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by 
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Doctor of Philosophy in Chemistry 

          University of California San Diego, 2021 

Professor Joseph Adams, Chair 
Professor Patricia Jennings, Co-Chair 

 
 
 

SR proteins are a family of splicing factors that plays important roles in regulating 

alternative splicing. The function of SR proteins is heavily regulated by the extent of 

phosphorylation of its C-terminal RS domain. Cdc-2 like kinases (CLKs) are known to hyper-

phosphorylate the RS domains and control the splicing functions of SR proteins. CLKs have a 

folded kinase domain and an N-terminus that is predicted to be disordered. The N-terminus plays 

vital roles in regulating the function of CLK1 in various aspects.  

The studies presented here elucidate how the N-terminus modulates three different aspects 

of CLK1 function: sub-cellular localization, self-association to form oligomers, and substrate 

phosphorylation. Although prior studies had shown that the N-terminus was important for 

modulating the nuclear import of CLK1, the mechanism for this change in subcellular localization 
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had largely been uninvestigated. Here, we show that CLK1 lacks a short, classical nuclear 

localization sequence (NLS), indicating that the nuclear import is not mediated by the classical 

importin a/b system. Instead, we show that CLK1 enters the nucleus by forming a complex with 

its physiological substrate SRSF1, an SR protein prototype, in the cytoplasm and transportin SR-

2 (TRN-SR2) imports the kinase-substrate complex into the nucleus. Previous studies from our 

laboratory had shown that the N-terminus induces oligomerization of CLK1, which helps the 

kinase select its physiological substrates over non-physiological ones. The nature of the 

interactions underlying this oligomerization was investigated and our results show that CLK1 

oligomerization is driven not only by self-association of the N-terminus (N-N interactions) but 

also by interactions between the N-terminus and the kinase domain (N-K interactions). While 

interactions between the N-termini are mediated solely by aromatic residues, interactions between 

the N-terminus and kinase domain are electrostatic in nature. Lastly, we also investigated the role 

of the N-terminus in regulating SRSF1 hyper-phosphorylation. Our results show a strong 

correlation between CLK1 quaternary structure and substrate phosphorylation activity. While 

substrate binding affinity is solely regulated by the length of the N-terminus, the velocity of hyper-

phosphorylation is tightly regulated by the quaternary structure of CLK1 oligomers. Our studies 

demonstrate that the N-terminus of CLK1 is highly versatile.  It is important not only for 

recognizing a broad range of RS domains for essential SR protein hyper-phosphorylation but also 

for CLK1 nuclear localization through substrate “piggybacking.”   

 

 

 



 1 

 
  

Chapter 1 
 

Introduction 
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1.1. Alternative Splicing and Proteomic Diversity 
 

The flow of genetic information from genes to proteins, as proposed by the ‘central dogma’ 

in biology, was thought to go via a ‘one gene-one RNA-one protein’ mechanism (1). One of the 

challenges to our understanding of this dogma was posed by the surprising discovery that the 

protein coding units on eukaryotic DNA were not present as a continuous stretch (2). Instead, the 

protein coding sequences were interrupted by intervening, silent DNA that are not expressed in 

the translated product.  The need for having this ‘genes in pieces’ architecture was a long-standing 

conundrum in molecular biology as it was also observed that the intervening sequences, later called 

introns, were much longer than the expressed sequences called exons. The presence of introns also 

necessitates a process and a complex machinery to excise the introns and stitch together the exons 

to make mature RNA. Such complex modifications involving cutting and ligation of RNA, a 

process termed splicing, were first reported in adenoviruses (3,4). Later, the first evidence for 

splicing in eukaryotic cells came with the discovery of different isoforms of the hormone calcitonin 

(5). It has been almost four decades since this discovery and we now understand that splicing is 

ubiquitous in the eukaryotic world and is the primary mechanism that allows for the generation of 

a diverse set of proteins to be made from a limited set of genes (6–8).    

Two types of mRNA splicing can happen depending on how splice sites are selected (8) 

(Fig. 1.1A). In constitutive splicing, all introns are excised and exons are ligated in the order in 

which they appear on the pre-mRNA transcript. However, in alternative splicing, splicing sites are 

variably selected resulting in multiple mRNA transcripts from a single pre-mRNA. This variable 

selection can happen through different kinds of splicing events which include exon skipping, intron 

retention, alternative selection of 5’ or 3’ splice sites, inclusion of 5’ or 3’ untranslated regions 

(UTRs), or mutual exclusion of exons (9,10). The mRNA transcripts generated from different 
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alternative splicing events translate into different protein isoforms which can have different 

structure, stability, expression, localization and sometimes even result in drastically different 

phenotypes (11) (Figure 1.1A). Alternative splicing is the primary process credited to be 

responsible for proteomic diversity, as more than 90% of protein coding genes in human genome 

are alternatively spliced (8).  

1.2. Errors in Splicing and Human Diseases 

The caveat of having such an intricate system to enhance proteomic diversity is that any 

small defects in splicing can result in lethal mutations in the mRNA transcript, leading to diseases 

such as cystic fibrosis, frontotemporal dementia, Parkinson’s, various kinds of laminopathies and 

cancer (12–14). Some of the splicing related disorders arise from mutations in the pre-mRNA 

transcript, while others arise due to the mutations in the proteins that bind the pre-mRNA forming 

the splicing machinery (15). Understanding alternative splicing and its regulation mechanisms are 

of vital importance as they can be useful in developing therapeutic approaches targeting these 

splicing disorders (16). Stemming from the realization that about 15% of genetic diseases arise 

from splicing defects, two kinds of approaches have been made to target spliceopathies: (a) Using 

antisense oligos (ASOs) that bind to specific RNA sequences and redirect splicing machinery and 

(b) small molecules that alter the binding of RNA binding proteins. A notable example for a disease 

that has been successfully treated through designed ASOs is spinal muscular atrophy (SMA). SMA 

is a disease that is characterized by the progressive loss of motor neurons leading to paralysis and 

mortality. The root of SMA has been tracked down to the formation of a truncated, unstable form 

of the survival motor neuron (SMN) protein. The unstable variant of SMN is made as a result of a 

mutation in exon 7, leading to its skipping (Figure 1.1B). ASOs designed to target the pre-mRNA 

of the SMN gene have been shown to enhance Exon 7 inclusion, generate the stable 
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Figure 1.1: A) Proteomic diversity arises from different Alternative Splicing events: (a) 
Exon inclusion (b) Exon skipping (c) Alternative 5’ and 3’ splice sites and (d) Intron 
retention B) ASOs promote inclusion of Exon 7 in SMN2 gene. 
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full-length SMN protein, and improve motor neuron function (17,18). The second therapeutic 

approach, using small molecules drugs, primarily act on proteins that form the splicing machinery. 

Amiloride, a small molecule drug used to treat high blood pressure, was initially identified in a 

screen targeted to select for splicing modulators of BCL-X (B-cell lymphoma) gene (15). 

Amiloride treated cells showed altered expression and phosphorylation levels of several splicing 

factors and regulatory kinases. Because splicing is one of the critical steps in gene expression, 

drugs inhibiting splicing have also been reported to have anti-tumorogenic activity (15).  

1.3. Spliceosome: Assembly and Catalysis 

Splicing happens at the spliceosome, a macromolecular complex composed of more than 

100 proteins and five snRNPs (19). The spliceosome is the largest ribonucleoprotein (RNP) 

machine in the nucleus and catalyzes the excision of introns and ligation of exons through the 

meticulously coordinated association, rearrangement, and dissociation of its components (9). 

Understanding the spliceosomal machinery and its function has sparked considerable interest in 

the scientific community and attempts have been made to gather insights into the structural details 

of this complex. Owing to the tremendous advances recently made in electron microscopy, many 

of the attempts made towards structural characterization of the spliceosomal complex trapped in 

its various intermediate states have yielded outstanding results. Consequently, our understanding 

of the spliceosomal machinery has taken significant leaps in the past decade (19–23). 

          The process of splicing happens through two trans-esterification reactions. In the first step, 

the 2’ OH of a conserved adenosine located on the intron being spliced makes a nucleophilic attack 

on the phosphate at the 5’ end of the exon, resulting in the release of the 5’exon and the 

concomitant formation of a looped structure of the intron known as the intron lariat. In the second 

trans-esterification, the 3’ OH from the detached exon at the 5’ splice site attacks the phosphate at  
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  Figure 1.2: Splicing happens through two trans-esterification reactions: The first 

reaction leads to the formation of an intron lariat intermediate and a free exon. In the 
second reaction, the two exons are connected through a phosphodiester bond and the 
intron is released. 



 7 

the 3’ splice site resulting in the formation of a phosphodiester bond between the two exons and 

the release of the intron lariat (9) (Figure 1.2).  

The initiation and arguably the most important step in splicing begins with the correct 

identification of authentic 5’ and 3’ splice sites over cryptic sites. The exon-intron boundaries in 

metazoan pre-mRNAs are characterized by the presence of several consensus sequences that help 

define exon-intron boundaries and the binding of spliceosomal proteins guided by base-pairing 

interactions. Apart from the 5’ and 3’ splice sites, two conserved sequences located a few 

nucleotides upstream of the 3’ splice site, known as the branch point sequence (BPS) and a 

polypyrimidine tract (rich in uridines and cytosines) also act as reactive sites. The initiation of 

spliceosome assembly happens by the binding of U1 snRNP at the 5’ splice site guided by base-

pairing interactions (Fig. 1.3A). The two subunits of the heterodimer U2 Auxiliary factor (U2AF), 

U2AF65 and U2AF35 also bind to the BPS and the 3’ splice site, respectively, leading to the 

formation of the pre-spliceosomal E complex. Next, U2 snRNP binds to the BPS to form the A 

complex. In subsequent steps, the U4/U5.U6 tri-snRNP is recruited to form the B complex in an 

ATP-dependent manner. The B complex undergoes several rearrangements to form the activated 

complex B* that catalyzes the first transesterification reaction. The resulting complex with the 

looped-out intron lariat bound to the 3’splice site is the C complex which subsequently carries out 

the second transesterification reaction (Fig.1.3B). The intron lariat then diffuses from the complex 

and new complexes are assembled at the new sites for further splicing (9) (Figure 1.3A). 

1.4. SR Proteins are Essential Splicing Factors 

In addition to snRNPs, one family of proteins that is known to play essential roles in 

defining intron-exon boundaries is the SR protein splicing factors (24,25). They were first 

identified as a group of factors that could restore splicing activity in splicing-deficient HeLa cell 
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  Figure 1.3: Assembly of spliceosome A) Assembly and major structural rearrangements 

in the spliceosome as it transitions from E®A®B®C complex to facilitate the two trans-
esterification reactions. B) Structure of the human spliceosome C complex. (Adapted 
from 23). 
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S100 extracts (26). The SR protein family consists of 12 proteins, all characterized by the presence 

of one or two N-terminal RNA recognition motifs (RRMs), a glycine-rich linker and a C-terminal 

RS domain (Figure 1.4A,B). The RRMs of SR proteins bind to the exon-intron boundaries by 

recognizing exonic splicing enhancers (ESE) or intronic splicing enhancers (ISE), which are 

sequences located near exon-intron boundaries that promote exon inclusion. There are two models 

proposed to explain how SR proteins regulate alternative splicing. One is a recruitment model 

where SR proteins recruit U1 snRNP to the 5’ site and U2AF at the 3’ site helping to stabilize the 

early spliceosomal complex. SR proteins bound to the 5’ and 3’ splice sites interact through their 

RS domains and bring the splice sites together by looping out the intervening intronic or exonic 

sequences (24). The second model is an inhibitory model where SR proteins antagonize the activity 

of splicing repressors like hnRNPs (27). hnRNPs bind to splicing silencer sequences known as 

Exonic and Intronic Splicing silencers and promote exon skipping. The ratio of SR protein to 

hnRNPs present at the splice sites are decisive factors in determining the inclusion or exclusion of 

exons (27). The relative expression levels of SR proteins and hnRNPs also allow for the tissue-

specific expression of different isoforms of a protein (24).  

Structures of the RRMs of some SR proteins have been solved using crystallography and 

NMR spectroscopy (28). SRSF1 is the archetypal SR protein and has been studied extensively. 

The structure of RRM1 in SRSF1 follows a canonical RNA binding fold comprising four beta 

sheets and two alpha helices. Some SR proteins, including SRSF1, have a second RRM commonly 

referred to as pseudo RRMs that are thought to enhance the RNA binding specificity. The SRSF1 

pseudo RRM has a non-canonical RNA recognition mechanism that binds RNA through residues 

on an a helix rather than b strands (Figure 1.4C) (29).  
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Figure 1.4: SR proteins have RRMs and RS domains A) Domain organization of some 
SR proteins. B) The RS domain in SRSF1 showing sequences on RS1 and RS2 C) Crystal 
structures of SRSF1 RRM1 (left) and RRM2 bound to RNA (right). (PDB IDs: 1X4A and 
2M8D). 
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The RS domain, named after the arginine-serine dipeptide repeats that constitute at least 

40% of the domain, is a distinguishing feature of the SR protein family. Attempts made towards  

structural characterization of full-length SR proteins have been impeded by the aggregation prone 

and insoluble nature of the RS domains. Sequence analyses predict that RS domains are 

intrinsically disordered (30). Molecular dynamics simulations performed to determine the most 

stable conformation of a peptide with eight RS dipeptide repeats suggested a stable helical 

conformation in the unphosphorylated form. In the fully phosphorylated form, however, an 

‘arginine claw’ structure where a central phosphate group surrounded by arginine residues was 

predicted to be the most stable conformation (31). Interestingly, although these simulations 

predicted some helicity, no appreciable helicity was observed for RS domains in circular dichroism 

experiments in either phosphorylated or unphosphorylated forms (32). Recently, the disordered 

nature of the RS domain was also confirmed through NMR experiments (28). The RS domain is 

also known to self-associate extensively and bind other proteins with RS-like domains including 

U1snRNP and  the Cdc2- like kinases (CLKs) (24). 

In addition to playing critical roles in regulating alternative splicing, SR proteins are also 

known to be important for a variety of other functions, making them vital for survival. Even though 

SR protein function often overlaps, knockouts of SRSF1, 2 and 3 are known to result in embryonic 

lethal phenotypes, suggesting a possible non-redundancy in function (33). SR proteins may also 

serve as proto-oncogenes. In one example, overexpression of SRSF1 at even low levels has been 

shown to lead to enhanced cell proliferation and suppressed apoptotic pathways ultimately leading 

to the development of tumors (34). SR proteins also play indispensable roles in virtually all aspects 

of mRNA maturation, including mRNA export, regulation of alternative polyadenylation of 

mRNAs, and nonsense-mediated decay (NMD) of mRNPs (33). The roles of SR proteins in 
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enhancing genome stability are also well studied. SR proteins stabilize DNA by preventing the 

formation of R-loops, which are hybrids of DNA and RNA. In the absence of SRSF1, cells exhibit 

a hyper-mutagenic phenotype (34). Even though most SR proteins are predominantly localized to 

the nucleus, some members of the SR protein family can shuttle from the nucleus to the cytoplasm 

by associating with nuclear export factors like TAP (35). These shuttling SR proteins are also 

known to transport spliced mRNA along with them to the cytoplasm making the processed mRNA 

available for translation. Shuttling SR proteins are also known to regulate translation in the 

cytoplasm (35). 

1.5. Phosphorylation Regulates SR Protein Function 

Several reports show that SR proteins undergo extensive post translational modifications 

in cells. For SRSF1, extensive phosphorylation of the RS domain and arginine methylation on the 

linker connecting the two RRMs have been reported (36–38). These post-translational 

modifications act as regulatory mechanisms for a wide array of functions. Paradoxically, both 

hypo- and hyper-phosphorylation of SR proteins have been shown to inhibit splicing (33). On one 

hand, SR proteins need to be hyper-phosphorylated to get recruited from their storage sites to 

splicing sites but they also need to be de-phosphorylated later for efficient catalysis of the trans-

esterification reactions (39). Such findings suggest that the phosphoryl content of SR protein must 

carefully regulated for splicing function.  Overall, reversible phosphorylation and 

dephosphorylation of the serine residues in the RS domains have been shown to modulate the SR 

protein subcellular localization, RNA binding affinities and association with early spliceosomal 

components (33).  

Although SR proteins are translated in the cytoplasm, they must enter the nucleus for 

splicing function. The nuclear import of SR proteins is controlled by the nuclear import mediator 
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transportin SR-2 (TRN-SR2) (40,41). TRN-SR2 binds phosphorylated residues on its cargo 

proteins and transports the cargo into the nucleus in an ATP-dependent manner (42). 

Dephosphorylation of RS1 by protein phosphatase 1 (PP1) is essential for the nuclear export of 

SR proteins, which also acts as an export mechanism for some mRNAs. Inside the nucleus, the SR 

proteins are found in membrane-less storage organelles known as nuclear speckles. Hyper-

phosphorylation of the RS domain induces the dissociation of SRSF1 from nuclear speckles to 

splicing sites (37). In addition to phosphorylation, arginine methylation on the inter-RRM linkers 

is also known to affect the subcellular localization of shuttling SR proteins (38). The three 

methylated arginines R90, R93 and R117 on SRSF1 are known to be the binding sites of export 

factor TAP (28). The subcellular localization of SR proteins is, thus, carefully regulated by the 

interplay of kinases and phosphatases. 

1.6. CLKs and SRPKs Phosphorylate SR Proteins. 

There are two major families of protein kinases that are known to phosphorylate the RS 

domain of SR proteins: The SR protein kinase (SRPK1-3) and cdc2-like kinase (CLK 1-4) (36,37). 

These two kinases differ in their subcellular localization, substrate specificities and 

phosphorylation kinetics (43,44).  

1.6.1. SRPKs: In resting cells, SRPKs are predominantly found in the cytoplasm, and 

translocate into the nucleus under certain conditions, such as osmotic stress or epidermal growth 

factor (EGF) signaling. Studies have revealed that chaperones like Hsp 70 and Hsp 90 act as 

cytoplasmic anchors for SRPK1, which are shed upon EGF signaling leading to the nuclear 

translocation of the kinase (45). SRPKs have a 250-residue spacer insert domain (SID) that 

bifurcates the N-lobe and the C-lobe of its canonical kinase domain (Fig. 1.5 A). The deletion of 
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the SID only made minimal effects on the activity of the kinase, but resulted in complete nuclear 

translocation, implying that the chaperones acting as cytoplasmic anchors bind to the SID (46).  

The crystal structure of SRPK1 bound to a truncated form of its substrate SRSF1 has been 

solved using crystallography (32,47) (Fig. 1.5C). The structure shows the RS dipeptides on SRSF1 

bound to a negatively charged docking groove on SRPK1 that is partly formed from the residues 

forming the MAPK insert domain. Previous studies have shown that SRPK1 processively 

phosphorylates the N-terminal region of SRSF1- termed RS1 (48).The docking groove facilitates 

the processive phosphorylation of RS1 by sequentially feeding the dipeptide repeats into the active 

site. After 5-8 residues on the RS1 gets phosphorylated processively, the b4 strand on the RRM2 

of SRSF1 unfolds from the mechanical stress of the accumulating negative charge and binds the 

docking groove resulting in the dissociation of the phosphorylated product (49). It has also been 

shown through engineered protease foot printing experiments that SRPK1 phosphorylation of RS1 

is strictly directional (50). SRPK1 binds to an initiation box on the C-terminal end of RS1 (residues 

221-225 on SRSF1) and phosphorylation follows in a C to N terminal direction until the product 

release (50). SRPK1 can also phosphorylate RS dipeptides in the RS2 domain. However, the RS2 

phosphorylation is distributive and is much slower than RS1 phosphorylation. As a result, single 

turnover experiments with SRPK1 show  biphasic kinetics- a fast burst phase representing RS1 

phosphorylation and a 100-fold slower phase representing RS2 phosphorylation (51). The 

activation loop in SRPK is relatively short and adopts a conformation that allows binding of the 

substrate even in the unphosphorylated state making the kinase constitutively active (47).  

