contribution of the N-terminus for substrate binding, we initially performed
pull-down assays. While GST-SRSF1 readily pulled-down CLK1, no CLK1(AN) was
detected under identical conditions (Fig. 1D). This is consistent with an observed 5-fold
increase in SRSF1 Ky, (420 nM) using CLK1(AN) compared to CLK1 (90 nM) [17].
Because K, values oftentimes do not reflect true dissociation constants, we used a
competition experiment to assess affinities. The phosphorylation rate of an alternate
substrate lacking the first RRM1 [SR(ARRM1)] was monitored as a function of varying
SRSF1 for both CLK1 and CLK1(AN) [21] and fit to egn (1) to obtain an apparent K
(3PPK). While SRSF1 readily inhibited CLK1-dependent phosphorylation of SR(ARRM1)
with an @PK; of 50 nM, higher concentrations of SRSF1 were required to inhibit the
CLK1(AN)-dependent reaction with an @PK; of 320 nM (Fig. 1E). Using the K,’s for
SR(ARRML1) to both kinases [33 nM for CLK1 [17] and 700 nM for CLK1(AN)], true K;
values of 20 and 300 nM can be estimated for CLK1 and CLK1(AN) using egn (2). Overall,
the data indicate that the net effect of the N-terminus of CLK1 is to increase the total
phosphoryl content of SRSF1 from 6 to 18 sites and increase the binding affinity of the SR
protein by about 15-fold (Fig. 1F).

CLK1 Kinase Domain Broadly Phosphorylates the RS Domain

Previous studies showed that unlike SRPK1 that has a preferred consensus sequence, CLK1
phosphorylates most serines in the SRSF1 RS domain with equal efficiency [22]. To
investigate whether this phenomenon is induced by the N-terminus, we performed a LysC
footprinting experiment [11]. A unique lysine is placed in the center of the RS domain
(R224K) so that upon phosphorylation and LysC cleavage, the relative phosphoryl contents
of the N- and C-terminal halves of the RS domain can be measured by SDS-PAGE (Fig.
2A). Consistent with previous findings [22], CLK1 phosphorylates the N- and C-terminal
portions of the RS domain at levels consistent with the natural dispersion of serines and
shows no regiospecificity (Fig. 2B). The ratio of N- and C-terminal fragments (N/C) upon
CLKZ1(AN) phosphorylation is similar to the wild-type control (1.2 vs 0.8). Using total
phosphoryl contents and N/C ratios, we can calculate the number of phosphates incorporated
into the N- and C-termini of the RS domain after CLK1 and CLK1(AN) treatment (Fig. 2C).
While CLK1(AN) showed a slight preference for C- rather than N-terminal serines, the N-
terminus of CLK1 did not appear to broadly induce a phosphorylation bias. This supports
the idea that the fundamental role of the N-terminus is to increase net phosphate
incorporation in the RS domain.
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Stabilizing Phosphate Addition Through the N-Terminus

We made block mutations of 3-4 residues in the SRSF1 RS domain (Fig. 2D) to determine
whether the N-terminus induces site-specific phosphorylation. We found that serine-to-
alanine mutations did not affect the ability of CLK1(AN) to phosphorylate the RS domain
(Fig. 2E). These findings suggest that the kinase domain phosphorylates a defined number of
serines without site specificity (Fig. 2E). Thus, the kinase domain has high flexibility in the
groups of serines modified but is limited in the total number of phosphate additions allowed.
Surprisingly, the block mutations had large, negative effects on phosphoryl content that
exceeded the total number of sites mutated in all cases for CLK1 (Fig 2E, F). These findings
suggest that the N-terminus not only enhances total phosphorylation but also helps stabilize
phosphate additions in the RS domain during multisite catalysis.