1.6.2. CLKs: There are four major isoforms of CLKs (CLK1-4) in humans that 

phosphorylate SR proteins. CLKs belong to the LAMMER kinase family because of the highly 

conserved ‘EHLAMMERILG’ sequence present in all four isoforms (52,53). CLKs are dual 
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specificity kinases that can phosphorylate S/T residues on its substrates and autophosphorylate Y 

residues (54). Structurally, CLKs differ from SRPKs by lacking an insert domain that bifurcates 

the N and C lobes. Instead, a unique feature of the CLK family is the presence of a long N-terminus 

that is predicted to be disordered based on sequence analyses (Figures 1.5A & 1.7A-C). The N-

terminus is also classified as an RS-like domain owing to the presence of RS dipeptides and a lack 

of sequence diversity (55). The crystal structures of the kinase domains of CLK1 and CLK3 

lacking their N-termini have been solved using X-ray crystallography (56) (Fig. 1.5B). One of the 

striking observations made from the CLK1/3 kinase domain structures is the absence of a docking 

groove as seen in SRPK1. There are two insertions in the CLK family kinase domain that mask 

potential docking motifs on the kinase domain. The first insertion is a b hairpin loop that masks 

accessibility to the structural analogue of the ‘D motif’ or the docking motif found in MAP kinases. 

The b hairpin loop is also located at the site where the insert domain is seen in SRPKs. The second 

insertion is a helix aH that is positioned over the LAMMER motif making it solvent inaccessible 

and ruling out the possibility of this motif interacting with CLK substrates (56). The absence of a 

folded docking groove makes the question of how CLKs bind and phosphorylate their substrates 

very intriguing.  

Results from single turnover kinetics and lysine footprinting experiments suggest that 

CLK1 can phosphorylate SRSF1 at about 18-20 sites without any regiospecificity or directionality 

(57). The phosphorylation velocities measured also indicate that CLK1 is a much slower kinase in 

comparison to SRPK1. However, CLK1 is unique in its ability to phosphorylate three Ser-Pro (SP) 

dipeptides in RS2 in addition to phosphorylating the RS1 dipeptide repeats in SRSF1 (58). Hyper-

phosphorylation at SP dipeptides manifests as a gel shift when SRSF1 is phosphorylated with 32P-

labeled ATP and separated using low percentage SDS-PAGE. SP dipeptide phosphorylation plays  
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Figure 1.5: CLKs and SRPKs phosphorylate SR proteins A) Domain organization of CLKs 
and SRPKs. B) Crystal structure of CLK1 kinase domain (PDB ID: 1Z57) C) Crystal 
structure of SRPK1 kinase domain bound to RRM2 and RS1 of SRSF1 (PDB ID: 3BEG). 
In both B and C, the N and C lobes are shown in gray and blue respectively. Insertions 
unique to CLK1, the b hairpin loop (green) and MAPK insert (red) block access to potential 
docking grooves. The RRM2 and the RS1 (orange) make contacts with SRPK D) 
Phosphorylation sites of CLK and SRPK on SRSF1. 
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  Figure 1.6: Subcellular localization of SRSF1 is regulated by RS domain phosphorylation 
levels. A) Scheme summarizing SRSF1 localization: SRPK phosphorylation drives the 
nuclear import of SRSF1 mediated by TRN-SR2. Hyper-phosphorylation by CLK1 leads to 
the mobilization of SRSF1 from speckles to splicing sites. B) Ser-Pro phosphorylation leads 
to speckle diffusion. Overexpression of CLK1 facilitates diffusion of GFP-SRSF1 speckles, 
but not of GFP-SRSF1 (3SAP) (Adapted from 58).  
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pivotal roles in regulating the subnuclear distribution of SRSF1. Phosphorylation of SP dipeptides 

by CLK1 results in the recruitment of SRSF1 from nuclear speckles to splicing sites. In HeLa cells 

transfected with GFP-SRSF1, the over expression of RFP-CLK1 leads to the dissociation of GFP-

SRSF1 from speckles. However, if all three serines in the SP dipeptides in RS2 are mutated to 

alanines, overexpression of RFP-CLK1 does not lead to speckle diffusion (58) (Figure 1.6D).  

These investigations indicate that CLK1-dependent SP phosphorylation likely induces unique 

conformational changes that free SRSF1 from storage speckles for splicing action. 

1.6.3. CLK-SRPK complex: While phosphorylated SR proteins are known to promote 

splice-site recognition, one of the intriguing observations made was that the overexpression of 

CLK1 led to weakened splice-site selection (59). One possible explanation for this aberrant 

observation stems from the fact that CLK1 binds to both phosphorylated and unphosphorylated 

forms of SRSF1 with high affinity (60). Post phosphorylation, SRSF1 stays bound to CLK1, thus 

making it unavailable to bind splice sites. Surprisingly, our laboratory showed that this problem is 

circumvented by CLK1 forming a complex with SRPK1 through its N-terminus. SRPK1 serves as 

a release factor by peeling off the CLK1 N-terminus from SRSF1, enabling the dissociation of 

phosphorylated SRSF1 (61). Overexpression of CLK1 can lead to enhanced nuclear levels of 

SRPK1, making CLK1 a nuclear anchor for SRPK1. The dual kinase system also shows enhanced 

activity towards SP dipeptide phosphorylation. The two kinases, thus, form a symbiotic 

relationship in the nucleus facilitating enhanced SRSF1 phosphorylation. Very recently, the CLK1 

N-terminus docking motif on the SRPK1 kinase domain was also identified. CLK1 binds an acidic 

surface on SRPK1 kinase domain formed from highly conserved residues on the a helix G (62).  

1.7. N-terminus as a Modulator of CLK1 Function 

 Since CLKs lack a folded docking groove, the possibility of the disordered N -terminus 
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serving as an SR protein recruitment domain was explored. Using a disordered domain as a 

docking motif is uncommon among kinases, as most kinases use the ‘two pronged’ substrate 

recognition mechanism have their docking motifs in the well-folded domains (63,64). In the 

absence of the N-terminus, many of the functions of CLK1 are significantly compromised, even 

though the N-terminus by itself does not possess any of the structural features essential for 

phosphorylation.  

1.7.1. N-terminus is important for nuclear localization: Since CLK1 is a strictly nuclear 

kinase, it was assumed that its N-terminus contained a classical nuclear localization sequence 

(NLS). A previous study performed on mouse CLK1 (CLK/STY) indicates that while the full 

length CLK/STY localized exclusively to the nucleus, a deletion construct lacking the first 60 

residues expressed in both the nucleus and cytoplasm (65) (Figure 1.7D). Within the nucleus, the 

N-terminus was also found to be important for the localization of CLK1 in speckles. Our laboratory 

showed that a kinase-inactive CLK1 accumulated in the nuclear speckles, but a mutant form 

lacking the N-terminus, CLK1(DN), but containing an NLS was found to be diffused throughout 

the nucleus (Figure 1.7E). Thus, both the nuclear and speckle localization of CLK1 is carefully 

controlled by the N-terminus (66). 

1.7.2. N-terminus induces hyper-phosphorylation of SRSF1: CLK1 and CLK1(DN) 

differ drastically in their phosphorylation kinetics. While CLK1 adds about 18 phosphates on the 

RS domain, CLK1(DN) does not phosphorylate beyond 6 sites (Figure 1.8A).  This effect may 

have its basis in altered binding affinities since CLK1 binds SRSF1 with much higher affinity 

(more than 20-fold) than CLK1(DN), based on Km values. Pull-down assays also show that CLK1 

interacts stably with SRSF1 whereas CLK1(DN) does not (60). The measured Km values for ATP 

are comparable for CLK1 and CLK1(DN), suggesting that the N-terminus does not affect the ATP  
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Figure 1.7 Disordered N-terminus of CLK1 modulates its subcellular localization A) CLK1 
N-terminus B,C) DISOPRED (B) and PONDR (C) predictions showing that the N-terminus 
is disordered. D) N-terminus is necessary for the nuclear import of CLK-STY: deletion of first 
60 residues result in cytoplasmic localization (Adapted from 65). E) N-terminus is necessary 
for speckle localization: kinase dead CLK1 accumulates in speckles, but kinase dead DN 
CLK1 is diffused. (Adapted from 66).  
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Figure 1.8 N-terminus regulates oligomerization and substrate phosphorylation A) 
CLK1 N-terminus induces hyper-phosphorylation of SRSF1 (Adapted from 65). B,C) 
Size Exclusion (B) and DLS plots (C) showing that N-terminus induces 
oligomerization D,E) Specific activity as a function of enzyme concentration with 
SRSF1 (D) and MBP (E) as substrates. (Adapted from 66).  
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binding. The SP dipeptide phosphorylation characteristics of CLK1 are completely lost upon 

deletion of the N-terminus. Taken together, these results indicate that the N-terminus in CLK1 

regulates SR protein binding affinity and hyper-phosphorylation of SRSF1, a critical step for 

splicing activation (60).  

1.7.3. N-terminus mediated oligomerization is a substrate selection mechanism: A 

characteristic feature of RS domains or RS-like domains is their ability to self-associate and form 

oligomers. Prior studies from our laboratory showed that the presence of the N-terminus also 

makes CLK1 form oligomers as is observed through Dynamic Light Scattering (DLS) and Size 

Exclusion Chromatography (SEC). While CLK1 showed a hydrodynamic radius of about 100 nm 

and eluted in the void volume of an S300 column, CLK1(DN) showed a hydrodynamic radius of 

4 nm and eluted as a monomer on S300 column (66) (Figure 1.8 B, C). The physiological relevance 

of oligomerization was revealed by comparing the specific activity of the enzyme (v/[E]) as a 

function of increasing concentrations of the enzyme. For a typical enzyme, the specific activity 

should remain constant with increasing enzyme concentration. However, for CLK1, specific 

activity increased sigmoidally with increasing enzyme concentration when SRSF1 was used as the 

substrate. On the other hand, CLK1(DN) showed a constant specific activity towards SRSF1 at all 

concentrations tested (Figure 1.8D). Specific activity vs enzyme concentration plots for both 

CLK1 and CLK1(DN) with mylein basic protein (MBP) as a substrate showed a constant specific 

activity. Interestingly, CLK1(DN) was more active than CLK1 towards MBP, which is a non-

physiological substrate (Figure 1.8E). Taken together, these studies suggest that the N-terminus-

mediated oligomerization is a substrate selection mechanism and facilitates the recognition of 

physiological over nonphysiological substrates (66).  
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1.8. Goals of the Dissertation 
 

Although the disordered N-terminus is essential for regulating various functions of CLK1 

including SR protein recognition and nuclear import, the underlying mechanisms for these 

functions are poorly understood.  However, studying the role of the CLK1 N-terminus at a 

biochemical level has long been a challenge owing to its tendency toward aggregation and poor 

expression. Our lab has overcome these expression problems so that large amounts of pure, full-

length CLK1 can be obtained and studied at detailed kinetic and structural levels.  CLK1 is 

important for mobilizing SR proteins from storage speckles to splicing sites and, thus, is important 

to understand at a fundamental level. Regulating CLK1 function can help regulate splicing as 

CLK1 phosphorylation is essential for the recruitment of SRSF1 to splicing sites. Having known 

that the N-terminus-mediated oligomerization of CLK1 is a substrate selection mechanism, 

elucidating the structural and functional details of oligomerization gathers significance. Insights 

into the structural details of CLK oligomerization can be useful as oligomerization enhances CLK1 

activity. The goals of this dissertation can be broadly summarized as (1) Investigate how the 

disordered N-terminus mediates the nuclear import of CLK1, (2) Elucidate the structural details of 

CLK1 oligomerization, and (3) Understand how the N-terminus enhances SRSF1 phosphorylation. 
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2.1. Materials 

Tris HCl, glycerol, NaCl, dithiothreitol (DTT), isopropyl β-D-1-thiogalactopyranoside 

(IPTG), LB broth, phenylmethylsulphonyl fluoride (PMSF), glycerol, N-morpholino propane 

sulphonic acid  (MOPS), 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), phoenix 

imaging films, bovine serum albumin (BSA), nitrocellulose membranes, glutathione (GSH), 

imidazole, triton-X, 3-[(3Cholamidopropyl) dimethylammonio]-1-propanesulfonate hydrate 

(CHAPS), b-mercaptoethanol (b-ME), dulbecco’s modified eagle medium (DMEM), dulbecco’s 

phosphate buffered saline (DPBS), foetal bovine serum (FBS), Ni-nitrilo triacetic acid (NTA) 

resin, GSH-immobilized resin, formic Acid, NP-40 detergent, sodium dodecyl sulfate (SDS), tris 

buffered saline-tween20 (TBST), luria bertani (LB) media, ampicillin, kanamycin, gentamycin, 

tetracycline, and bluo-gal were obtained from Thermo fischer scientific. Fugene transfection 

reagent was obtained from Promega, cellfectin II  and bacmid isolation kits from invitrogen, anti-

FLAG and anti-his tag antibodies were from Cell Signaling Technology,  anti-RFP, and anti-TRN-

SR2 antibodies from Abcam, anti-GST from Biolegend and anti-GAPDH antibody from R&D 

Systems. 32P-ATP was purchased from NEN Products. D2O, deuterated HEPES, DCl, NaOD, and 

deuterated DTT were obtained from Cambridge Isotope Laboratories. Protease Inhibitor tablets 

were obtained from Roche. SiRNA for TRN-SR2 was obtained from Bioneer. 

2.2. Methods 

2.2.1. Expression and purification of recombinant proteins 

All GST-N-terminus constructs were cloned in pGEX vectors and transformed into BL21 

DE3 E.coli cells for expression. The cells were grown at 37°C in 2 L in LB Broth media 

supplemented with ampicillin (100 µg/mL) until the optical density (O.D) at 600 nm reached 0.6. 

The temperature was brought down to 25°C and then induced with 0.5 mM IPTG. The cells were 
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harvested 4 hours after IPTG induction by centrifuging at 4000 rpm for 10 minutes. The cells were 

lysed in lysis buffer (50 mM Tris HCl at pH 8.0, 500 mM NaCl, 1 mM DTT and 0.025% TritonX-

100) by sonicating in the presence of 1 mM PMSF and protease inhibitor cocktail. The lysate was 

centrifuged at 13,000 rpm for 30 minutes and the supernatant was incubated with GSH-agarose 

Resin prewashed with lysis buffer at 4°C for one hour. The lysate supernatant was collected and 

the resin was washed with three column volumes of the lysis buffer and the protein was eluted in 

elution buffer (50 mM Tris HCl at pH 8.0, 500 mM NaCl, 1 mM DTT and 20 mM GSH). The 

elution was repeated until most of the protein was washed off from the resin and the purity of the 

eluted fractions were analyzed by running the fractions on 12% SDS-PAGE. Excess GSH was 

removed from the proteins by dialyzing the eluted fractions overnight at 4°C against GSH-free 

dialysis buffer (50 mM Tris HCl at pH 8.0, 500 mM NaCl, 1 mM DTT and 10% glycerol). The 

protein concentrations were estimated using a Bradford reagent measured against BSA as a 

standard. The dialyzed fractions were frozen and stored at -80°C until further use.  

His-CLK1(DN) gene was cloned in pET-28a vector from Genscript and transformed into 

BL-21 DE3 E.coli strain. Cells were grown in LB media supplemented with 50 µg/mL kanamycin. 

Cells were grown at 25°C for 4 hours post-induction with 1 mM IPTG. Cells were harvested and 

lysed in lysis buffer (50 mM Tris HCl pH 7.5, 500 mM NaCl, 1 mM DTT and 0.04% CHAPS) and 

the soluble fraction was isolated by centrifugation. The soluble fraction was incubated with Ni-

NTA Resin for one hour at 4°C, loaded onto a column and then washed with two column volumes 

of wash buffer 1 (50 mM Tris HCl pH 7.5, 500 mM NaCl, 1 mM DTT, 0,04% CHAPS, and 5mM 

Imidazole) and one column volume of wash buffer 2 (50 mM Tris HCl pH 7.5, 500 mM NaCl, 1 

mM DTT, 0.04% CHAPS, and 30 mM Imidazole). The protein was then eluted in 10 mL of elution 

buffer (50 mM Tris HCl pH 7.5, 500 mM NaCl, 1 mM DTT, 0.04% CHAPS, and 300 mM 
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Imidazole). The excess imidazole was then removed by dialyzing overnight against imidazole-free 

dialysis buffer (50 mM Tris HCl pH 7.5, 500 mM NaCl, 1 mM DTT, 10% glycerol). The dialyzed 

protein concentrations were estimated using Bardford, purity analyzed using SDS-PAGE, and 

flash frozen in small aliquots and stored at -80°C until further use. 

2.2.2. Mutagenesis 

All mutations were made using Quikchange Lightning site-directed mutagenesis kits. For 

a single point mutation, overlapping primers of equal lengths (~ 20-25 nucleotides long) were 

used. On the other hand, for multisite mutagenesis, non-overlapping primers with a long forward 

primer (~ 60 nucleotides long) and a shorter reverse primer (~ 20 nucleotides) were used. All 

components were added in amounts recommended by the manufacturer (Agilent Technologies) 

and annealing temperatures were adjusted according to the melting temperatures of the primers 

used. The PCR amplification product was DpnI digested for 5 minutes to remove the parent 

template DNA and then transformed into XL-10 ultragold cells provided with the kit. 2 µL of b-

ME was added to competent cells to enhance the efficiency of transformation. Mutant plasmids 

were isolated from colonies formed on LB-agar plates supplemented with antibiotics. Plasmids 

were sequenced with T7 forward or reverse primers to confirm the presence of the desired 

mutation.   

2.2.3. Generation of baculoviruses and protein expression in Hi5 cells 

All recombinant CLK1 constructs used, namely CLK1, CLK1(D1), CLK1(D2), CLK1(D3), 

CLK1(D12), CLK1(D13), CLK1(D23), and CLK1(Y-L) were expressed and purified from Hi5 

cells using baculoviruses. DNA encoding the protein of interest cloned into pFastBac vectors were 

bought from Genscript. The plasmids were transformed into DH-10 Bac E.coli cells and plated on 

LB-Agar plates supplemented with kanamycin (50 µg/mL), gentamycin (7 µg/mL), tetracycline 
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(10 µg/mL), IPTG (4 µg/mL) and bluo-gal (100 µg/mL). The plates were incubated at 37°C for 48 

hours for the colonies to form and express distinct blue/white coloration. The white colonies that 

have the gene of interest recombined in the bacmid were re-streaked on a new plate along with a 

blue colony and incubated for an additional 48 hours. Cells from the white colonies were cultured 

overnight in LB media supplemented with kanamycin, gentamycin, and tetracycline and harvested 

by centrifugation. Bacmid isolation was done using the Bacmid isolation kit from Thermofisher 

following the manufacturer’s protocols. The bacmid concentrations were estimated using a 

nanodrop prior to transfection.  

 Sf9 cells were grown to a density of 1.5 x 106- 2.5 x 106 cells/mL in serum free Sf900 II-

SFM in a sterile incubator at 25°C. In a 6-well plate, 8 x 105 Sf9 cells were plated in 2 mL of Sf900 

media and left at 25°C for 1 hour. In two separate tubes, 1 µg of bacmid DNA was diluted in 100 

µL Sf900 media and 5 µL of cellfectin-II transfection reagent was diluted in 100 µL media. The 

bacmid solution was then added to the cellfectin-II solution and incubated for 45 minutes for the 

transfection complexes to form. The bacmid-cellfectin complexes are added to the plated Sf9 cells 

in the 6-well plates and then left overnight in the incubator at 25°C. The media in the plate is then 

replaced with 2 mL of fresh Sf900 SFM media with 1% FBS. The cells were checked for signs of 

infection (cessation of growth, granular appearance, lowered confluency, enlarged nuclei, 

detachment from the bottom of the plate) after 72 hours of transfection and then the supernatant 

was collected (P1 viral stock) after 5 days of transfection. The transfected cells were collected, 

lysed in lysis buffer in the presence of protease inhibitor cocktail and the lysates were probed with 

a-His tag antibody in western blots to check for protein expression.  

 Once protein expression was confirmed, the P1 viruses were amplified by infecting 30 mL 

culture of Sf9 cells with 50 µL of the P1 stock. The amplified P2 viral stock was collected after 72 
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hours of the infection. The P2 viral stock was used to infect Hi5 cells grown to a density of 2x106 

cells/mL on a larger culture (200 mL) to express and purify recombinant protein. Cells were 

harvested after 48 hours of infection and resuspended in lysis buffer (50mM Tris HCl pH 7.5, 

500mM NaCl, 1mM DTT, 0.04% CHAPS) along with DNAase, RNAase, PMSF and protease 

inhibitor cocktail. The lysate after sonication was then incubated with Ni-NTA resin for one hour 

at 4°C. The washes, elution and dialysis were done as described previously with His-CLK1(DN) 

purification in section 2.2.1.  

2.2.4. Transfection and Confocal imaging 

HeLa or HEK 293 cells were plated to 50% confluency 24 hours before transfection in 

complete growth medium (DMEM with 10% FBS) in MatTek polylysine plates. Prior to 

transfection, the cells were washed with DPBS and replaced with fresh media. Plasmid DNA to be 

transfected was prepared at a concentration of 0.020 µg/µL in optiMEM media. Fugene:DNA ratio 

was always kept at 3:1, and the volumes added were as recommended by the manufacturer for 

each plate type. The fugene: DNA complexes were mixed by pipetting and incubated for 5 minutes 

in the tissue culture hood. The fugene: DNA complexes were added to cells and the plates were 

left at 37°C in the incubator for 24 hours until confocal imaging. Si-RNA knockdown transfections 

were performed by co-transfecting CLK-RFP and siRNA (50 pmol for a 12 well plate) using 

lipofectamine 2000. All transfected cells were imaged using Olympus FV1000 microscope. All 

live cell imaging was done in 35 mm plates and all fixed cell imaging were done in cover slips. 

Direct fluorescence of RFP was imaged using HeLa cells fixed on cover slips that was stained with 

DAPI without permeabilization.  
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2.2.5. Immunofluorescence 

For immunofluorescence experiments, HeLa cells were plated on coverslips placed in 12 

well plates. Transfected cells were washed with PBS, fixed using 1% paraformaldehyde. Cells 

were washed three times in PBS to remove the excess formaldehyde, and then permeabilized by 

incubating with TritonX-100 for 20 minutes at 4°C. To minimize non-specific binding of primary 

antibody, the cells were then blocked using 20% goat serum for one hour at 25°C. The cells were 

then incubated with anti-myc antibody overnight at 4°C, incubated with fluorescent-labeled anti-

mouse secondary antibody for one hour in the dark, and then stained with DAPI before imaging. 

2.2.6. Biochemical Fractionation  

Cell fractionation to isolate the nuclear and cytoplasmic fractions were performed using 

cell fractionation kits from cell signaling technology. Transfected HeLa cells were trypsinized, 

collected, and resuspended in PBS. A small fraction of cells (20%) were kept aside to check for 

protein expression. The remaining cells were fractionated to separate the cytoplasmic and nuclear 

fractions using the cytoplasm isolation buffer and the cytoskeleton/nucleus isolation buffer 

respectively. The collected fractions were analyzed using Western blots and probed using a-RFP 

antibody. a-GAPDH and a-histone controls were performed to ensure that the fractionation was 

efficient. For Image-J analysis of protein bands on the Western blots, a profile plot was generated 

for each band by drawing a rectangle frame around the bands. The relative band intensities were 

calculated by integrating the area under the curve for each band. 

2.2.7. Immunoprecipitations 

Transfected cell lysates of HEK or HeLa cells (200 µL) were incubated with 10 µL 

immobilized antibody conjugated beads with gentle rocking overnight at 4°C. The beads were 

washed with PBS (500 µL) five times. Proteins still bound to the beads were eluted by heating at 
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95°C with SDS-gel loading dye for 5 minutes. The immunoprecipitated proteins were then 

analyzed using Western blots and probed using a-FLAG, a-Myc or a-CLK1 antibodies. Resin 

controls or IgG controls were done to rule out non-specific binding. 

2.2.8. Pulldown assays 

GSH-tagged agarose resins were pre-washed in pulldown buffer (50mM Tris HCl pH 7.5,  

75mM NaCl, 0.1% Nonidet P40). GST-tagged proteins were incubated with His-tagged proteins 

for one hour at 4°C with gentle rocking. GST controls were done by adding equal concentration 

of purified, recombinant GST and resin controls only had pulldown buffer. Pre-washed GSH-

Agarose resin (30µL) was added and incubated for another one hour at 4°C with gentle rocking. 

The GSH resin was then washed three times with 200 µL of pulldown buffer and then eluted with 

SDS gel loading dye at 95°C for 5 minutes. The eluted mixtures were run on 12% SDS gel, stained 

with Instant Blue overnight and de-stained in water. The fraction bound was calculated by ImageJ.  

2.2.9. Size Exclusion Chromatography and Dynamic Light Scattering 

The oligomer-monomer distribution of all GST-N constructs and purified CLK1 constructs 

were analyzed using Size Exclusion Chromatography (SEC) and Dynamic Light Scattering (DLS). 

SEC was performed on a Biologic duoflow fine performance liquid chromatography (FPLC) 

system maintained at 4°C. The proteins were run on an S200 gel filtration column in running buffer 

(50mM Tris HCl pH 7.5, 500 mM NaCl, and 1 mM DTT) with a flow rate of 0.7 mL/min) for 30 

minutes. The 280 nm UV signal was monitored to track protein elution. The eluted proteins were 

collected in 200 µL fractions in 96-well plate and then analyzed using coomassie stained SDS 

PAGE gels to detect proteins. SEC standard was run to calculate the molecular weights of proteins 

at given elution fractions.  
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DLS spectra were collected on a DynaPro instrument and the data collected were analyzed 

using Dynamics software. The protein concentrations for all monomeric constructs were 50 µM. 

Spectra for all oligomeric constructs were collected at the highest attainable concentration for that 

construct (10 µM for CLK1, 3 µM for GST-N and 25 µM for GST-N (D3). All samples were in 

50 mM Tris HCl pH 7.5, 500 mM NaCl, 1mM DTT and 10% glycerol. Prior to data collection, all 

samples were centrifuged at 12,000 rpm for 10 minutes to remove any large aggregates and dust 

particles. All samples were recorded at 25°C and 20 acquisitions were collected for each sample. 

The collected spectra were then fit to an autocorrelation curve and the average hydrodynamic 

radius was obtained by fitting to a regularization histogram on DynaPro software.  

2.2.10. H/D Exchange and Mass Spectrometry 

CLK1 and CLK1(DN) were purified as mentioned in section 2.2.1. Both proteins were 

dialyzed into lower salt HEPES buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 10% glycerol and 

1 mM DTT) overnight at 4°C. The proteins were spun down at 12,000 rpm for 15 minutes to 

remove any aggregates. The protein concentrations were estimated using Bradford assay. Both 

protein concentrations were 8 µM before initiating the reaction. 

The D2O buffer was prepared (50 mM deuterated HEPES, 1 mM deuterated DTT, 250 mM 

NaCl in D2O). The pD of the buffer was adjusted to 7.5 using DCl or NaOD. The quench condition 

was optimized by comparing the fragmentation patterns obtained with different quench conditions 

of varying guanidium hydrochloride concentrations. The quench buffer chosen for exchange 

reaction was 0.24 M guanidium hydrochloride, 0.24% formic acid and 40% glycerol. The H/D 

exchange reaction was initiated by adding 110 µL of protein to 330 µL of D2O buffer. Aliquots 

were withdrawn (40 µL each) from the reaction at regular time intervals of 10 s, 30 s, 60 s, 5 min, 

15 min, 40 min, 60 min, and 120 min and rapidly mixed with 10 µL of quench buffer in glass vials. 



 38 

The vial caps were sealed using a crimper and immediately frozen on dry ice. Non-deuterated (ND) 

control was prepared by diluting 10 µL of protein with 30 µL of H2O buffer and quenched with 10 

µL of quench buffer. The fully-deuterated control (FD) was prepared by exchange of pepsin 

digested peptides in D2O buffer for 24 hours. To generate the FD control, samples of both CLK1 

and CLK1(DN) were first prepared according to ND conditions and collected after on-column 

pepsin digestion. The digested peptides were concentrated on a speed vac and allowed to exchange 

in D2O buffer for 24 hours by mixing 10 µL of digested peptides with 0.8% deuterated formic 

acid. The FD samples were then quenched in 10 µL of quench buffer, frozen on dry ice and then 

analyzed using liquid chromatography and mass spectrometry (LC-MS). All samples were 

prepared in duplicates and stored at -80°C until mass spectrometric analysis. 

The samples were loaded onto auto sampler, digested on a pepsin 16 column, and peptides 

were separated on a C-18 reverse phase HPLC column. The FD samples were analyzed by 

bypassing the pepsin digestion. The peptides were separated by running a linear gradient of 

acetonitrile running from 0 to 40% acetonitrile in 0.8% formic acid. The separated peptides were 

characterized using an electron-spray ionization (ESI) mass spectrometer. The identity of the 

peptides were determined using the SEQUEST program. The predicted and experimentally 

observed peptide mass envelopes were matched using the DXMS program and verified manually 

based on their monoisotopic mass, charge on the peptide, and expected elution time on the 

chromatogram. A collision check was performed using manual inspection to ensure that no two 

peptides were assigned to the same peptide envelope. Peptides common to both CLK1 and CLK1 

(DN) were matched using a fragmatcher and the rates of incorporation of deuterium were compared 

between the two proteins. The increase in centroid mass of the peptide envelopes were monitored 

and the number of deuteriums incorporated were calculated and plotted in deuterium uptake plots. 
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The deuterium incorporation heat maps were plotted using % deuterium incorporation for 

representative peptides as a function of time. The % of deuterium incorporation was calculated 

according to the equation 

%	#	$%&'() =
+),&-./0	1'22	.3	%)%&/0) − +),&-./0	1'22	.3	5#	%)%&/0)

+),&-./0	1'22	.3	6#	%)%&/0) − +),&-./0	1'22	.3	5#	%)%&/0)	
∗ 100%		 

 

2.2.11. Single turnover kinase assays 

Activity assay buffer was prepared as 100 mM MOPS pH 7.2, 5 mg/mL BSA, 10 mM 

MgCl2, 1 µM enzyme, 0.2 µM SRSF1, 100 µM ATP. 32P labelled ATP was added into the master 

mix to yield a final specific activity of 4000-8000 cpm/mol. The reaction master-mixes and the 

enzymes were pre-incubated at 37°C for 5 minutes before initiating the reaction. The reactions 

were initiated by adding 1 µM enzyme into the master mix. Aliquots of 10 µL each were withdrawn 

from the reaction mixture and then quenched using 10 µL of the SDS loading buffer. The 

phosphorylated substrate was separated from unreacted 32P-ATP by SDS-PAGE on a 10% gel. 

The gels were dried overnight in the hood and upper and lower bands were cut from the dried gel 

and counted in the 32P channel using a liquid scintillant. The product formed was plotted as a 

function of time and the reaction velocities and maximum amplitudes were obtained by fitting to 

a single exponential function. 

2.2.12. Steady state kinetic assays 

All steady state kinetic assays were performed at 25°C in activity assay buffer (100 mM 

MOPS pH 7.2, 5 mg/mL BSA, 10 mM MgCl2, 25 µM ATP, 100 nM enzyme). The SRSF1 

concentration ranges were varied from 100 nM to 2000 nM. The 32P-ATP concentration was 

adjusted to keep the specific activity at 4000-8000 cpm/mol. The initial velocities were obtained 
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by quenching the reaction after 5 minutes of the reaction initiation. The phosphorylated SRSF1 

was separated from unreacted 32P-ATP by running the reaction mixtures on a 12% SDS gel. A plot 

of initial velocities vs SRSF1 concentration was made and the data were fitted to the quadratic 

function below to obtain Km and Vmax values: 

: =
;<'=
2[@]

∗ (([@] + [D] + E<) − G([@] + [D] + E<)H − 4[@][D] 

where [E]=enzyme concentration and [S]=SRSF1 concentration. 
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Chapter 3 
 

Nuclear Localization of CLK1 

Abstract 
 

CLKs are exclusively nuclear kinases but the underlying mechanism controlling such 

strict subcellular localization is not well understood. Early investigations suggested that the 

CLKs may contain a classical nuclear localization signal on their N-termini but this proposal has 

not been rigorously tested. In this chapter, we investigate the nuclear import of CLK1 and find 

that the kinase lacks a short, classical nuclear localization signal as once proposed. Instead, 

CLK1 is imported into the nucleus by a ‘piggyback mechanism’ where the kinase binds to its 

substrate SRSF1 in the cytoplasm, and the karyopherin TRN-SR2 brings the kinase-substrate 

complex into the nucleus using the nuclear localization signal on the substrate. 
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3.1 Introduction 
 

The compartmentalization of biomolecules into the nucleus and cytoplasm is not only one 

of the major defining features of eukaryotic cells but also is a vital means for partitioning and 

regulating various cellular functions (1). For instance, the nucleus is the storage compartment for 

genetic information and a center for DNA transcription and mRNA splicing whereas the cytoplasm 

contains the ribosomal machinery for protein translation and numerous metabolic functions. The 

nuclear and cytoplasmic compartments are separated by a double-walled nuclear membrane which 

is interrupted by nuclear pores (2,3). Passive diffusion of cargo across the nuclear pores happens 

only for smaller sized proteins, with a predicted upper limit of about 40 kDa (4). Bigger protein 

cargoes that have nuclear functions need to be actively transported across the nuclear membrane 

at the expense of energy (4). Hence, the presence of distinct compartments also necessitates 

designated molecular machinery responsible for the proper transport of biomolecules across these 

compartments (4).  

Passage across the nuclear membrane is mediated by a family of proteins known as b-

karyopherins. In human cells, around 20 different karyopherins have been identified and can be 

classified into two groups: the importins that transport cargo into the nucleus and the exportins 

that transport cargo out of the nucleus (1). There are many different nuclear import mechanisms 

identified so far. The most well characterized is the classical nuclear import mechanism that is 

mediated by the heterodimer importin-a/b. Cargo proteins for the importin-a/b family usually 

carry a highly basic lysine/arginine-rich nuclear localization signal (NLS). Importin-a acts as an 

adaptor protein that recognizes the NLS on cargo proteins using its armadillo (ARM) domain, a 

repeated structural unit composed of two a helices separated by a hairpin turn (5). The N-terminal 

domain of importin-a has an importin-b binding domain (IBB) that binds importin b forming the 
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Figure 3.1: The classical nuclear import mechanism. 
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functional, trimeric complex composed of the cargo protein and importin-a/b heterodimer (1) 

(Fig.3.1). This ternary complex is subsequently translocated into the nucleus through the 

interaction of importin-b with nucleoporins that line the nuclear pores. One of the critical factors 

determining the directionality of transport is the Ran-GTP gradient. Ran-GTP concentration is, at 

least, 10-fold higher in the nucleus than in the cytoplasm. Once the importin-cargo complex 

reaches the nucleus, the binding of Ran-GTP triggers cargo release, and the importin-a/b 

heterodimer is then shuttled back to the cytoplasm by CAS (cellular apoptosis susceptibility gene)-

Ran-GTP complex (Fig.3.1)  (5–7). 

In addition to the above classical mechanism, a few other nuclear import mechanisms are 

known. Several examples of direct recruitment of cargo proteins by importin-b without any 

adaptor proteins are known.  For example, importin-7, another member of the karyopherin family, 

binds Ser-Pro-Ser or Thr-Pro-Thr motifs when both the serine and threonine residues are 

phosphorylated in the cargo proteins (8). Even before the classical mechanism was fully 

understood, hnRNPA1 and several other RNA binding proteins were found to have a non-classical 

NLS, with a consensus PY motif at the C-terminal end (9). Transportin-1 (TNPO1) was later 

identified as the karyopherin that recognizes PY-type NLSs on cargoes (10). Transportin SR-2 

(TRN-SR2) also known as transportin-3 (TNPO3), or importin-12 is yet another karyopherin that 

binds to cargo proteins possessing stretches of phosphorylated residues (11). The prototypical SR 

protein SRSF1 is known to be imported into the nucleus by TRN-SR2 in a phosphorylation-

dependent manner (12–14). TRN-SR2 has also been identified as the karyopherin used by 

retroviruses for nuclear entry in the host cells to integrate viral genome into the host genome. 

Hence, TRN-SR2 has recently gathered scientific attention with potential applications in viral 

therapeutics (15,16).  
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Interestingly, one protein can have multiple nuclear import mechanisms (17). ERK2 is a 

protein kinase that is important in various signaling pathways with its subcellular localization 

being one of the key parameters that regulate its function. ERK2 has been reported to have multiple 

nuclear import mechanisms. A few studies have shown that the phosphorylation of an SPS motif 

in the MAP kinase insert domain leads to importin-7 mediated nuclear import of ERK2 (8,18). 

However, another study showed that ERK2 dimerization upon phosphorylation of two residues in 

its activation loop leads to nuclear import (19,20). Surprisingly, isoforms of the same protein can 

have very different nuclear import mechanisms. For example, SRPK1 is anchored in the cytoplasm 

by chaperones like Hsp70 that bind to the spacer insert domain (SID) that bifurcates the traditional 

kinase domain (21). Under stress signaling, the chaperones are shed from the SID, leading to its 

nuclear import. However, the SRPK2 isoform has an importin-7 binding site that interacts with 

S494 and S497 in the SID when phosphorylated, a post-translational modification that drives 

nuclear import (22). 

Although SRPKs are mostly cytoplasmic kinases that enter the nucleus in a regulated 

manner, the CLK family is largely found in the nucleus. Over-expression studies of four isoforms 

of mouse CLK (CLK/STY) and three isoforms of human CLKs (CLK1-4) have shown that these 

protein kinases are exclusively nuclear based on confocal microscopy (23–25). Furthermore, 

endogenous CLK1 is also found expressed in the nucleus of cells suggesting that these other 

studies are not artefacts arising due to protein over-expression (26). Such localization studies along 

with the observations that CLKs avidly phosphorylate SR proteins support a role for these enzymes 

in the regulation of nuclear splicing.  How CLKs enter the nucleus was originally explored in 

studies by Duncan et.al more than two decades ago (27).  Using immunofluorescence experiments, 

they showed that overexpressed mouse CLK1 (CLK/STY) was exclusively nuclear whereas a 



 46 

deletion mutant lacking the first 60 residues of the 150-residue N-terminus (D1-60 CLK/STY) was 

localized to both the nucleus and cytoplasm (Fig.1.7D) (27). This was thought to be due to the 

presence of a putative NLS on its N-terminus, thus relegating CLKs to the cargos recognized by 

the classic importin system. In this study, we show that this long-held view is incorrect and that 

nuclear import of human CLK1 does not utilize a classic NLS but rather utilizes a novel 

‘piggyback’ mechanism, by binding to its substrate SRSF1 (28).  