N-Terminus Makes Direct Contacts With SRSF1

Although we showed that the N-terminus of CLK1 significantly enhances SRSF1 binding
and phosphorylation (Fig. 1), the mechanism underlying this phenomenon warranted
investigation. To address whether the N-terminus could make direct contacts with the
substrate, we expressed and purified a His-tagged form of the N-terminus (His-N) and
determined whether it could interact with several GST-tagged forms of SRSF1 in pull-down
assays (Fig. 3A). We found that GST-SRSF1 efficiently pulled down His-N whereas SRSF1
lacking the RS domain [GST-SR(ARS)] did not pull down His-N (Fig. 3B). Both GST-RS1
and GST-RS2 pulled down His-N (Fig. 3B), indicating that the CLK1 N-terminus can
interact with the N- and C-terminal halves of the RS domain. A smaller impurity in the His-
N preparation that is likely a proteolytic fragment of the N-terminus was also pulled down
with substrate forms containing an RS domain. To determine whether the N-terminus can
also interact with the kinase domain, we expressed a GST-tagged form (GST-N) and found
that it pulled down CLK1(AN) (Fig. 3C). GST-N contains a His tag to confirm its presence
on the g-agarose beads using the anti-His antibody. GST-N also interacts with CLK1,
suggesting that the N-terminus contacts the RS and kinase domains. In keeping with a prior
report [19] we found that His-N cannot be phosphorylated by the kinase suggesting that the
N-terminus is not likely to be autophosphorylated in the recombinant CLK1 (data not
shown). Taken together, these findings indicate that the CLK1 N-terminus can directly
interact with SRSF1 exclusively through the RS domain.

CLK1 Interacts With Phosphorylated SRSF1

In previous studies we and others showed that SRSF1 interacts with SRPKZ1 in the absence
but not in the presence of ATP suggesting that RS domain phosphorylation disrupts the
kinase-substrate complex [23, 24]. We performed a pull-down experiment in the presence of
ATP to determine whether CLK1 also discriminates between phosphorylated and
unphosphorylated SRSF1 and found that phosphorylated GST-SRSF1 interacts strongly with
CLK1 (Fig. 4A). We showed that CLK1 incorporated 32P into GST-SRSF1 indicating that
the RS domain is, indeed, phosphorylated in these studies (Fig. 4D). As expected,
phosphorylated GST-SRSF1 did not pull down CLK1(AN) or SRPK1, indicating that the
CLK1 N-terminus is necessary for interactions with the phosphorylated RS domain (Fig. 4B,
C). In both cases, we confirmed that these kinases phosphorylated GST-SRSF1 (Fig. 4D).
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Overall, these experiments indicate that the N-terminus of CLK1 flexibly interacts with the
RS domain irrespective of its phosphorylation state.

CLK21 N-Terminus Induces Cooperative Binding of SRSF1 to the Ron ESE

Since the N-terminus generates a hyper-phosphorylated form of SRSF1, we wished to
determine whether this form displays any unique RNA binding properties. For these studies
we used a filter-binding assay [16] to measure the association of SRSF1 to the Ron ESE, an
RNA oligomer based on the SRSF1 exonic enhancer sequence in the Ron proto-oncogene
pre-mRNA, a receptor tyrosine kinase. Using a fixed amount of 32P-labeled Ron ESE,
increasing SRSF1 was added and the fraction of RNA bound on the filter was assessed as a
function of total SRSF1 (Fig. 5A). The data were fitted to a Hill coefficient (N) of 1.2 and a
half maximal saturation (K 5) of 66 nM. Although pre-phosphorylation of SRSF1 with low,
catalytic amounts of CLK1 had no effect on overall affinity (Kg 5=65 nM), the cooperativity
of the binding increased significantly (N=2: Fig. 2A). These findings suggest that CLK1
phosphorylation of the RS domain impacts the mechanism of SRSF1 binding to RNA.
Interestingly, although pre-phosphorylation of SRSF1 caused a small reduction in RNA
binding affinity (Kg 5 = 96M), more importantly we observed no phosphorylation-dependent
increase in cooperativity upon CLK1(AN) pre-treatment (N= 1.2; Fig. 5B). These finding
indicate that the N-terminus of CLK1 plays an important role in regulating the sensitivity of
SRSF1 to RNA binding through hyper-phosphorylation.