3.2 Results  

3.2.1 CLK1 does not have a classical NLS. 

Previous studies suggested that the CLK1 N-terminus is vital for nuclear import. To 

confirm that the nuclear import of CLK1 is regulated by its N-terminus, we first looked at the 

subcellular localization of an RFP-tagged CLK1 and CLK1(DN) in HeLa cells using confocal 

microscopy. We placed the RFP tags on all constructs at the C-terminus of the gene of interest to 

avoid any potential interference with the disordered N-terminal domain of CLK1. We found that 

while CLK1-RFP localized exclusively to the nucleus, CLK1(DN)-RFP expressed in both the 

nucleus and the cytoplasm in confocal imaging experiments (Fig. 3.2A,B). We confirmed these 

results using biochemical fractionation and quantitated the amount of CLK1 to be 95% nuclear, 

whereas CLK1(DN) was only 58% nuclear (Fig. 3.2C). Next, we tried to identify the residues that 

might be functioning as classical NLSs on the N-terminus using cNLS mapper (29). The search 

initially resulted in two monopartite sequences, titled NLS1 and NLS2 (Fig. 3.2A). To test the 

roles of these NLSs, we mutated NLS1 and NLS2 to glycines and looked at their nuclear 

localization using confocal imaging and fractionation experiments. We found that both mutants 

CLK1(DNLS1)-RFP and CLK1(DNLS2)-RFP were exclusively nuclear (Fig 3.2 B,C). Next, we 

wished to determine if the two NLSs worked cooperatively and mutated both NLSs together in  
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Figure 3.2: CLK1 does not have a short, classical NLS. (A) The CLK1 N-terminus with 
putative NLSs highlighted in blue. (B) Confocal images of HeLa cells transfected with 
CLK1-RFP, CLK1(DN)-RFP and different NLS mutants where K/R residues in the putative 
NLSs are mutated to glycines. (C) Fractionation immunoblots of HeLa cells transfected with 
CLK1-RFP, CLK1(DN)-RFP, and various NLS mutants. The % Nuclear protein quantitated 
using Image J are indicated below each band. GAPDH and histone controls are included. 
(D) NLS3 on the crystal structure of CLK1(DN) (PDB ID:1Z57). CLK1 sequence is aligned 
with other isoforms of CLK. (E) Confocal imaging of live HeLa cells transfected with 
CLK1-RFP and the mutant CLK1(DNLS3)-RFP where R/K residues in NLS3 are mutated 
to alanine residues. 
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the construct CLK1(DNLS12)-RFP. Results from both confocal imaging and fractionation 

experiments indicated that CLK1(DNLS12)-RFP was largely nuclear (Fig. 3.2 B,C). A further 

search using cNLS mapper identified a putative bipartite NLS which we named NLS1*. We then 

mutated NLS1* along with NLS2 in the construct CLK1(DNLS12*)-RFP and studied its effect on 

subcellular localization. Even with all potential classical NLSs mutated out, CLK1(DNLS12*)-

RFP showed minimal impairment of nuclear entry (Fig.3.2B). Overall, these findings indicate that 

the CLK1 N-terminus does not likely contain a classical NLS. We next expanded our search for 

potential classical NLSs in the kinase domain finding a small stretch of basic residues on the MAP 

kinase like insert domain of CLK1 titled NLS3. We mutated NLS3 to alanines on CLK1-RFP 

generating the construct CLK1(DNLS3)-RFP and transfected it into HeLa cells to test for its effect 

on nuclear localization. We found that the CLK1(DNLS3)-RFP also localized largely in the 

nucleus (Fig. 3.2D,E). Taken together, these results suggest that CLK1 does not possess a short, 

classical NLS and, thus, likely uses a non-canonical mechanism for nuclear import.  

3.2.2 Identifying regions important for nuclear localization 

Having shown that none of the specific mutations in short, basic NLS’s impaired the 

nuclear localization of CLK1, we decided to target broader regions of the N-terminus for 

mutagenesis. For simplicity, we divided the roughly 150-residue N-terminus into three blocks of 

approximately 50 residues each (Fig 3.3A). We deleted one block of residues at a time in constructs 

CLK1(D1)-RFP, CLK1(D2)-RFP and CLK1(D3)-RFP and studied their subcellular localization in 

fixed HeLa cells. Surprisingly, all three single block deletions localized in the nucleus (Fig. 3.3B). 

These results suggest that nuclear import of CLK1 is not mediated by any specific sequence within 

the 50-residue blocks in the N-terminus. We further generated deletion mutants of two blocks at a 

time in two new constructs CLK1(D13)-RFP and CLK1(D23)-RFP and found that these constructs 
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  Figure 3.3: Mapping broad regions in the N-terminus necessary for nuclear localization. 

(A) Deletion constructs made in the CLK1-RFP vector. The N-terminus was divided into 
three blocks of roughly fifty residues each. (B) Confocal imaging of fixed HeLa cells 
expressing CLK-RFP and various deletion mutants from panel (A). Cells were fixed with 
paraformaldehyde and stained with DAPI for visualization of the nucleus. (C) Myc-tagged 
CLK1 N-terminus constructs used for studying the localization of the N-terminus in the 
absence of the kinase domain. (D) Immunofluorescence images of HeLa cells 
overexpressing Myc-CLK1 constructs probed with a-myc antibody. Myc-CLK1 and Myc-
(DN) CLK1 are imaged as controls.  



 50 

expressed both in the cytoplasm and the nucleus, similar CLK1(DN)-RFP (Fig. 3.3B). These 

results suggest that any two-block combination of N-terminal residues is sufficient for nuclear 

import. 

To support the idea that the CLK1 N-terminus is solely essential for nuclear localization of 

CLK1, we next determined if the N-terminus of CLK1 is sufficient for nuclear entry. We generated 

several myc-tagged N-terminal constructs (Fig. 3.3C). Since the myc tag lacks intrinsic 

fluorescence signal unlike the RFP tags, we probed its localization using immunofluorescence in 

fixed cells using anti-myc antibodies. As a control, we tested the localization of myc-CLK1 and 

myc-CLK1(DN) and confirmed that their localization was in agreement with that observed for 

CLK1-RFP and CLK1(DN)-RFP (Fig. 3.3D). Next, we determined the subcellular localization of 

a form of CLK1 lacking the kinase domain (CLK1(DK)) to address whether the kinase domain 

plays a role in nuclear localization. We found that CLK1(DK) was completely nuclear, suggesting 

that the N-terminus alone can gain complete access to the nucleus in the absence of the kinase 

domain (Fig. 3.3D). We wished to explore whether the nuclear import of CLK1(DK) may be due 

to the classical NLS’s on the N-terminus that are otherwise inaccessible to the Importin a/b system 

in the presence of the kinase domain. To address this, we tested the localization of a new construct 

myc-CLK1(DNLS, DK) that lacks the three classic NLS’s identified by cNLS mapper and found 

that this construct was still nuclear based on immunofluorescence (Fig. 3.3D). We further 

investigated what happens with the sequential deletion of a single block from CLK1(DK) 

(CLK1(D3, DK)) and found that the deletion of block 3 still did not affect the nuclear localization 

of the N-terminus by itself (Fig. 3.3D). Taken together, these results indicate that the nuclear 

import of CLK1 is not mediated by a short basic sequence often observed in traditional nuclear 
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import systems involving Importin a/b.  Instead, the localization sequence is rather broad and 

appears to be diffused throughout the N-terminus.  

3.2.3 CLK1 nuclear entry is mediated by the nuclear transport system for SR proteins 

 Several studies published about two decades ago established that SR protein nuclear import 

is mediated by Transportin-SR2 (TRN-SR2) (12,13). TRN-SR2 binds with high affinity to 

phosphorylated as opposed to unphosphorylated SR proteins, thereby establishing that the nuclear 

import of SR proteins is a phosphorylation-dependent phenomenon. Prior studies have established 

that, in the case of the prototype SR protein SRSF1, the RS1 segment in the C-terminal RS domain 

gets extensively phosphorylated in the cytoplasm by SRPK1 (30). These phosphorylation events 

provide the key recognition element for TRN-SR2 binding to SRSF1 (31).  An X-ray structure for 

TRN-SR2 (TNPO3) was solved with a truncated form of SRSF1 (ASF/SF2) that shows critical 

interactions between a cluster of arginines in the transportin and the phosphates on Ser-207 and 

Ser-209 in the RS1 segment (14). Since the CLK1 N-terminus is also an RS-like domain that 

contains several known phosphorylation sites (S61, T138, S140), we considered the possibility 

that CLK1 could be imported into the nucleus by TRN-SR2, using a recognition mechanism 

similar to that for SR proteins. Furthermore, a previous study identified CLK2 and CLK3 as 

binding partners of TRN-SR2 using co-immunoprecipitation and proteomic mass spectrometry 

underscoring the possibility that CLKs may gain access to the nucleus in the same manner as SR 

proteins (14).  

To test the above idea, we first investigated if CLK1 interacts with TRN-SR2 using 

immunoprecipitation assays. We overexpressed and immunoprecipitated FLAG-tagged CLK1 and 

CLK1(DN) and looked for endogenous TRN-SR2 using western blots. We found that CLK1-

FLAG interacted with endogenous TRN-SR2 but not CLK1(DN), implying that the kinase binds 
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TRN-SR2 via its N-terminus, a result expected if the transportin associates directly with the 

phosphorylated N-terminus (Fig 3.4.E). We next wished to study if the subcellular localization of 

CLK1 was altered by TRN-SR2 down-regulation. To investigate this idea, we tested the effect of 

siRNA knockdown of TRN-SR2 on CLK1 localization using both confocal microscopy and 

biochemical fractionation.  We first confirmed that siRNA transfection lowered endogenous TRN-

SR2 levels by comparing the lysates of siRNA treated and untreated HeLa cells (Fig. 3.4D). 

Confocal microscopy experiments indicate that while CLK1-RFP localized to the nucleus in 

untreated cells, as expected, CLK1-RFP localized to both the cytoplasm and nucleus upon siRNA 

knockdown (Fig. 3.4A).  Similar results were also found using biochemical fractionation 

experiments. Whereas overexpressed CLK1-FLAG localized to the nucleus, CLK1-FLAG was 

found in both the cytoplasm and nucleus upon siRNA knockdown (Fig. 3.4B). To rule out the 

possibility of cytoplasmic localization resulting from overexpression, we also confirmed that the 

siRNA knockdown of TRN-SR2 also resulted in the cytoplasmic localization of endogenous CLK1 

in fractionation experiments (Fig. 3.4C). Overall, these results suggest that the nuclear import of 

CLK1 is dependent on TRN-SR2 and the CLK1 N-terminus. 

3.2.4 CLK1 binding to TRN-SR2 is mediated by phospho-SRSF1 
 

It was previously shown in our lab that CLK1 forms a very tight complex with SRSF1 

independent of the RS domain phosphorylation state  (32). Since phospho-SRSF1 is imported into 

the nucleus through TRN-SR2, we explored the possibility that CLK1 could also gain entry to the 

nucleus owing to its tight association with the SR protein in a so-called “piggyback” mechanism. 

To address this exciting possibility, we wondered whether both the SR protein and CLK1 nuclear 

localization are simultaneously regulated by TRN-SR2.   
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We first showed that siRNA knockdown of TRN-SR2 resulted in the cytoplasmic 

localization of both CLK1-RFP and GFP-SRSF1 using confocal microscopy (Fig. 3.5A).  Next, 

we wished to determine if the interaction of CLK1 with TRN-SR2 is a direct or an indirect binding 

event mediated by SRSF1. To get started, we first verified that the binding of SRSF1 to TRN-SR2 

is phosphorylation dependent. We immunoprecipitated endogenous TRN-SR2 from cytoplasmic 

fractions of HeLa cells rather than whole cells to remove SRSF1 and CLK1 for our binding assays 

Figure 3.4: CLK1 nuclear import is mediated by TRN-SR2. (A) Confocal images of HeLa 
cells transfected with CLK1-RFP in the presence and absence of TRN-SR2 siRNA. (B) 
Biochemical fractionation immunoblots of HeLa cells transfected with CLK1-FLAG upon 
TRN-SR2 siRNA knockdown. The siRNA treatment results in cytoplasmic expression of 
CLK1-FLAG. % Nuclear protein as calculated by ImageJ integration is included. (C) 
Fractionation of HEK cells upon TRN-SR2 siRNA knockdown showing cytoplasmic 
expression of endogenous CLK1 in the absence of TRN-SR2. (D) Immunoblots comparing 
the TRN-SR2 expression in the presence and absence of siRNA. (E) Co-
immunoprecipitation assays done with HeLa cell lysates overexpressing CLK1-FLAG and 
CLK1 (DN)-FLAG. CLK1-FLAG interacts with TRN-SR2 but CLK1(DN)-FLAG does not. 
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(Fig.3.5B). We then performed pulldown assays with recombinant GST-tagged SRSF1 (GST-

SRSF1) and immunoprecipitated TRN-SR2 in the presence and absence of catalytic amounts of 

SRPK1. We found that GST-SRSF1 interacted with TRN-SR2 only in the presence of SRPK1 and 

ATP suggesting that the binding of SRSF1 with TRN-SR2 happens only when the RS domain is 

phosphorylated (Fig. 3.5C).  

Next, we wished to understand if the binding of CLK1 to TRN-SR2 was a direct or indirect 

interaction mediated by SRSF1. We performed pulldown assays with TRN-SR2 

immunoprecipitated from cytoplasmic fractions and observed that the TRN-SR2 interacted with 

recombinant His-CLK1 only in the presence of SRPK1-phosphorylated GST-SRSF1 (Fig. 3.5D). 

To confirm this, we also looked at the binding of immunoprecipitated His-CLK1 with endogenous 

TRN-SR2 from cytoplasmic fractions and found that the binding does not happen without SRPK1 

phosphorylation of GST-SRSF1 (Fig. 3.5E). We also showed using pulldown assays with GST-

SRSF1 and His-CLK1 that CLK1 binds SRSF1 in both its phosphorylated and unphosphorylated 

states (Fig. 3.5F). Overall, these results suggest that the interaction of CLK1 with TRN-SR2 is 

mediated by phosphorylated SRSF1. Hence, SR proteins act as adaptor proteins by carrying CLK1 

on its back as it gets imported into the nucleus by TRN-SR2, thereby leading to a ‘piggyback’ 

mechanism of nuclear import for CLK1. 

3.2.5 CLK1 uses the phospho-NLS on SRSF1 for nuclear entry 

Having shown that the nuclear import of CLK1 is dependent on phosphorylated SRSF1, 

we were next interested in knowing if disruption of the nuclear import of the SR protein would 

also impair the nuclear import of CLK1. Previous studies showed that SRPK1-dependent 

phosphorylation of about 8 serines on the N-terminal half of the RS domain (RS1) is important for 

binding to TRN-SR2 and subsequent nuclear import (14). We mutated those 8 serines to alanines 
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Figure 3.5: CLK1-TRN-SR2 interaction is mediated by phopho-SRSF1. (A) Confocal imaging of 
fixed HeLa cells showing colocalization of CLK1-RFP and GFP-SRSF1 upon siRNA knockdown 
of TRN-SR2. (B) Cytoplasmic fraction of HeLa cells lack detectable levels of SRSF1. (C) 
Pulldown assay of GST-SRSF1 and phospho-GST-SRSF1 with TRN-SR2 immunoprecipitated 
from cytoplasmic HeLa cells. SRPK1-phosphorylated GST-SRSF1 pulls down TRN-SR2 but 
unphosphorylated GST-SRSF1 does not. (D) Co-immunoprecipitation assays showing that TRN-
SR2 immunoprecipitated from cytoplasmic fractions interact with His-CLK1 only in the presence 
of SRPK-phosphorylated GST-SRSF1. TRN-SR2 was immunoprecipitated using a-TRN-SR2 
antibody conjugated resin and IgG refers to a resin lacking the antibody. (E) Immunoprecipitated 
recombinant His-CLK1 interacts with TRN-SR2 from HeLa cell cytoplasmic fractions only in the 
presence of SRPK1-phosphorylated GST-SRSF1. Recombinant His-CLK1 was added to 
cytoplasmic fraction and immunoprecipitated with a-His antibody. IgG refers to agarose resin 
control without the antibody. (F) Pulldown assays with phosphorylated and unphosphorylated 
GST-SRSF1 and His-CLK1 showing that His-CLK1 binds to GST-SRSF1 in both phosphorylated 
and unphosphorylated forms. 
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in the construct GFP-SRSF1mut and monitored its subcellular localization using confocal 

microscopy (Fig. 3.6A). As expected, we found that GFP-SRSF1mut primarily localized to the 

cytoplasm while GFP-SRSF1 was exclusively nuclear. More importantly, when we overexpressed 

CLK1-RFP along with GFP-SRSF1mut, we found that CLK1-RFP also colocalized to the 

cytoplasm (Fig. 3.6B). We corroborated these results from the confocal microscopy with 

biochemical fractionation experiments and showed that GFP-SRSF1mut overexpression also results 

in the cytoplasmic accumulation of endogenous CLK1 (Fig. 3.6D). In order to ensure that the 

mutations in GFP-SRSF1mut did not affect CLK1 binding, we immunoprecipitated CLK1-FLAG 

and looked at its interaction with GFP-SRSF1 and GFP-SRSF1mut. We found that CLK1-FLAG 

interacted with GFP-SRSF1 and GFP-SRSF1mut, indicating that the Ser-to-Ala mutations did not 

impair CLK1 binding (Fig. 3.6C). Overall, these results suggest that CLK1 uses the phospho-NLS 

on SRSF1 to gain nuclear access and that disruption of this NLS impairs nuclear import of CLK1.  

3.2.6 CLK1 nuclear import correlates with SRSF1 binding affinity 

Having shown in prior studies that the CLK1 N-terminus is required for SRSF1 binding 

and phosphorylation (32), we next wished to determine if weakened SR protein affinity would 

result in diminished CLK1 nuclear import efficiency. We purified recombinant GST-tagged CLK1 

N-terminus (GST-N) and several deletion mutants and looked at their binding to His-SRSF1 in 

pulldown assays (Fig. 3.7A). We observed that immunoprecipitated His-SRSF1 robustly pulled 

down GST-N whereas it bound less potently to GST-N(D3) and did not interact with GST-N(D23) 

(Fig. 3.7A). Owing to co-migration with His-SRSF1, we had to perform western blots to visualize 

the pulldown efficiency of GST-N(D23). These results also complement the previous findings  
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that phosphorylation is not required for the interaction of SRSF1 and CLK1 N-terminus as both 

His-SRSF1 and the GST-N constructs are bacterially expressed and are unphosphorylated. We 

further corroborated these results by performing pulldown assays with GST-SRSF1 and several 

His-CLK1 deletion constructs. We purified full-length His-CLK1 and His-CLK1(D12) from insect 

cells using baculovirus expression systems and His-CLK1 (DN) from bacteria. We found that 

Figure 3.6: Disruption of the SRSF1 NLS drives CLK1 into the cytoplasm. (A) Ser-to-Ala 
mutations in RS1 of SRSF1 leads to the cytoplasmic localization of SRSF1. (B) Confocal 
imaging of HeLa cells co-transfected with GFP-SRSF1 and CLK1-RFP show both proteins 
localized to the nucleus whereas GFP-SRSF1mut and RFP-CLK1 both localized to the cytoplasm. 
(C) Co-immunoprecipitation assays show that Ser-to-Ala mutations do not impair the binding of 
CLK1 to SRSF1. CLK1-FLAG was immunoprecipitated from HeLa cell lysates using a-FLAG 
antibody. Both GFP-SRSF1 and GFP-SRSF1mut binds to CLK1-RFP. (D) Biochemical 
fractionation shows cytoplasmic localization of endogenous CLK1 when GFP-SRSF1mut is 
overexpressed. GFP-SRSF1 was immunoprecipitated using a-GFP and bound endogenous 
CLK1 was probed using a-CLK1 antibody. The % nuclear protein quantitated using Image J 
integrations are shown at the bottom. 
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while immunoprecipitated GST-SRSF1 pulled down full-length His-CLK1, it bound with lower 

affinity to His-CLK1(D12) and did not bind to His-CLK1(DN) (Fig. 3.7B). Thus, the pull-down 

results indicated that with progressive deletion of the N-terminus, the binding affinity of GST-

SRSF1 weakened. To ensure that the progressive reduction in the binding affinity was not an 

artifact arising from recombinant, purified proteins, we overexpressed several FLAG-CLK1 

deletion constructs in HeLa cells mirroring those made in the CLK1-RFP constructs, and looked 

at their interaction with endogenous SRSF1 in co-immunoprecipitation assays. We observed that 

whereas endogenous, immunoprecipitated SRSF1 interacted robustly with FLAG-CLK1, it bound 

less efficiently to FLAG-CLK1(D1) and FLAG-CLK1(D12) and did not bind to FLAG-CLK1(DN) 

(Fig. 3.7C). The decrease in binding affinity also mirrors the nuclear localization of the deletion 

constructs since a deletion of 100 or more residues resulted in the cytoplasmic expression of 

CLK1-RFP. Taken together, these results suggest that the high-affinity interaction of the CLK1 

N-terminus with SRSF1 drives the nuclear entry of CLK1.  

3.2.7 The nuclear import of CLK1(DN). 

Although deletion of the N-terminus significantly impairs nuclear import of CLK1, 

approximately 60% of overexpressed CLK1(DN)-RFP still localized to the nucleus (Fig.3.2). This 

finding was somewhat surprising since the molecular mass of CLK1(DN)-RFP is 62 kDa and is 

not expected to readily pass through the nuclear pore to this extent by a passive transport 

mechanism (2). To investigate this further, we considered the possibility that NLS3 in CLK1(DN), 

while not important for nuclear localization of the full-length CLK1 (Fig. 3.1E), may play a role 

upon deletion of the N-terminus as such deletion could expose this sequence for a classical 

transport mechanism with Importin a/b. To test this possibility, we generated a new mutant kinase 

by mutating the NLS3 residues to alanines in CLK1(DN, DNLS3)-RFP and comparing its 
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subcellular localization to other forms of RFP-tagged CLK1 (Fig. 3.8A). Confocal microscopy on 

HeLa cells transfected with CLK1(DN)-RFP showed expression in both the nucleus and the 

cytoplasm, compared to full-length CLK1-RFP and CLK1(DNLS3)-RFP that are fully nuclear 

(Fig. 3.8B). While CLK1(DN, DNLS3)-RFP was expressed in both the cytoplasm and nucleus, it 

Figure 3.7: Deletion of residues in the CLK1 N-terminus weakens SRSF1 binding. (A) 
Pulldowns show weakened interaction of GST N deletion constructs with His-SRSF1. Deletion 
mutants of GST-N-terminus constructs are shown above the pulldowns. (B) Pulldowns of GST-
SRSF1 with His-CLK1 deletion constructs. The His-CLK1 deletion constructs are shown at 
the top. (C) Co-immunoprecipitations showing that the fraction of endogenous SRSF1in HeLa 
cells bound to overexpressed FLAG-CLK1 deletion constructs is lowered with sequential 
deletion of N-terminal residues.  
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was more expressed in the cytoplasm compared to CLK1(DN)-RFP (Fig. 3.8B).  Quantification of 

RFP signal from the nucleus and cytoplasm showed that, on an average, roughly 50% of 

CLK1(DN)-RFP was nuclear but less than 30% of CLK1(DN, DNLS3)-RFP was nuclear 

(Fig.3.8B). These results suggest that NLS3 can alter the subcellular distribution of CLK1(DN), 

but not CLK1, implying that NLS3 has minimal impact on the nuclear localization of CLK1. Taken 

together, these findings suggest that the N-terminus is the major driver of nuclear import for CLK1 

through the “piggyback” mechanism but deletions may induce other effects on localization that 

need to be considered.   

3.3 Discussion 

Unlike most protein kinases that use docking grooves in either their kinase domains or a 

neighboring structured domain for substrate recognition, CLKs depart from this classical 

arrangement by using an N-terminus with RS-like character that lacks structure to bind the RS 

domains of SR proteins (33).  Prior studies have shown that the latter interactions, while still not 

understood at a structural level, are highly stable and, in the case of SRSF1, generate a very low 

Km of about 100 nM, a value close to that for SRPK1 which contains a well-structured docking 

groove for RS domain binding (33,34). Thus, CLKs use disorder-disorder interactions to 

efficiently target SR proteins, phosphorylating Ser-Pro dipeptides for splicing function. In this new 

study, we identify a new function for the high-affinity binding of CLK1 to SRSF1.  Here, we show 

that the stable interaction of CLK1 and its SR protein substrate is not only important for splicing 

factor activation but also necessary for the efficient nuclear import of CLK1.  We show that 

through its high-affinity interactions with SRSF1, CLK1 gains entry to the nucleus using the 

phospho-NLS on the RS domain of the SR protein in a “piggyback” mechanism (Fig. 3.9). 
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Figure 3.8. Mutation of NLS3 impairs the nuclear import of CLK1(DN), but not 
CLK1. (A) NLS3 mutant constructs (B) Confocal imaging of fixed HeLa cells 
expressing various CLK1-RFP mutants. 
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The majority of the nuclear proteins are imported into the nucleus via a well characterized, 

classical nuclear import pathway. In this pathway, Importin a recognizes a short NLS on the cargo, 

which is mostly composed of a small patch of basic residues (1,5,6). Interestingly, although the 

CLK1 N-terminus has several classical NLSs, our results show that these sequences are not vital 

for nuclear import. We speculate that there could be two reasons why these basic NLS’s are not 

functional in a classic Importin a/b mechanism. First, since CLK1 N-terminus forms a high-

affinity complex with the RS domain in its substrate SRSF1, the classical NLSs may not be 

accessible for Importin a binding. Second, the strong ability for CLK1 to self-associate and form 

large oligomers through its N-terminus might also mask the classical NLSs blocking Importin a 

association. Although we have found that these sequences play no role in nuclear transport, it is 

possible that under certain cellular conditions where SRSF1 binding or oligomerization is 

hindered, the classical NLSs on the N-terminus might serve as active binding sites for Importin a 

leading to nuclear import through the classical mechanism.  

While the N-terminus has been shown to be a critical modifier of CLK1 subcellular 

localization, our results also demonstrate that the CLK1(DN)-RFP construct is not excluded from 

the nucleus, a result we originally anticipated based on its mass (62 kDa). Since there can be 

multiple nuclear import mechanisms for any protein, we do not exclude the possibility that 

alternative mechanisms may exist for CLK1 upon N-terminal deletion. Even though our 

immunoprecipitation and pulldown assays do not indicate a strong interaction between CLK1(DN) 

and SRSF1, there could be transient interactions as we have previously noted that the CLK1(DN) 

does phosphorylate SRSF1 albeit with minimal efficiency (32). Another possibility is the 

unmasking of a latent signal in the absence of the N-terminus, as it has also been well established 

from prior studies that the removal of the N-terminus drastically changes the quaternary structure 
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of CLK1 from an oligomer to a monomer (33). Based on our observation that removal of a putative 

NLS (NLS3) in CLK1 lacking its N-terminus leads to increased cytoplasmic localization, we 

speculate the kinase domain may contain a weak, basic NLS that supports some nuclear import. 

 

 

 

 

 

 

 

 

Figure 3.9. Summary of CLK1 nuclear import mechanism. In the cytoplasm, SRSF1 is 
phosphorylated in the RS domain by SRPK1. CLK1 forms a high affinity complex with 
phosphorylated SRSF1. The CLK1-SRSF1 complex is imported into the nucleus by TRN-
SR2, where they accumulate in membrane-less storage organelles called nuclear speckles. 
Hyper-phosphorylation of SRSF1 in the nucleus by CLK1 results in the mobilization of the 
complex, but CLK1 binds tightly to phosphorylated SRSF1 hindering the product release. 
SRPK1, being predominantly cytoplasmic, is imported into the nucleus upon shedding its 
anchoring Heat Shock Proteins (Hsps). Nuclear SRPK1 binds to the CLK1-SRSF1 complex, 
releasing SRSF1 to the spliceosome. 
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Another implication of having such a piggyback mechanism for nuclear import is potential  

unidentified functions for CLK1 in the cytoplasm. SR proteins, being nucleo-cytoplasmic shuttling 

proteins, have long been known to play critical roles in exporting processed mRNAs by 

transporting mRNAs into the cytoplasm making them available for translation (35). In certain 

mouse tissues, SRSF1 has been shown to localize to cytoplasmic granules along with CLK1 and 

SRPK1 (36). Since we showed that CLK1 can colocalize with SRSF1 in the cytoplasm in the 

absence of an NLS on SRSF1, it is also possible that the high affinity of CLK1 to SRSF1 might 

also drive CLK1 to the cytoplasm if triggered by environmental factors. This raises the possibility 

of CLKs performing additional functions in the cytoplasm. 

3.4. Conclusions 

In this study, we deciphered the nuclear import mechanism of human CLK1. The nuclear 

localization of CLK1 was previously thought to be due to the classical NLSs present on the N-

terminus. Here, we showed that the nuclear import is mediated by the karyopherin TRN-SR2 

although CLK1 does not directly interact with the transportin. Instead, TRN-SR2 binds SRSF1, 

the physiological substrate of CLK1, which then associates with TRN-SR2, forming a ternary 

complex (Fig. 3.8). Although CLK1 binds SRSF1 with high affinity whether its RS domain is 

phosphorylated or not, only SRPK1-phosphorylated SRSF1 binds TRN-SR2 and can be 

transported into the nucleus.  Such “piggybacking” has been reported to be the nuclear import 

mechanism for a few multi-subunit protein complexes such as the ribosomal machinery, the RNA 

polymerase II and transcription factor-II D (37–39). These proteins were identified as binding 

partners of importin-a using proteomic analyses but did not possess a classical NLS (38,40). While 

“piggybacking” as a nuclear import mechanism has been demonstrated before, what makes CLK1 

nuclear import unique is that the binding of CLK1 to its substrate is completely mediated by 
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disordered domains. Nuclear import, in general, is a highly ordered transition. However, CLK1 

can harness disorder-disorder interactions for this highly ordered transition from the cytoplasm to 

the nucleus. 

Chapter 3, in part, is a reprint of the material as it appears in George A, Aubol BE, Fattet 

L, Adams JA. “Disordered protein interactions for an ordered cellular transition: Cdc2-like 

kinase 1 is transported to the nucleus via its Ser-Arg protein substrate”, J Biol Chem. 2019, 294, 

9631–41. The dissertation author was a primary investigator and  author of this paper. 
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Chapter 4 
 

Oligomerization of CLK1 

Abstract 
 

CLK1 is known to self-associate through its N-terminus forming large oligomers but 

investigating the structural details of oligomer formation has been challenging owing to the 

intrinsic disorder of the N-terminus and its aggregation-prone nature. Studies presented in this 

chapter shed new light on the key interactions that drive oligomerization in this protein kinase. 

Our results show that the CLK1 oligomer forms as a result of two interactions modes: self-

association of the N-termini (N-N) and N-terminus-kinase domain interactions (N-K) among 

neighboring monomers.  The N-N interactions are driven exclusively by aromatic residues in the 

N-terminus (tyrosines) whereas the N-K interactions are largely electrostatic in nature.  Either 

mode appears to be sufficient to drive lower levels of self-association but both modes combined 

fully stabilize robust oligomer formation in CLK1. 
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4.1 Introduction 

The self-association of proteins (homo-oligomerization) into different forms of assemblies 

has been known to regulate several biochemical functions including transcription, gene expression, 

ion transport across membranes, enzyme activation, and cell adhesion processes (1,2). Homo-

oligomerization has been proposed to be one of nature’s mechanisms to generate large complexes 

without having to expand genomic diversity (3). Transitions between different oligomeric states 

are often controlled for the optimal functioning of cells. Indeed, even slight misregulation of 

assembly mechanisms leading to higher or lower order oligomeric states can lead to diseases (4). 

The formation of insoluble amyloid fibrils due to the aggregation of the tau protein leading to the 

neurodegenerative Alzheimer’s disease is one of the most well-cited examples of toxic, 

misregulated protein association (5).  

 Research over the last two decades has highlighted many distinct forms of protein homo-

oligomerization. The assembly of hemoglobin tetramers from its a and b subunits was one of the 

earliest identified examples of quaternary assemblies enhancing protein function (4). Some protein 

kinases use self-association as an activation mechanism. For example, CaMKII (Ca2+/ Calmodulin 

(CaM)-dependent protein kinase II) is a serine/threonine kinase that is known to form oligomers 

with approximately 12 subunits (6–8). This oligomerization brings together monomeric units in a 

way that facilitates inter-subunit autophosphorylation in a Ca2+-dependent manner. This 

autophosphorylation activates the kinase and helps it maintain its activity even in a Ca2+-deficient 

environment (8). The receptor interacting protein kinase 2 (RIP2) plays critical roles in detecting 

bacterial infections and also uses a similar oligomerization mechanism for catalytic activation 

(9,10). The caspase activation and recruitment domain (CARD) in RIP2 oligomerizes forming 

long, filamentous structures upon the binding of other regulatory proteins like nucleotide-binding 
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oligomerization domain-containing proteins 1 and 2 (NOD1 and NOD2).  This oligomerization 

promotes autophosphorylation on the activation loop activating RIP2 for pro-inflammatory 

signaling pathways (9).  

While most initial studies on protein assemblies were centered around interactions between 

well-folded structured domains, recent studies have shifted their focus towards oligomerization 

mediated by intrinsically disordered regions (IDRs) (11–13).  IDRs have high propensity to drive 

protein-protein interactions owing to their multivalency, flexibility and sequence-insensitivity 

(14). In recent years, protein oligomerization mostly mediated by IDRs has been shown to generate 

liquid-liquid phase separation (LLPS), a biophysical process that drives the formation of 

membrane-less organelles such as P-granules, stress granules, and nucleoli (15–17). These 

organelles provide a dynamic platform where the components can diffuse in and out of these 

biomolecular condensates in response to cellular cues (18).  

Understanding the interactions that drive the formation of quaternary structures associated 

with protein oligomers is of critical importance for understanding both protein assembly and 

function. A quick glance at the protein assembly mechanisms reported in the literature suggests 

that there can be great diversity in the nature of the interactions leading to protein association (2). 

Such interactions can be covalent (e.g., disulfide bonds), or non-covalent in nature.  In the latter 

category, a diverse set of contacts may be found.  For example, hydrophobic, aromatic, 

electrostatic, polar and hydrogen bonding interactions are often found to stabilize oligomeric 

structures (Fig.4.1) (19). Many of these interactions may be critical for normal cellular function 

and can also play a role in human diseases.  For example, hydrophobic interactions between the 

R3 domains in the tau protein drive pathological fibril formation (5). Hydrophobic interactions 

drive the self-assembly of several transcription factors leading to the formation of structural motifs 



 73 

 
 
 
 
 

Figure 4.1. Interactions driving protein association. (A) Covalent binding through disulfide 
bonds (B) Hydrophobic packing (C) Electrostatic interactions between oppositely charged 
side chains (D) Hydrogen bonding (E) p-p stacking between two aromatic residues (F) 
Cation-p interaction between a positively charged side chain and an aromatic residue. 
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known as ‘leucine zippers’ at the interface (20). Analogous to the concept of leucine zippers, Max 

Perutz put forth the idea of ‘polar zippers’ where electrostatic interactions between appropriately 

spaced charged residues lead to protein self-association, as is seen in the assembly of eight subunits 

in Ascaris hemoglobin (21–23). Electrostatic interactions between the low complexity domains in 

U1-70K and SR proteins drive their phase separation leading to the formation of nuclear speckles 

(24,25). Aromatic interactions can be of two types: (a) p-stacking interactions where two aromatic 

residues interact in a T-shape or slip stacked orientation or (b) cation-p interactions where a 

positive charged moiety (like in arginine residue) interacts with a p-electron cloud from a 

tryptophan/tyrosine/phenylalanine residue on a different subunit (Fig. 4.1E,F). Both kinds of 

aromatic interactions are ubiquitous in protein-protein interfaces (26,27). For example, glutathione 

S-transferase (GST) has been shown to dimerize through p-stacking interactions (28). Cation-p 

interactions are predicted to be the predominant interaction driving molecular recognition in the 

Ewing’s sarcoma oncoprotein family of proteins (29). Aromatic interactions also drive liquid-

liquid phase separation in the splicing repressing ribonucleoprotein hnRNPA1 and the RNA 

binding protein fused in sarcoma (FUS) (15,30).  

The RS domains in SR proteins are known to be disordered and highly prone to aggregation 

(31). The N-terminus of CLK1 has been referred to as an RS-like domain due to the high content 

of RS dipeptides and other disorder-promoting residues (32) (Fig.1.7). Previous studies from our 

lab showed that CLK1 forms oligomers mediated by its disordered N-terminus (33). This 

oligomerization also acts as a substrate selection mechanism facilitating the recognition of the 

physiological substrate SRSF1 over non-physiological substrates (33). However, the structural 

aspects of CLK1 oligomerization has long been unexplored owing to the challenges arising from 

the limited solubility and aggregation-prone nature of the N-terminus. The presence of this 
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disordered domain and the dynamic nature of the oligomer further complicates structural 

investigations by diffraction techniques such as crystallography or electron microscopy. Here, we 

investigate the structural details of how the disordered N-terminus leads to CLK1 oligomerization. 

We showed that oligomerization is not just mediated by self-association of the N-terminus as 

previously thought (33), but also by interactions between the N-terminus and kinase domain. We 

also showed that while the N-terminus is highly charged and RS-like, its ability to oligomerize is 

driven by aromatic interactions. 

4.2 Results 

4.2.1. Oligomerization is retained in single-block CLK1 N-terminal deletions. 

To understand how CLK1 forms oligomers, we first tried to see if there was a specific 

region in the N-terminus that was vital for oligomerization. For ease of study, we divided the 

roughly 150-residue N-terminus into three blocks of approximately fifty residues each. We 

designed deletion mutants of CLK1, called CLK1(D1), CLK1(D2), and CLK1(D3) where one 

block of approximately fifty residues was deleted at a time (Fig. 4.2A). Since CLK1 cannot be 

expressed at high levels in bacteria, we made baculoviruses with the genes for the deletion 

constructs and purified these constructs from baculovirus-infected Hi5 cells (Fig. 4.2B). Next, we 

looked at the oligomerization status of these single block deletions using DLS and SEC and found 

that all constructs were oligomeric (Fig. 4.2 C-E). According to previous reports, the 

hydrodynamic radius of the CLK1 kinase domain by itself, is about 4 nm (33). The hydrodynamic 

radius of CLK1 was seen to be around 70 nm, although the radius can show some variability owing 

to the highly dynamic nature of oligomerization. All three single-block deletion constructs of 

CLK1 showed a radius in the range of 15-30 nm, indicating that they are oligomeric. Consistent 

with the oligomeric sizes found by DLS, all constructs eluted early on the S200 size exclusion  
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Figure 4.2. Single block deletion constructs of CLK1 can form oligomers. (A) CLK1 single 
block deletion constructs. (B) SDS-PAGE showing all constructs (C) DLS spectra of all 
constructs (D) Hydrodynamic radii of all single block deletions. The dashed line corresponds 
to 4 nm, the hydrodynamic radius of CLK1(DN. (E) SEC chromatograms of all deletion 
constructs when run on a S200 column. Oligomeric fractions elute before the dashed line on 
the chromatograms. 
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column suggesting that the oligomers are, at least, 600kDa in size as the molecular weight of the 

oligomers are higher than the resolution range of an S200 column. Thus, CLK1 and all single block 

deletions form oligomers composed of, at least, 10 subunits. These results suggest that there is no 

specific sequence within the 50-residue blocks of the N-terminus that drives oligomer formation.  

4.2.2. N-terminal residues directly flanking the kinase domain do not induce CLK1 

oligomerization. 