CLK1 N-Terminus Is A General Activator of RS Domain Phosphorylation

Because it induces high-level phosphorylation of SRSF1 (Fig 1), we assessed whether the
CLK1 N-terminus also serves a similar role for other SR proteins. We expressed additional
CLK1 substrates including the SR proteins SRSF2 (aka SC35) and SRSF5 (aka SRp40)
along with the SR-like protein Tra2p1 (Fig. 6A). Each protein contains a distinctive C-
terminal RS domain that differs in length and Arg-Ser content. Interestingly, Tra2p1
contains an additional N-terminal RS domain. We added CLK1 or CLK1(AN) to a fixed
amount of each substrate and measured 32P incorporation. Overall, we found that
CLKZ1(AN) under-phosphorylated all SR and SR-like proteins compared to the wild-type
kinase (Fig. 6B-D). Thus, CLK1 phosphorylated approximately twice as many sites in these
substrates as did CLK1(AN). Taken together, these findings suggest that the CLK1 N-
terminus serves a general function in regulating high-level RS domain phosphorylation in
SR proteins.

Discussion

The last several decades have revealed that protein kinases often use a two-pronged
mechanism for substrate recognition involving the active-site pocket and a distal docking
groove. Both prongs are set in folded domains that provide a classical mechanism for
targeted protein substrate binding. Many examples of this mechanism have been discerned
within the protein kinase family. For instance, the MAP kinases possess a “D motif” docking
groove near the B7-p8 reverse turn in the kinase domain that recognizes 13-16 residue spans
in the target substrate [2]. The phosphoinositide-dependent kinase PDK1 possesses a
hydrophobic pocket (PIF pocket) in the N-terminal lobe of the kinase domain that
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recognizes a hydrophobic motif in its AGC kinase substrates [25]. In the cyclin-dependent
kinases (CDKs), a tightly bound regulatory subunit (cyclin) interacts with a short peptide
from the protein target, thereby, tethering the substrate to the kinase domain [26, 27]. In
many cases, docking grooves enormously increase phosphorylation efficiency. For example,
MAPK phosphorylates the transcription factor ATF2 1300-fold more efficiently than a 14-
residue peptide derived from the substrate that only can interact with the active site [28].
Overall, while the traditional view provides a workable model for understanding many
kinase-substrate pairs, our data suggest that a docking element need not possess intrinsic
structure but could use inherent flexibility to induce high-affinity interactions and robust
phosphorylation of its target substrate.

The recent discovery that CLKSs lack a conserved docking groove similar to SRPKs [18]
raises the important question of how they bind RS domains with such high affinity and attain
hyper-phosphorylation of SR proteins. In the present study we showed that these special
attributes of one member of the CLK family (CLK1) are not the result of a classic docking
groove in a well-folded domain but rather are the result of a flexible N-terminus that
curiously bears similarity to its substrate targets. For SRSF1, we showed that the N-terminus
increases net phosphorylation levels by an astonishing 12 phosphates and increases binding
affinity by more than an order of magnitude. This is not a substrate-specific phenomenon but
rather appears to reflect a general mechanism exploited with other known physiological
substrates including SRSF2, SRSF5 and Tra2p1. Interestingly, although the related SR-
directed kinase SRPK1 also contains an N-terminal extension, this segment is not an RS
domain, does not affect the phosphorylation level or specificity in SRSF1 and has very little
effect on binding affinity [29]. Thus, CLKs appear to possess unique structural features
compared to other SR-specific kinases that are vital for attracting and hyper-phosphorylating
SR proteins.