Having shown that the N-terminus remains oligomeric even after 50-residue deletions were 

made throughout the N-terminus (Fig. 4.2), we next decided to look at larger deletions in CLK1 

by designing the constructs CLK1 (D12), CLK1 (D13), and CLK1(D23) (Fig. 4.3A).  We were able 

to express and purify these proteins to homogeneity using baculovirus methods for detailed 

biophysical studies (Fig. 4.3B).  Interestingly, we found that CLK1(D13) and CLK1(D23) which 

both remove 2/3 of the N-terminus are still oligomeric by DLS and SEC methods (Fig. 4.3C-E).  

While these results suggest important roles for the remaining blocks in these constructs, it is 

important to note that these deletions also change the register of these blocks with respect to the 

kinase domain.  Surprisingly, we found that only CLK1(D12) which removes blocks 1 and 2 and 

keeps block 3 in proper register with the kinase domain is monomeric.  These findings suggest that 

whereas block 1 or 2 induces oligomerization when directly flanking the kinase domain, block 3 

connected to the kinase domain cannot induce such oligomerization. These findings suggest that 

Block 3 is not sufficient to induce oligomerization in CLK1.     

4.2.3 Self-association of the N-terminus is length dependent but sequence insensitive. 

Since the N-terminus is essential for CLK1 oligomerization, we wished to next determine 

whether specific regions in this disordered segment are necessary for self-association in the  
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Figure 4.3. Oligomerization of CLK1 two-block deletion constructs (A) CLK1 two-
block deletion constructs. (B) SDS-PAGE (C) DLS spectra (D) Hydrodynamic radii 
and (E) S200 chromatograms of all two block deletion constructs. The oligomeric 
fractions elute before the dashed line. CLK1 (D12) is monomeric but CLK1 (D13) and 
CLK1 (D23) can form oligomers. 
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absence of the kinase domain. Since the N-terminus has poor solubility when expressed by itself 

in E. coli, we designed a GST-tagged N-terminus along with several additional forms that mimic 

the block deletions in the full-length CLK1 (Fig. 4.4A). We were able to purify these constructs 

from E.coli using glutathione-agarose affinity chromatography overcoming solubility problems 

associated with prior His-tagged forms (Fig. 4.4B). We first evaluated the impact of sequential 

deletion of N-terminal residues on oligomerization using SEC and DLS methods. GST-N, which 

contains all residues in the N-terminus, was an oligomer that eluted early on the S200 size 

exclusion column and displayed a hydrodynamic radius of about 70 nm by DLS, consistent with a 

large oligomeric form of the protein (Fig. 4.4D,E). Deletion of block 3 in GST-N (D3) resulted in 

an oligomeric protein that had a smaller hydrodynamic radius of 20 nm but still eluted as an 

oligomer on the S200 column suggesting that the molecular mass of this deletion construct is still 

greater than 600 kDa. Further deletion of blocks 2 and 3 in GST-N(D23) resulted in complete loss 

of oligomerization as evidenced from DLS and SEC experiments. We found that GST-N(D23) 

displayed a radius and molecular mass similar to that for its carrier protein GST (Fig.4.4D,E). We 

next tested the oligomerization status of GST-N(D13) and GST-N(D12) and found that neither 

construct could form oligomers, similar to GST-N(D23) (Fig.4.4 C-E). We also noticed that SEC 

for oligomeric constructs like GST-N and GST-N(D3) showed peaks of lower molecular weights 

which were not prominent in the DLS spectra. The reason for the dissociation of GST-N constructs 

into smaller units can be attributed to the dilution of the oligomeric constructs while passing 

through the column. CLK1 oligomerization is dynamic and has been previously shown to be 

concentration dependent (33). DLS samples, on the other hand, do not get diluted and hence do 

not show a significant monomeric peak. In addition, DLS is much more sensitive towards larger 

species in the sample solution than it is to species of smaller radii. DLS can also detect transient 
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  Figure 4.4. Oligomerization of GST-N terminus constructs (A) GST-N terminus 

constructs (B) SDS-PAGE showing all purified GST-N constructs. (C) Hydrodynamic 
radii of all GST-N constructs (D) DLS and (E) SEC of GST-N, GST-N (D3), and GST-N 
(D23), GST-N(D13). GST is included as a control. Oligomeric constructs elute before the 
dashed line. 
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aggregation states present in the sample even when present in minute amounts. Hence, constructs 

like GST-N(D13) which do not show any oligomerization by SEC, shows peaks of higher 

molecular masses by DLS (Fig.4.4). Analysis of the mass percentage of the oligomeric peak 

showed that the oligomeric fraction is three orders of magnitude smaller than the monomeric peak, 

suggesting that the fraction of oligomers in these constructs is negligible.  

Taken together, these results suggest that sequential deletion of the N-terminus weakens 

oligomerization, implying that the number of residues on the N-terminus can be decisive in 

determining the extent of self-association. However, oligomerization is not driven by a specific 

sequence within any block, as all single block constructs do not form oligomers.  

4.2.4 Aromatic residues drive N-N interactions. 

Having shown the sequence-insensitive nature of N-N interactions, we next wanted to 

further explore the residues involved in driving self-association. On examining the amino acid 

sequence of the N-terminus, we noticed that while most of the residues on the N-terminus are 

disorder-promoting, hydrophilic residues, the sequence is also peppered with structure-promoting 

aromatic residues, particularly in block 2 (Fig.4.5A). Of the residues that constitute the N-

terminus, there are three tryptophans in Block 1 and ten tyrosines distributed throughout the N-

terminus. We, therefore, considered the possibility that CLK1 oligomerization may be mediated 

by aromatic interactions, particularly since there is precedence for such residues in disordered 

domains that induce protein aggregates. Several RNA binding proteins involved in 

neurodegenerative disorders have been shown to aggregate via aromatic interactions in their low-

complexity domains (30,34). To test if aromatic residues could play a role in CLK1 

oligomerization, we generated a GST-tagged N-terminus construct, GST-N (Y-L) where all the  

 
 



 82 

 

 
  

Figure 4.5. Aromatic interactions mediate N-N interaction (A) GST-N Terminus and GST-
N(Y-L) mutant showing the Tyrosines mutated to Leucines. (B) DLS and (C) SEC showing 
of GST-N and GST-N(Y-L) showing that the mutant does not form oligomers. Oligomeric 
fractions elute before the dashed line. 
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tyrosines in the N-terminus are mutated to leucines (Fig.4.5A). We first tested if this construct 

could self-associate and form oligomers and found that this new construct does not self-associate 

as no oligomers were detected using either DLS or SEC (Fig.4.5B,C). The hydrodynamic radius 

of the GST-N (Y-L) mutant was only 5.6 nm while the GST-N construct formed oligomers with a 

hydrodynamic radius of 60 nm. It is interesting to note that GST-N(Y-L), with all three blocks of 

the N-terminus, showed a hydrodynamic radius of 5.6 nm and is only slightly bigger than the 

carrier GST that has a radius of 4.8 nm. These results suggest that the N-N interactions that drive 

oligomerization in the N-terminus may be solely mediated by tyrosines. 

4.2.5. N-terminus interacts with the CLK1 kinase domain. 

Although we have shown that CLK1 oligomerization is dependent on a disordered N-

terminus that can also self-associate (33), it is unclear whether the kinase domain plays a role in 

forming higher-order CLK1 structures.  To test for any interactions between the N-terminus and 

kinase domain (N-K) in CLK1, pull-down assays were performed using GST-tagged N-terminal 

constructs and His-tagged CLK1 kinase domain (CLK1(DN)). We initially found that GST-N pulls 

down His-CLK1 suggesting that the N-terminus can interact with the full-length CLK1 (Fig. 

4.6A). However, since this interaction could be due to N-N contacts, we next tested if the N-

terminus can interact directly with the kinase domain in a pull-down assay using GST-N and His-

CLK1(DN). We found that GST-N, indeed, pulled down CLK1 kinase domain (Fig.4.6B). We next 

wished to learn which parts of the N-terminus interact with the kinase domain. Using the sequential 

deletion constructs GST-N, GST-N(D3) and GST-N(D23) in pull down experiments with His-

CLK1 (DN), we found that all the three N-terminal constructs interact with the kinase domain (Fig. 

4.6C). Although the fraction of bound His-CLK1(DN) increased on going from GST-N(D23) to 

GST-N, we found that GST-N(D3) did not show an enhanced binding compared to GST-N(D23)  
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  Figure. 4.6. N-terminus interacts with kinase domain (A) PD with GST-N and CLK1. (B) PD 

with GST-N and CLK1(DN). (C) PD with GST-N(D23), GST-N(D3), and GST-N with 
CLK1(DN). Fraction of CLK1(DN) bound to each GST-N construct. (D) PD with GST-N (D23), 
GST-N (D13), GST-N (D12) with CLK1 (DN). (E) CLK1(DN) does not self-associate: PD 
showing GST-CLK1(DN) and His-CLK1(DN). 
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(Fig.4.6C). This suggests that the residues in block 2 likely form minimal-to-no interactions with 

the kinase domain. To test the binding interactions of individual blocks in the N-terminus, we 

found that while GST-N(D23) and GST-N(D12) pulled down His-CLK1(DN), GST-N(D13) did 

not (Fig. 4.6D). These findings indicate that block 1 and block 3 interact directly with the kinase 

domain while block 2 does not, a result in agreement with those from the pull-down experiments 

in Fig 4.6C. Although we showed previously that His-CLK1(DN) does not self-associate (33), we 

wanted to test if the kinase domain could self-associate in the absence of the N-terminus in our 

pull-down assays. In a pull-down assay using GST-CLK1(DN) and His-CLK1(DN), we observed 

that the two kinase domains did not interact with each other (Fig. 4.6E), in support of our prior 

findings that no oligomers are detected for His-CLK1(DN) via SEC (33). However, we still cannot 

rule out the possibility of kinase-kinase interactions that can be induced if the N-termini bring 

kinase domains close together in a large oligomer (K-K interactions induced by N-N interactions).  

In summary, our pull-down experiments suggest that in addition to direct N-N interactions, N-K 

interactions, particularly those from blocks 1 and 3, may be possible in the CLK1 oligomer. 

4.2.6. N-K interactions drive oligomerization in CLK1 (Y-L) 

Since we showed that tyrosines facilitate N-N interactions in the GST-N fusion protein 

(Fig. 4.5), we next investigated if N-K interactions are also driven by these residues. To test this 

idea, we performed pull-down assays using GST-N (Y-L) and His-CLK1(DN) and found that GST-

N (Y-L), while incapable of forming large oligomers, directly pulled down His-CLK1(DN) 

(Fig.4.7A). These findings suggest that while N-N interactions are solely mediated by tyrosines, 

these aromatic residues played no role in N-K interaction. We next wished to investigate the role 

of N-N aromatic contacts for oligomerization of full-length CLK1. We expressed and purified a 

new construct, CLK1(Y-L) from Hi5 cells using our baculovirus expression system where all 10 
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tyrosine in the N-terminus of CLK1 were mutated to leucines. Based on our previous findings 

(Figs. 4.5 & 4.6), this construct is expected to promote N-K but not N-N interactions. We first 

studied its oligomerization status by DLS and found that the mutant forms oligomers although the 

overall hydrodynamic radius is smaller than that for the wild-type CLK1 (Fig. 4.8B).  Based on 

elution volume on the S200 column, we conclude that the molecular mass of CLK1(Y-L) is still 

greater than 600 kDa as the mass is higher than the resolution range of an S200 column (Fig. 4.7C). 

We also looked at the oligomers of this construct using negative stained transmission electron 

microscopy (TEM). We found that while wild-type CLK1 formed more oligomers with similar 

sizes, CLK1(Y-L) formed oligomers of varying sizes with high polydispersity (Fig.4.7D). 

Although these imaging experiments were performed at similar concentration for both CLK1 and 

CLK1(Y-L) (4.5 µM), more oligomers were observed on the grid with CLK1 than what was 

observed for CLK1 (Y-L). This could be indicative of a less stable oligomer when only N-K 

interactions are present. Since the oligomerization was dynamic, this may be suggestive of a more 

rapid dissociation of oligomers into monomers if N-N interactions are not present to stabilize the 

oligomer. These results suggest that N-K interactions alone can drive oligomerization but more 

efficient oligomer formation is induced when both N-N and N-K interactions are available in 

CLK1.  

4.2.7. Electrostatic interactions drive N-K interactions. 

 Having shown that N-K interactions alone can drive oligomerization of CLK1, we next 

tried to characterize the nature of the interaction between the N-terminus and the kinase domain. 

Since we know that the tyrosines do not play a role in N-K interactions (Fig. 4.7A), we next 

considered the possibility of N-K interactions being driven by electrostatic interactions. Since only 

blocks 1 and 3 bind the kinase domain, the interacting residues must be localized to block 1  
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Figure 4.7: Oligomerization of CLK1(Y-L). (A) PD of GST-N and GST-N (Y-L) showing 
that GST-N (Y-L) mutant can interact with CLK1 kinase domain even though the mutant 
does not have tyrosine residues. (B) DLS and (C) SEC showing that CLK1(Y-L) forms 
oligomers Oligomeric fractions elute before the dashed line. (D) Negative stained TEM 
micrographs of CLK1(Y-L) and CLK1 with a small region magnified shown in the inset. 
Scale bar=200nm. 
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Figure 4.8: N-K interactions are driven by electrostatic interactions. (A) GST-N(∆23), GST-
N(∆23, ∆K/R) and GST-N(∆23, ∆D) mutants. (B) PDs of GST-N(∆23) mutants with His-
CLK1(∆N). 



 89 

or 3. However, the interaction between block 3 and the kinase domain is most likely an intra-

molecular interaction rather than an inter-molecular interaction because CLK1(D12) is a monomer 

despite having block 3 next to the kinase domain. This brings the focus to block1, which has an 

acidic patch of residues (D11-D18) and a basic patch (K30-R35). We mutated the aspartate 

residues to glycines in GST-N(D23, DD) and the lysine/arginine residues to glycines in GST-

N(D23, DK/R) (Fig. 4.8A). To test if the mutants could bind the kinase domain, we performed 

pulldown assays with His-CLK1(DN). Our results showed that while GST-N(D23, DD) pulled 

down His-CLK1(DN), GST-N(D23, DK/R) mutant did not (Fig. 4.8B). This indicated that the N-

K interactions are primarily electrostatic in nature, with the interaction being localized to a small 

stretch of positively charged residues. 

4.2.8. The kinase domain is protected from solvent exchange by the N-terminus  

 We showed that the N-terminus induces CLK1 oligomer formation not only through N-N 

interactions, as expected from prior studies (33), but also through N-K interactions.  To identify 

regions in CLK1 that may participate in these inter-protein contacts we used H/D Exchange 

methods coupled with mass spectrometric detection. In H/D exchange studies, the protein of 

interest, initially stored in H2O buffer, is transferred into a D2O buffer allowing the backbone 

amide hydrogens to exchange with deuterium atoms as a function of time. Amide hydrogens in 

solvent accessible or dynamic regions exchange more rapidly with solvent deuterium than the 

buried or highly structured regions (35) (Fig. 4.9A). To assess deuterium exchange levels, the 

reaction is stopped at various time points by rapidly lowering the temperature and pH with a low 

pH quench buffer (Fig. 4.9B). Quenching also unfolds the protein, making it accessible for 

proteolytic cleavage by pepsin, a protease that optimally functions at the quench pH of 2.5. Since 

all the downstream processes post-deuterium labeling are done in H2O buffer, there is a  
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  Figure 4.9. (A) H/D Exchange experiment (B) Detecting exchanged Deuterium using LC/MS 
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possibility for the labeled amide deuteriums to back exchange into hydrogen atoms. To circumvent 

this problem, throughout the post-exchange phase, the pH is kept low to minimize back exchange. 

Pepsin digestion generates peptide fragments (probes) that are separated based on their polarity on 

a reversed-phase HPLC column and identified using an electron-spray ionization (ESI) mass 

spectrometer (35,36). The increase in the mass of the peptide envelopes can be tracked as a 

function of time (Fig. 4.9B). The amount of deuterium incorporation is quantitated relative to a 

fully deuterated (FD) control, which was taken after a 24-hour incubation period of the pepsin-

digested peptides in D2O buffer. 

To gain insights into CLK1 oligomeric structure, we performed H/D exchange studies on 

CLK1 and CLK1(DN) which is a monomer and not expected to engage in significant protein-

protein interactions. We first compared the fragmentation maps of CLK1 and CLK1(DN) 

generated after pepsin digestion. We were not able to detect any peptides on the N-terminus with 

high signal intensity. On the kinase domain, around 60 peptides were detected in CLK1, but 

CLK1(DN) generated around 130 peptides. While CLK1(DN) generated more peptides than CLK1, 

we noticed that the peptides on CLK1 were cleaved at the same sites as in CLK1(DN), giving us 

common probes to compare the exchange rates in both the constructs.   

We next compared the deuterium incorporation profiles of peptides common to both 

proteins by tracking the shift in peptide envelopes as a function of time. The non-deuterated 

peptides showed identical peptide envelopes with the same centroid mass for both CLK1 and 

CLK1(DN) (Fig.4.10). To correct for the back-exchange of amide deuterons to protons during the 

separation over the C-18 column, we generated experimental FD controls by incubating pre-

digested peptides in D2O buffer for 24 hours. The FD or the ‘back-exchange control’ provides a 

measure for the loss of deuterons under our experimental conditions for each peptide as back  
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  Figure 4.10. Shift in the mass envelope of peptide 441-450 in CLK1 (blue) and CLK1 

(DN) with increasing time in D2O buffer. ND: Non deuterated and FD: Fully deuterated.  
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exchange rates are unique for each peptide due to its sequence-dependent nature. We noticed that 

FD controls also showed identical centroid masses for both CLK1 and CLK1(DN), with the m/z 

much higher than the non-deuterated (ND) peptides (Fig.4.10). For intermediate time points, the 

peptide envelopes shifted to higher m/z values with increasing time. In most peptides, the shift in 

peptide masses was much more pronounced in CLK1(DN) than in CLK1 (Fig.4.10). 

Next, we quantified and compared the amount of deuterium incorporation in both 

constructs in deuterium uptake plots. For all peptides, CLK1(DN) displayed varying intermediate 

rates of deuterium incorporation, while those in the kinase domain of CLK1 mostly exchanged 

very slowly. For every peptide detected, CLK1 showed a much lower deuterium uptake than 

CLK1(DN), even though there were slight differences in the extent of protection (Fig.4.11). The 

summary of how each region exchanges is shown in the heat maps in Fig 4.12. where the 

percentage of deuterium incorporation is shown as a function of time. Except for the residues on 

the C-terminal end, the percentage of deuterium incorporation in CLK1 never went higher than 

40% in the timeframe of our kinetic experiment (2 hrs). Peptides on CLK1(DN), on the other hand, 

always showed a deuterium intake higher than 50% at just two hours (Fig.4.12). Certain regions 

in CLK1(DN) showed a rapid deuterium intake within the first 30 seconds of being placed in the 

D2O buffer. These peptide fragments could lie in regions where there is high solvent accessibility 

(eg. the C-terminal end) or high flexibility (eg. the hinge region connecting the N and the C-lobes 

of the kinase domain).  

Overall, our H/D exchange results suggest that when CLK1 forms oligomers, the kinase 

domain may be largely buried in the oligomer and is, therefore, not accessible to solvent.  These 

results also support our previous results that the CLK1 oligomer also has N-K contacts, as the N- 
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Figure 4.11. Deuterium incorporation plots as a function of time for a few representative 
peptides. CLK1 uptake is shown in blue and CLK1 (DN) uptake is shown in red. All 
peptides showed a much lower uptake for CLK1. 
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B) 

Figure 4.12. Kinase domain is protected in the presence of N-terminus: Deuterium 
uptake heat maps for (A) CLK1 and (B) CLK1 (DN). 
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terminus binding the kinase domain is reflected in the heavy protection of kinase domain in CLK1.  

4.3 Discussion 

Protein kinases use a variety of recognition mechanisms for efficient substrate 

phosphorylation. In general, docking grooves within the kinase core or flanking auxiliary domains 

secure the protein substrate in position for efficient phosphoryl transfer.  However, CLKs are 

unique among the kinases in that they lack such structured elements and instead use disordered N-

terminal extensions for substrate recognition and phosphorylation. Our laboratory showed that 

both the binding affinity and hyper-phosphorylation rate of the SR protein SRSF1 are heavily 

compromised in the absence of the N-terminus (37). This enhancement in SR protein 

phosphorylation induced by a disordered segment is positively coupled to the oligomerization state 

of CLK1.  Furthermore, oligomerization may also facilitate the selection of this physiological 

substrate over non-physiological substrates. Hence, understanding the structural details of CLK1 

oligomerization is of vital importance for understanding the mechanism of SR protein recognition 

as well as possible means of therapeutic intervention given the link of CLKs to cell proliferation 

and cancer.  

To understand how CLK1 assembles into large oligomers we focused on identifying 

potential regions in the N-terminus that are indispensable for oligomerization. Interestingly, 

although the N-terminus is essential for CLK1 oligomerization, there does not appear to be 

significant sequence conservation among the N-termini within the larger CLK family (Fig. 4.13). 

In fact, less than 15% of residues on the N-terminus are conserved among all four isoforms. Given 

this observation, we elected to make broad deletions in the N-terminus to identify potentially 

relevant sequences.  Overall, by studying N-terminal deletions of CLK1 or deletions of a GST 

fusion construct of the N-terminus, we found that residues in blocks 1 and 2 are particularly 
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important for the generation of the CLK1 oligomer.  It will be interesting to probe further the first 

100 residues in the N-terminus to see whether smaller regions in either block or perhaps a sequence 

that overlaps both blocks are critical for oligomerization of CLK1.  

Disorder prediction programs suggest that the N-terminus of CLK1 is an intrinsically 

disordered domain (IDR). IDRs are often called ‘protein interaction hubs’ owing to their ability to 

adopt many conformations that can accept a wide range of binding partners (11). The amino acids 

in IDRs usually lack sequence diversity, with a limited subset of polar and charged residues 

constituting most of the sequence. The minimal representation of hydrophobic residues in an IDR 

may prevent the formation of a hydrophobic core and help induce disorder. On comparing the 

sequences of the N-termini within the CLK family, we find mostly charged (both positive and 

negative) and polar residues (Fig.4.13). While these sequence analyses might suggest that the N-

N interactions are driven by electrostatic forces, our findings on the nature of N-N interactions tell 

a different story. We found that the N-N interactions are largely driven by aromatic residues. Such 

protein self-association mediated by aromatic residues in IDRs has been reported in a few other 

proteins like FUS and hnRNPA1 (15,30). Very recently, a ‘sticker and spacer’ model was proposed 

to explain the self-association of hnRNPA1 to form liquid condensates (34). According to this 

model, IDRs have ‘sticker’ residues (in this case aromatic residues) that act as non-covalent 

intermolecular crosslinkers. Stickers are separated by ‘spacers’ that do not interact with each other. 

Studies show that a uniform spacing of stickers is necessary to ensure that the strength of the 

interaction is strong enough to promote oligomerization but weak enough to prevent forming 

insoluble, solid aggregates (34). Coupling our results that the N-N interactions are driven by 

tyrosines with the previously known fact that CLK1 is a component of nuclear speckles (33), it is 
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Figure 4.13. Alignment of N-terminal sequences of all the four isoforms of CLK. Charged 
residues constitute majority of the sequence. All acidic residues (negative charges) are colored 
red and basic residues (positive charges) are colored green. * indicates a single, fully conserved 
residue, : indicates a conservation between groups of strongly similar properties, and . indicates 
a conservation between groups of weakly similar properties. 

Kinase domain 
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highly likely that CLK1 oligomerization can also be explained by this sticker and spacer model.   

Although previous studies showed that the N-terminus mediates oligomerization, most 

likely through N-N interactions (33), we found that N-K interactions also play an important role 

in CLK1 oligomerization. Among the three blocks of the N-terminus probed in our studies, blocks 

1 and 3 form dominant interactions with the kinase domain in pull-down assays whereas block 2 

shows only minimal contacts. These findings suggest that blocks 1 and 3 could potentially form 

both intramolecular and intermolecular contacts with the latter supporting CLK1 oligomerization.  

To address the latter possibility, we took advantage of results from a mutant form of the N-terminus 

(GST-N(Y-L)) that we found is not capable of forming an oligomeric species.  Such findings 

strongly indicate that N-N contacts are driven by aromatic interactions and that removal of these 

contacts in the full-length CLK1 should lead to a monomeric kinase.  Surprisingly, we found that 

removal of all tyrosines in the N-terminus did not abolish oligomerization in CLK1. However, 

tyrosine-to-leucine mutations throughout the N-terminus had an effect on oligomer size.  We 

interpret such findings to mean that the N-terminus induces CLK1 oligomerization through two 

modes of intermolecular contacts within CLK1.  The N-terminus joins CLK1 monomers together 

through N-N interactions that are driven by aromatic residues and N-K interactions that do not 

require such residues.  An interesting question that arises here is why two different interaction 

modes are needed to drive oligomerization when either one alone induces oligomer formation. One 

possible explanation is that the two complementary interactions make the oligomerization more 

stable. We noticed that CLK1(Y-L) formed fewer and polydispersed oligomers than CLK1 at 

identical concentrations, a structural switch that might impair catalysis. Since oligomerization is 

also an activation mechanism, both N-N and N-K interactions might be required for efficient SR 

protein phosphorylation by CLK1. 
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Our structural and binding data strongly suggest CLK1 forms large oligomers by exploiting 

both intrasteric N-N and N-K interactions.  To understand how such contacts impact the structure 

of the catalytic centers in the oligomer we used H/D exchange experiments.  Our findings suggest 

that the N-terminus likely binds the kinase domain since the latter is heavily protected from amide 

backbone exchange in full-length CLK1 compared to CLK1 lacking its N-terminus (CLK1(DN)). 

The solvent inaccessibility of the kinase domain in the presence of the N-terminus suggests that 

the oligomer is a compact structure that is brought together by N-N and N-K interactions, an 

observation also supported by our TEM results. Although we did not detect any K-K interactions 

in CLK1(DN), the N-K interactions in the oligomer might bring together multiple kinase domains 

in the oligomer. There can be many advantages with the kinase functioning as an oligomeric 

system rather than a monomeric unit. When the kinase domains are in proximity in such an 

oligomeric complex, activation loop autophosphorylation might be facilitated, resulting in an 

enhanced activity. CLK autophosphorylation on activation loop tyrosine residues has been shown 

before (38,39). Such proximity-induced autophosphorylation is known to be the activation 

mechanism of many kinases like receptor tyrosine kinases (40) and Ca2+/CamKII (7). Additionally, 

when the kinase is oligomeric, there are many N-termini on each oligomeric unit that can enhance 

the efficiency of substrate recruitment.  

Based on all the insights that we gathered on the structural details of CLK1 oligomerization 

in this chapter, we propose a model for the oligomeric structure in Fig. 4.14. The figure summarizes 

how N-N interactions and blocks 1 and 3-mediated N-K interactions lead to oligomer formation. 

While N-N interactions are driven by tyrosine residues diffused throughout the N-terminus, N-K 

interactions are localized to K/R residue patches on block 1.  
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4.4. Conclusions 
 

Since the N-terminus was indispensable for oligomerization and because self-association 

of RS like domains is a well-established fact, the CLK1 oligomerization was thought to be driven 

solely by N-N interactions. However, in this study, we show that CLK oligomerization is driven 

by a combination of N-N and N-K interactions. The two interactions are complementary and the 

absence of one interaction does not nullify oligomer formation in its entirety. We also show that 

aromatic interactions drive N-N interactions, but not N-K interactions. The two interactions 

Figure 4.14. N-N and N-K interactions drive CLK1 oligomerization. 
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together lead to the formation of a compact oligomer that makes the kinase domains solvent 

inaccessible. Since oligomerization is CLK’s activation mechanism, how does this oligomerization 

enhance the substrate phosphorylation becomes an interesting question. The impact of N-terminus 

mediated oligomerization on SRSF1 phosphorylation will be the focus of our study in the next 

chapter. 

Chapter 4 is currently being prepared for submission for publication of the material: 

George A, Aubol BE, Adams JA. The dissertation author was a primary investigator and  author 

of this paper. 

Chapter 4 contains unpublished material with co-authors. George, Athira; Li, Sheng; 

Adams, Joseph A. The dissertation author was a primary investigator and author of this paper. 
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Chapter 5 
 

Phosphorylation kinetics of CLK1 

Abstract 
 

The oligomerization of CLK1 is a substrate selection mechanism that allows CLK1 to 

recognize its physiological substrates over non-physiological substrates. In this chapter, we 

investigate the impact of CLK1 quaternary structure on its hyper-phosphorylation activity (i.e.- 

serine-proline phosphorylation). Our studies show that there is a strong correlation between the 

quaternary structure of CLK1 and SRSF1 hyper-phosphorylation. Although weakening oligomer 

formation by removing N-K interactions slows the rate of hyper-phosphorylation, severing N-N 

interactions through tyrosine mutations leads to the complete loss of hyper-phosphorylation 

activity.  
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5.1. Introduction 

The phosphorylation levels of SR proteins are highly important for splicing function. Early 

in vitro assays showed that both hypo- and hyper-phosphorylation of SRSF1 is inhibitory for 

splicing of a reporter gene suggesting that SR protein phosphorylation status needs to be delicately 

balanced (1).  SRPK1-dependent phosphorylation in the cytoplasm has been shown to promote 

migration of SRSF1 to the nucleus where it largely resides in storage speckles.  Hyper-

phosphorylation of SRSF1 by nuclear CLK1 then releases SRSF1 from these speckles allowing 

early assembly events in the spliceosome (2). On the other hand, dephosphorylation of SR proteins 

is necessary for later stages of spliceosome development and for catalysis of the second trans-

esterification reaction. SR protein phosphorylation kinetics of two families of kinases have 

received considerable attention in the last two decades: SRPKs and CLKs. Structurally, the two 

families of kinases possess a canonical kinase domain fold with an N-lobe and a C-lobe but differ 

significantly outside these core elements (3,4).  These differences likely play important roles in 

their biological function with respect to splicing regulation. 

Although SRPK1 and CLK1 both target RS domains in SR proteins, their phosphorylation 

kinetics and substrate specificities are very different (5). Kinetic assays and mass spectrometric 

detection of phosphorylated peptides of SRSF1 revealed that SRPK1 rapidly phosphorylates about 

10 serines while CLK1 phosphorylates up to 20 sites at a much slower rate (6).  SRPK1 has a 

strong preference for the N-terminal residues (RS1) while CLK1 phosphorylates both RS1 and 

RS2 with equal efficiency (Fig.1.4B and Fig.1.5D) (7). Single-turnover progress curves for SRSF1 

phosphorylation are best fit to a biexponential function indicating that SRPK1 phosphorylation 

happens in two distinct phases: a fast phase with a t1/2 of less than 0.3 minutes followed by a much 

slower phase with a t1/2 of about 10 minutes. The fast phase is associated with RS1 phosphorylation 
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whereas the slow phase is reflective of RS2 phosphorylation. It has also been demonstrated that 

the two kinases can act synergistically. CLK1 not only can phosphorylate SRSF1 alone but also 

can phosphorylate RS domains that are pre-phosphorylated by SRPK1 (6). MALDI analyses have 

also shown that neither CLK1 nor SRPK1 phosphorylates residues on RRMs suggesting that both 

kinases strictly target RS domains (8). Although both kinases modify Arg-Ser dipeptides, CLK1 

possesses the additional capacity to phosphorylate Ser-Pro dipeptides in SR proteins.  Prior work 

from our lab showed that CLK1 modifies three Ser-Pro dipeptides in the RS2 segment inducing a 

characteristic hyper-phosphorylation state for SRSF1 viewed as a slow-migrating band on SDS-

PAGE (6). This modification has significant effects on cellular function promoting release of 

SRSF1 from nuclear storage speckles, attachment to U1 snRNP in the early spliceosome, and 

widespread changes on alternative mRNA splicing patterns (9). 

Kinases that phosphorylate more than one site on a substrate can utilize either a processive 

or a distributive mechanism. In a processive phosphorylation mechanism, the kinase binds the 

substrate and phosphorylates all sites before releasing the final phospho-product. On the other 

hand, in a distributive phosphorylation mechanism, the substrate is released from the kinase after 

each phosphorylation event before re-binding to the active site occurs. Since SR proteins are 

phosphorylated at numerous sites,  specialized kinetic strategies are necessary to evaluate the 

nature of the phosphorylation mechanism (10). In the start-trap experiment, developed previously 

in our lab (10), a pre-incubated complex of kinase and substrate is mixed with ATP to initiate 

phosphorylation (start) and then trapped by the addition of a large amount of kinase dead enzyme 

(trap). If the kinase is distributive, intermediate phospho-products will be released from the active 

site and tightly bound by the trap, halting further phosphorylation steps. If the mechanism is 

processive, no intermediate phospho-products are released and fully phosphorylated substrate is 
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detected. Start-trap experiments have shown that both SRPK1 phosphorylation of RS1 and CLK1 

phosphorylation of the entire RS domain are processive (8). To support a multi-step, processive 

phosphorylation reaction, the kinase needs to bind with high affinity to the substrate and its 

phospho-intermediate forms prior to release of the fully phosphorylated product.  Indeed, the 

affinity of SRSF1 to both CLK1 and SRPK1 is unusually high compared to most kinase-substrate 

pairs with Km values in the low nanomolar range (6).   

Having shown the processive nature of both kinases, the next interesting question is how 

multi-site phosphorylation occurs.  Both SRPKs and CLKs bind RS domains in SR proteins 

phosphorylating serines that frequently reside in lengthy, consecutive Arg-Ser repeats. To address 

how phosphates are added, our lab developed an engineered Lys-C footprinting assay to test 

whether either kinase adds phosphates onto the RS domain of SRSF1 in either a random or 

directional (N-to-C or C-to-N) manner. In this assay, a lysine residue is placed in the middle of the 

RS1 domain and the substrate is then digested with Lys-C as a function of phosphorylation (7). 

The number of phosphates incorporated in both segments is then analyzed showing that SRPK1 

phosphorylates RS1 in a C-to-N direction. Using variable cleavage sites throughout the RS 

domain, our lab showed that SRPK1 initiates phosphorylation at the C-terminal end of RS1, 

(residues 221-225), whereas CLK1 initiates randomly in the RS domain, thus, displaying no 

specific directionality (11).  

Both CLK1 and SRPK1 bind SRSF1 very tightly with similar Km values (approx. 100 nM). 

However, since Km values are not always reflective of true dissociation constants, competition 

assays were previously performed to determine Ki values for both kinases. Such studies showed 

that SRSF1 binds to CLK1 with a 10-fold greater affinity than SRPK1 (6).  Measured binding 

affinities also revealed that while SRPK1 showed a preference for RS1, CLK1 makes extensive 
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contacts with the entire RS domain, an observation consistent with its broader regiospecificity (6). 

Additionally, competition assays also found that the deletion of RRM2 results in large decreases 

in binding affinities to CLK1, suggesting that RRM2 makes contacts with the kinase. A pull-down 

assay with GST-tagged RRM2 and CLK1 also confirmed that CLK1 interacts with RRM2. For 

SRPK1, the Ki value for RRM2 was about 25-fold higher than that of CLK1, indicating that 

interaction of SRPK1 with RRM2, in the absence of the RS domain is very weak. However, an X-

ray structure of SRPK1 in complex with RRM2-RS1 (PDB ID: 3BEG) shows that RRM2 makes 

contacts with the N-lobe of SRPK1, but the RRM2 interaction is most likely facilitated by the 

docking groove occupancy of RS1 residues.   

In addition to differences in phosphorylation regiospecificity within the RS domain, CLK1 

and SRPK1 also differ in their rate-limiting steps. SRPK1 has a fast phosphoryl transfer step (kp ~ 

30 sec-1) and is rate limited by the slower  ADP release step (koff ~ 0.5 sec-1) (12). Deletion analyses 

indicated that regions from the disordered regions in the N-terminal extension and the spacer insert 

domain function cooperatively to facilitate nucleotide exchange (13). SRPK1 phosphorylation is 

also remarkably ordered. The crystal structure of SRPK1 bound to a substrate peptide revealed an 

acidic docking groove that is away from the active site (14). Further studies also unraveled a unique 

‘feeding’ mechanism mediated by sliding docking interactions (15). In this mechanism, the C-

terminal residues of RS1 bind to the docking groove and is sequentially fed into the active site in 

two-residue increments as phosphorylation continues. As more serines get phosphorylated, the 

buildup of negative charge leads to the unfolding of b4 (residues 190-196) in RRM2 and binding 

to the docking groove facilitating product release (16).  These findings provide a strong 

mechanistic foundation for the C-to-N directional mechanism observed in LysC footprinting 

experiments (7).  CLK1, on the other hand, has a slow, rate-limiting phosphoryl transfer step most 
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likely due to the absence of a structured docking groove. The X-ray structures of the CLK kinase 

domains show unique insertions that block access to any potential docking groove in the C-lobe 

(4). The absence of a docking groove most likely explains the lack of directionality in CLK1 

phosphorylation. In addition to this, CLK1 binds tightly to both phosphorylated and 

unphosphorylated SRSF1 making product release a daunting task. However, our lab showed 

previously that release of phosphorylated SRSF1 is greatly facilitated by the binding of SRPK1 

and formation of the CLK1-SRPK1 complex.  SRPK1 binds tightly to the N terminus of CLK1, 

thereby severing contacts between the N-terminus and the RS domain and releasing 

phosphorylated SRSF1 from CLK1 (17).  

The 150-residue N-terminus of CLK1, composed of numerous disorder-promoting residues 

(Fig. 5.1A), is indispensable for SR protein recognition and phosphorylation. In the absence of the 

N-terminus, SRSF1 binding and phosphorylation are significantly impaired.  For example, GST-

SRSF1 readily pulls down CLK1, but not CLK1(DN) (18). While CLK1 can phosphorylate about 

18 sites on SRSF1, CLK1(DN) phosphorylates only 6 sites. The N-terminus mediated activation 

has also been demonstrated for other SR proteins, including SRSF2, SRSF5 and the SR-like 

protein Tra2b. In addition to general decreases in phosphoryl content, CLK1(DN) is not able to 

phosphorylate Ser-Pro dipeptides, a feature unique to CLK1. Ser-Pro phosphorylation manifests 

as a gel shift on the autoradiograms, arising from an altered conformational landscape possibly 

induced by cis-trans isomerization of prolines. Hyper-phosphorylation of Ser-Pro dipeptides has 

been shown to be essential for a multitude of downstream functions, starting with speckle 

dissociation, cooperative binding to pre-mRNA splice sites, and subsequent dephosphorylation by 

protein phosphatase 1 (PP1) (2,11).  



 113 

Lacking a docking groove similar to SRPK1, CLK1 instead uses a non-traditional 

recognition mechanism to select for its physiological substrates, the SR proteins.  Prior studies 

from our lab showed that the N-terminus interacts directly and with high affinity to the RS domain 

in SRSF1 (19).  Interestingly, the N-terminus also induces oligomerization which correlates with 

higher CLK1 specific activity (v/[E]) towards SR proteins compared to other non-physiological 

substrates like myelin basic protein (MBP) (19). In addition to controlling recognition and Ser-Pro 

dipeptide specificity, the N-terminus is also essential for recruiting CLK1 into nuclear speckles 

(19). However, while the role of the N-terminus with regard to these phenomena are well 

documented, how it controls substrate interactions and the oligomerization state of CLK1 for 

catalytic function at a residue-specific level is still poorly understood.  In this chapter, we will 

address how the N-terminus activates CLK1 for SRSF1 phosphorylation and how such activation 

is linked to the oligomerization state of the kinase. 