The data presented herein can now be assembled into a working model that describes SR
protein hyper-phosphorylation by CLK1. With its ability to interact with both SRSF1 and
CLK1, the N-terminus may act as a bridge that links the RS domain to the kinase domain
(Fig. 6). The CLK1 N-terminus is classified as an RS domain [19], a structure that is
intrinsically disordered [4, 5] and readily interacts with other RS domains. The nature of this
association event is not well understood but it has been proposed that RS domains might
adopt beta-like structures and form intermolecular “polar zippers” [30]. We also showed that
the N-terminus can interact with phosphorylated RS domains suggesting that charge-charge
interactions may strongly stabilize the hyper-phosphorylated state of the SR protein and
work to transition intermediate forms of the phospho-RS domain in the active site. In the
current model, we propose that the N-terminus is physically attached to the kinase domain
acting as a bridge that connects the RS domain to the active site. It is also possible that the
N-terminus may bind the RS domain independently drawing the substrate into the active
site. This proposal awaits a detailed structural analysis of CLK1 with its N-terminus
attached, a form that has been resistant to high-level expression and crystallization studies.
Regardless, the present studies reveal a unique mechanism for attaining phosphorylated SR
proteins that abandons the classical docking groove in place of a flexible N-terminus that
bridges the kinase domain and the substrate RS domain. Why CLKs use a different
mechanism than their splicing kinase cousins, the SRPKS, is not understood but the data
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clearly demonstrate that such a mechanistic variation is critical for attaining SR protein
hyper-phosphorylation and influencing RNA binding interactions which may be important
for spliceosome assembly and alternative gene splicing.
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The N-terminus of the protein kinase CLK1 induces hyper-phosphorylation of SR

proteins.
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Figure 1. CLK1 N-terminal sequencesregulate RS domain binding & phosphorylation
A) CLK1 N-terminus. B) Phosphorylation of SRSF1 (0.15 puM) using 32P-ATP (50 uM) and

50 nM CLK1 or CLK1(AN) is monitored by SDS-PAGE autoradiography. Time-dependent
phosphorylation is fit with an amplitude and rate constant of 18 sites and 0.08 min~1 for
CLK1 (®) and 6 sites and 0.13 min~1 for CLK1(AN) (O), respectively. C) Enzyme Doping.
SRSF1 (60 nM) is phosphorylated using 30 nM CLK1 (@) and CLK1(AN) (O) and after 60
minutes, additional CLK1 (A) or CLK1(AN) (A) are added to the CLK1(AN) reaction. D)
The interaction of His-tagged CLK1 and CLK1(AN) with GST-SRSF1 is monitored on g-
agarose beads using an anti-His antibody in pull-down assays. | = Input, PD = pull down. E)
Competition Experiments. The phosphorylation of 50 nM SR(ARRML) is monitored with
varying amounts SRSF1 using CLK1 (@) and CLK1(AN) (O). The data are fit to equation
(1) to obtain @PPK; of 50 and 320 nM for CLK1 and CLK1(AN). F) Bar Graphs. Total
number of phosphorylation sites and true binding affinities of SRSF1 are plotted for CLK1
and CLK1(AN). The error bars for the total number of sites were obtained from triplicate
measurements.
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Figure 2. Phosphorylation regiospecificity of the SRSF1 RS domain
A) Footprinting Strategy. LysC cleavage of SR(R224K) generates two major fragments

corresponding to the N- and C-terminal halves of the RS domain. B) LysC cleavage. After
complete phosphorylation with CLK1 and CLK1(AN) and 32P-ATP, the N- and C-terminal
halves of SR(R214K), generated by LysC treatment, are resolved by SDS-PAGE. The
relative phosphoryl contents of the N- and C-terminal fragments [N/C] are calculated by a
ratio of CPMs in the two bands. C) Phosphoryl contents of N & C are calculated using the
total phosphoryl contents of uncleaved SR(R224K) and the N/C ratios. D) Ser-to-Ala
Mutants in the SRSF1 RS Domain. E) Phosphorylation kinetics. The time-dependent data
for CLK1 are fit to a single exponential function to obtain a rate constant and amplitude of
0.09 min~1 and 12 sites for SR(4SA205) (@), 0.12 min~1 and 10 sites for SR(4SA215) (O),
0.06 min~1 and 9 sites for SR(4SA221) (A), 0.08 min~1 and 9 sites for SR(4SA221) (A),
respectively. For CLK(AN), a rate constant and amplitude of 0.14 min~ and 5.1 sites for
SR(4SA205), 0.09 + 0.01 min~1 and 6.3 sites for SR(4SA215), 0.06 min~1 and 7 sites for
SR(4SA221), 0.11 min~1 and 7.2 sites for SR(4SA221), respectively, were obtained. The
dashed lines in both plots were taken from Fig. 1B and represent SRSF1 phosphorylation. F)
Bar graph showing total number of phosphates added in the presence of CLK1 and
CLK(AN).
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Figure 3. CLK1 N-Terminusinteractswith the SRSF1 RS domain
A) GST-tagged Constructs of SRSF1. B) Pull-down assays using His-N and GST-tagged

constructs on g-agarose resin. An asterisk denotes an impurity in the His-N preparation and
a double asterisk denotes an impurity in the GST-SR(ARS) preparation. C) Pull-down assays
using GST-N and His-tagged kinases and g-agarose resin. Kinases are probed using an anti-
His antibody. | = Input, PD = pull down. Vertical dashed line indicates where lane from the

same gel is spliced.
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Figure 4. Phosphorylation and SRSF1 binding to CLK 1
GST-SRSF1, bound to g-agarose resin, is used to pull down His-CLK1 (A), His-CLK1(AN)

(B), and His-SRPK1 (C) in the presence of pre-phosphorylation with ATP. The His-tagged
kinases were detected using an anti-His antibody. | = Input, PD = pull down. D)
Autoradiogram showing phosphorylation of GST-SRSF1 by the kinases.
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Figure 5. Phosphorylation-dependent binding of SRSF1 to the Ron ESE
A) CLK1 phosphorylation induces cooperative binding of SRSF1 to the Ron ESE. Fraction

bound is plotted against the total concentration of unphosphorylated (@) and CLK1-
phosphorylated SRSF1 (A). The values of N and Kp 5 are 1.2 + 0.1 and 66 + 2 nM for
unphosphorylated SRSF1 and 2.0 £ 0.10 and 65 £ 2 nM for CLK1-phosphorylated SRSF1.
B) CLK1(AN) phosphorylation does not induce cooperative binding of SRSF1 to the Ron
ESE. Fraction bound is plotted against the total concentration of unphosphorylated (from
panel A) and CLK1(AN)-phosphorylated SRSF1 (O). The values of N and Kggare 1.2 £ 0.1
and 96 £ 5 nM for CLK1(AN)-phosphorylated SRSF1.
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Figure 6. Effects of CLK 1 N-Terminus on the phosphorylation of several SR proteins
A) RS domain sequences. B-D) CLK1 and CLK1(AN) are incubated with SRSF2 (B),

SRSF5 (C), Tra2p1 (C) and 32P-ATP and the reaction is monitored by SDS-PAGE
autoradiography. The amount of 32P incorporated in the presence of CLK1 (@) and
CLKZ1(AN) (m) are plotted as a function of time. For SRSF2, amplitudes and rate constants
of 0.58 uM and 0.050 min~1 for CLK1 and 0.25 uM and 0.095 min~1 for CLK1(AN). are
obtained For SRSF5, amplitudes and rate constants of 0.45 uM and 0.038 min~1 for CLK1
and 0.19 M and 0.039 min~1 for CLK1(AN) are obtained. For Tra2@1, amplitudes and rate
constants of 0.65 pM and 0.081 min~! for CLK1 and 0.42 pM and 0.030 min~1 for
CLKZ1(AN) are obtained.
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Figure 7. Model for induction of SR protein hyper-phosphorylated state by the CLK 1 N-
terminus

N-terminus of CLK1 can interact with RS domain in both unphosphorylated and
phosphorylated states, thereby inducing the hyper-phosphorylated states of SR proteins. In
the absence of the N-terminus [CLK1(AN)], only hypo-phosphorylated state is possible.
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