5.2. Results. 

5.2.1. Deletion of any single block does not impair SRSF1 hyper-phosphorylation or binding. 

In order to investigate how the N-terminus modulates the binding and phosphorylation of 

SRSF1, we first verified that CLK1 shows a much higher activity than CLK1(DN) in single-

turnover kinetic assays as previously reported (18). We purified CLK1 from baculovirus infected 

Hi5 cells and CLK1(DN) construct, that has the entire N-terminus deleted, from E.coli. We noticed 

that CLK1, but not CLK1(DN), induced a slower-migrating, gel-shifted band (i.e.- hyper-

phosphorylation) for SRSF1 confirming that the deletion of the N-terminus completely abolishes 

Ser-Pro phosphorylation (Fig. 5.1B,C). We also tried to test the importance of the N-terminus for 

SRSF1 binding by measuring the Km values of CLK1 and CLK1(DN) under steady-state 

conditions. While we measured a Km of about 100 nM for CLK1, the Km for CLK1(DN) was  



 114 

 

 

 
 
  Figure 5.1. CLK1 N-terminus induces hyper-phosphorylation (A) CLK1 N-terminus (B) 32

P-
Autoradiograms and single turnover progress curves showing SRSF1 hyper-phosphorylation with 
CLK1 but not with CLK1 (∆N). (D) Steady state v/[E] vs [SRSF1] for CLK1 and CLK1 (∆N).  
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indeterminate under our experimental conditions as the initial velocity did not saturate in the 

SRSF1 concentration range tested (Fig. 5.1 D). SRSF1 tends to aggregate and precipitate when 

added into activity assay mixtures beyond a concentration of 2 µM, limiting our ability to measure 

the initial velocity at SRSF1 concentrations above this limit.  However, considering this technical 

shortcoming, it is likely that the N-terminus enhances the observed SRSF1 binding affinity by a 

minimum of 20-fold.  Thus, the deletion of the N-terminus has dramatic impacts on both Ser-Pro 

hyper-phosphorylation and SRSF1 binding affinity.   

Next, we expressed and purified several deletion mutants in insect cells using baculoviruses 

(Fig. 5.2A). Three single-block deletions CLK1(D1), CLK1(D2), and CLK1(D3) that remove 

approximately 50 residues each were purified and their activities towards SRSF1 were measured 

in single-turnover kinetic assays. We observed gel-shifted bands in the autoradiograms of SRSF1 

using wild-type and all three single-block deletions, indicating that any two blocks support Ser-

Pro hyper-phosphorylation (Fig. 5.2B). Phosphorylated products were quantified and plotted as a 

function of time (Fig. 5.2C). The curves for total SRSF1 phosphorylation (Total-P) were fitted to 

double exponential functions whereas those for hyper-phosphorylation (Hyper-P) were fitted to 

single exponential functions to obtain initial velocities and maximum amplitudes for the latter (Fig. 

5.2D). With regard to total phosphorylation, we noticed that the maximum amplitudes for none of 

the single block deletions were significantly compromised relative to CLK1 although CLK1(D1) 

seemed to phosphorylate with a smaller initial velocity than that for CLK1 (Fig 5.2C). Since hyper-

phosphorylation at Ser-Pro dipeptides is a unique feature of CLK1, we focused attention on the 

impact of deletions on hyper-phosphorylation. Surprisingly, while CLK1(D1) was slightly slower 

than CLK1, the deletion of block 2 in CLK1(D2) resulted in an enhanced hyper-phosphorylation 
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  Figure 5.2. Single block deletion mutants retain substrate binding and hyper-

phosphorylation (A) Single block deletions (B). 32
P-Autoradiogram of single turnover 

assays with single block deletions (C) single turnover progress curves of total product (upper 
panel) and hyper-phosphorylated product (bottom panel) with single block deletions. (D) 
Velocities and maximum amplitudes from (C) after fitting to single exponential function (E) 
Steady state v/[E] vs [SRSF1] for CLK1 single block deletions. (F) Measured kcat and Km 

values from (E). 
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both in terms of amplitude and velocity (Fig. 5.2D). This gain-of-function result is particularly 

remarkable as it suggests that the N-terminus, while a strong activator of SR protein hyper-

phosphorylation, may contain some inhibitory sequences. 

 Next, we measured the SRSF1 Km values for single-block deletions using steady-state 

kinetics. The initial velocities were measured by quantifying the amount of phosphorylated product 

formed 5 minutes after initiating the reaction. The velocities were plotted as a function of 

increasing SRSF1 concentration (Fig. 5.2E) and the data were fitted to a quadratic equation to 

obtain kcat and Km values (Fig. 5.2F). The SRSF1 Km values of the single-block deletions are 

comparable to that measured for CLK1, indicating that observed SRSF1 binding affinity is not 

affected by the deletion of any specific fifty-residue block. This suggests that SRSF1 binding might 

be sequence-insensitive as any sequence-specific binding will be reflected in a higher Km.  It was 

observed previously from Ki experiments that the CLK1 N-terminus makes extensive contacts 

with the RS domain with no specificity for any region within the RS domain (6), also hinting 

towards sequence insensitive binding. The kcat values, however, showed a few variations between 

constructs. While CLK1(D1) showed a slightly smaller kcat than CLK1, CLK1(D2) and CLK1(D3) 

displayed higher kcat values with CLK1(D2) showing the greatest effects. Overall, the data from 

single-turnover and steady-state kinetic studies suggest that the disordered N-terminus greatly 

activates the kinase domain of CLK1 toward SRSF1 hyper-phosphorylation but that some 

sequences may play repressive roles.  CLK1(D2) is a more efficient kinase than CLK1, particularly 

with respect to hyper-phosphorylation. Furthermore, CLK1(D2) is also a more effective catalyst 

than the wild-type CLK1 based on traditional measurements such as kcat/Km which monitors 

phosphorylation rates at limiting substrate concentration.   
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5.2.2. Deletion of two blocks does not affect hyper-phosphorylation but impairs binding. 

Next, we purified three double-block deletion constructs, CLK1(D12), CLK1(D13), and 

CLK1(D23), and monitored their catalytic activities toward SRSF1 (Fig. 5.3A). Under single-

turnover kinetic conditions, we looked for any impairment in hyper-phosphorylation. We found 

that all three double deletions were capable of Ser-Pro phosphorylation, as could be seen by the 

presence of an upper band on the autoradiograms (Fig. 5.3B). We next quantified the products 

formed and then fitted the single-turnover progress curves to single exponential functions to get 

the velocities (Fig. 5.3C,D). While there was a slight decrease in the initial velocities for 

CLK1(D12) and CLK1(D13) while monitoring the hyper-phosphorylation phases (Fig. 5.3C, lower 

panel), we noticed that CLK1(D23) was faster than CLK1. This was a surprising finding as 

CLK1(D23), which has only fifty residues more than CLK1(DN), was faster than CLK1 in hyper-

phosphorylation. We also noticed that CLK1(D23) formed almost as much hyper-phosphorylated 

product as CLK1 did.  Interestingly, CLK1(D23) removes block 2 which we found in our single-

block deletion experiments to play a repressive role in SRSF1 phosphorylation (Fig. 5.2).  Thus, 

it appears that removal of block 2, even in context of a secondary deletion in block 3, activates the 

kinase domain relative to wild-type CLK1. 

We measured the binding affinities of the two-block deletion mutants with SRSF1 by 

measuring Km values in plots of initial velocity vs total substrate concentration. Interestingly, we 

observed much weaker binding of SRSF1 to CLK1(D12) and CLK1 (D13). The measured Km for 

SRSF1 was five-fold higher for CLK1(D13) and CLK1(D12), indicating that if the length of the 

N-terminus is shortened by 100 residues or more, the SRSF1 binding affinity is weakened. 

CLK1(D23), however, was an exception to the observed trend of higher Km values. The binding 

affinity for CLK1(D23) was comparable to that of CLK1. This is surprising as we have shown  
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  Figure 5.3. CLK1 two-block deletions retain hyper-phosphorylation but substrate binding is 

impaired.  (A) Two-block deletions (B). 32
P-Autoradiograms of single turnover assays with 

double block deletions (C) Single turnover progress curves of total product (upper panel) and 
hyper-phosphorylated product (bottom panel) with single block deletions. (D) Velocities and 
maximum amplitudes from (C) after fitting to single exponential function (E) Steady state 
v/[E] vs [SRSF1] for CLK1 two block deletions. (F) Measured kcat and Km values from (E). 
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from pull-down assays that sequential deletion of the N-terminus lowers SRSF1 binding affinity. 

However, we may have strengthened the interaction with SRSF1 through some non-natural 

interactions as in CLK1(D23) as block 1 is placed next to the kinase domain in this deletion 

construct. Another noteworthy finding from this is that all three two-block deletions have a five-

fold higher kcat, possibly due to the weak binding. Since CLK1 binds strongly to both 

phosphorylated and unphosphorylated SRSF1, product release can be inhibitive under steady state 

conditions. Weakened binding of SRSF1 in two-block deletions can also result in faster release of 

phosphorylated product manifesting in a higher turnover. Although we observed some differences 

in SRSF1 binding and Ser-Pro phosphorylation with the sequential deletion of the N-terminus, 

surprisingly, the deletion mutants retained their hyper-phosphorylation with any fifty-residue 

stretch of the N-terminus attached to the kinase domain. The need for having a 150-residue long 

stretch of disordered N-terminus was intriguing when a 50-residue stretch could almost be equally 

productive. Since, inside cells, CLK1 functions along with SRPK1 as a symbiotic kinase complex, 

we decided to investigate the impact of N-terminal deletion on SRPK1 activation. 

5.2.3. SRPK1 activates CLK1 deletions.  

Our laboratory demonstrated that SRPK1 forms a complex with CLK1 that enhances CLK1 

mediated hyper-phosphorylation of SR proteins (20,21). Since previous studies have shown a 

correlation between the quaternary structure of CLK1 and catalytic activity (19), we wished to 

understand if SRPK1 alters the oligomeric structure of CLK1 in anyway. While CLK1 is known 

to form oligomers through its disordered N-terminus, SRPK1 is not known to form oligomers. We 

confirmed these results using negatively stained transmission electron microscopy (TEM) (Fig. 

5.4). Next, we looked at a preincubated CLK1:SRPK1 complex (CLK1:SRPK1 ≈1:3) under the 

microscope and found that, in the presence of SRPK1, CLK1 formed larger superstructures. While 
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CLK1 oligomers were about 20 nm in diameter, SRPK1 induced the formation of larger assemblies 

that appeared to have stitched together several individual units of CLK1 oligomers. Since we know 

that the CLK1-SRPK1 complex is a much more efficient system than either enzyme individually, 

it is also possible that the assembly into larger superstructures also contributes to the enhanced 

efficiency.  

 

 

 

 

 

 

 

Since CLK1 binding to SRPK1 is mediated by the N-terminus, we were interested in 

investigating how the enhancement of hyper-phosphorylation is affected upon deletion of the N-

terminus. Single-turnover kinetic assays were performed with CLK1 single-block deletions in the 

presence and absence of SRPK1 (Fig. 5.5A). We observed that the hyper-phosphorylation phases 

for all CLK1 deletions are remarkably faster in the presence of SRPK1 (Fig. 5.5B). The 

autoradiograms showed a predominant upper band within only 10 minutes of reaction time. The  

Figure 5.4. SRPK1 binding induces the formation of larger CLK1 oligomers. Negative 
stained micrographs of (A) CLK1 alone (B) CLK1-SRPK1 complexes and C) SRPK1 alone. 
The inset shows the magnified view of a small region in the figure. The arrows show CLK-
SRPK complexes. Scale bar: 500 nm. 
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  Figure 5.5. SRPK1 activates CLK1 single block deletions (A) 32

P-Autoradiograms of 
single turnover assays with single block deletions  (B). Single turnover progress curves of 
hyper-phosphorylated product of single block deletions in the presence and absence of 
SRPK1. (C) Velocities from (B) after fitting to single exponential function (D) Relative 
enhancement in velocities observed in the presence of SRPK1.  



 123 

 Figure 5.6. SRPK1 activates CLK1 two-block deletions (A) 32
P-Autoradiograms of single 

turnover assays with two-block deletions  (B). Single turnover progress curves of hyper-
phosphorylated product of two-block deletions in the presence and absence of SRPK1. 
(C) Velocities from (B) after fitting to single exponential function (D) Relative 
enhancement in velocities observed in the presence of SRPK1.  
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relative velocities of the hyper-phosphorylation phases were, at least, 4-fold faster in the presence 

of SRPK1 for all single-block deletion constructs, with the highest enhancement observed with 

CLK1(D1) (Fig. 5.5 C,D).  

Next, we performed single-turnover kinetic assays with the two-block deletions in the 

presence and absence of SRPK1 (Fig. 5.6A). All two-block deletions also showed an enhanced 

hyper-phosphorylation rate in the presence of SRPK1, with the highest enhancement observed for 

CLK1(D12) (Fig. 5.6B,C). When comparing the effects of both single- and double-block deletions, 

SRPK1 enhanced the hyper-phosphorylation rates for CLK1(D1) and CLK1(D12) to the greatest 

extent.  Interestingly, these two constructs are also the weakest catalysts with respect to Ser-Pro 

phosphorylation in the absence of SRPK1. While SRPK1 also enhanced hyper-phosphorylation in 

constructs like CLK1(D2) and CLK1(D23) that showed strong Ser-Pro phosphorylation in the 

absence of SRPK1, the relative enhancement was modest. Overall, these results suggest that 

residues in block 1 are not only important for facilitating the hyper-phosphorylation phase 

catalyzed by CLK1 alone but also play a key role in SRPK1-dependent enhancement of this hyper-

phosphorylation phase. 

5.2.4. Low ionic strength enhances hyper-phosphorylation. 

Previous studies had shown that CLK1 formed larger oligomers with increasing 

concentrations and that such quaternary changes correlate with higher SRSF1 phosphorylation 

efficiency (19). These studies suggest that oligomerization is likely to enhance CLK1 catalytic 

function by facilitating substrate binding and/or phosphoryl transfer rates. Since both CLK1 and 

SRSF1 are highly prone to aggregation, both proteins are more stable at high salt (e.g., 500 mM 

NaCl) for long storage. Complete removal of salt from the buffer results in precipitation of the 

proteins. We considered studying the impact of lowered salt concentrations on CLK1 activity. All 
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single-turnover kinetic assays performed so far were done in buffers containing 225 mM NaCl. To 

test if a lowered salt concentration would affect SRSF1 phosphorylation, we first ran single-

turnover kinetic assays on CLK1 and CLK1(DN) with 50 mM NaCl in the assay buffer for 

comparison. We noticed that while lower salt did not have a significant effect on the rate of 

appearance of the hypo-phosphorylated SRSF1 form, it enormously enhanced both the initial 

velocity and the amplitude of the hyper-phosphorylation phase (Fig. 5.7 A).  Overall, lower buffer 

salt concentration greatly increased the ability of the hypo-phosphorylated form to shift to the 

hyper-phosphorylated form. In comparison, lower buffer salt appeared to have no effect on 

CLK1(DN) phosphorylation of SRSF1.  Such findings suggest that ionic strength significantly 

impacts the core catalytic function of CLK1, namely Ser-Pro dipeptide phosphorylation. 

Next, we decided to investigate the impact of lower salt on the phosphorylation kinetics of 

the CLK1 deletions. Since all single-block deletions are oligomeric and did not show an 

impairment of hyper-phosphorylation in single-turnover kinetic assays, we decided to investigate 

the effects of lowered salt concentrations on the CLK1 two-block deletions. Among the three two-

block deletions, according to results presented in Chapter 4, CLK1(D12) is a monomer, but 

CLK1(D13) and CLK1(D23) are oligomers with 500 mM NaCl in the buffer. Single-turnover 

kinetic assays with two-block deletions were performed under high (225 mM NaCl) and low salt 

concentrations (50 mM NaCl). Similar to CLK1, all two-block deletions showed much faster 

kinetics at lower salt conditions (Fig. 5.7B). These results indicate that as long as there was a fifty-

residue stretch of N-terminus attached to the kinase domain, hyper-phosphorylation was enhanced 

under lower salt conditions. Although CLK1(D12) was found to be a monomer under high salt 

conditions, it is possible that CLK1(D12) could form oligomers at lower salt conditions. Our efforts 

to lower salt concentrations below 150 mM NaCl resulted in precipitation of CLK1(D12),  
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  Figure 5.7. Hyper-phosphorylation is enhanced under lower salt concentrations (A) 

Autoradiograms and single turnover progress curves of CLK1 and CLK1(∆N) at 225 mM 
and 50 mM NaCl. (B) Autoradiograms (upper panel) and single turnover progress curves 
(bottom panel) of CLK1 and CLK1(∆N) at 225 mM and 50 mM NaCl concentrations. 
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suggesting that CLK1(D12) is also aggregation prone at lower salt concentrations. Overall, results 

from salt dependency studies suggest that a lower ionic strength results in enhanced sequential 

hyper-phosphorylation. 

5.2.5. Weakened oligomerization in CLK1(Y-L) impairs hyper-phosphorylation. 

Since we showed that enhanced oligomerization correlates with enhanced hyper-

phosphorylation, we next decided to verify if the converse is also true: Does weakened 

oligomerization result in weakened hyper-phosphorylation? From the studies in the previous 

chapter, we found that CLK1(Y-L) which replaces all tyrosines in the N-terminus with leucines to 

disrupt N-N contacts still forms oligomers through N-K interactions. Both TEM images and DLS 

experiments showed that CLK1(Y-L) formed oligomers although such structures were smaller 

than those for the wild-type CLK1, consistent with the idea that N-K interactions play an important 

role in oligomerization along with the expected N-N interactions (Fig 4.8). We next tested the 

impact of removing N-N interactions by studying the phosphorylation kinetics of CLK1(Y-L) in 

single-turnover and steady-state kinetic conditions. Interestingly, under single-turnover 

conditions, CLK1(Y-L) completely loses the ability to hyper-phosphorylate and does not 

phosphorylate any more sites than CLK1(DN) (Fig.5.8A). This is a significant impact considering 

that even two-block deletions of CLK1 with just 50-residue long N-terminus can hyper-

phosphorylate, but CLK1(Y-L), with the 150-residue long N-terminus is no better than CLK1(DN) 

in phosphorylation (Fig. 5.8B,C). The SRSF1 Km measured under steady-state conditions, 

however, showed that CLK1(Y-L) has comparable binding affinity as wild-type CLK1 (Fig. 

5.8D,E). Taken together, these results suggest that in the absence of N-N interactions, Ser-Pro 

phosphorylation is completely abolished, without affecting SRSF1 binding. We next considered 

the possibility of Ser-Pro phosphorylation being mediated by p-p stacking interactions between 
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Figure 5.8. Hyper-phosphorylation is impaired in CLK1(Y-L). (A) 32
P-Autoradiograms of 

single turnover assays with CLK1(Y-L) (B) Single turnover progress curves of CLK1, 
CLK1(Y-L) and CLK1(∆N) (C) Velocities and maximum amplitudes from (D) after fitting to 
single exponential function (D) Velocity vs [SRSF1] curves to determine Km (E) kcat and Km 
for CLK1(Y-L) mutant.  
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  Figure 5.9. SRSF1 hyper-phosphorylation is not mediated by J-J stacking interactions 
between the enzyme and the substrate. (A) RS domain sequence of SRSF1 (Y-L) mutant. (B) 
Autoradiograms of SRSF1(Y-L) phosphorylation by CLK1.  
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SRSF1 RS domain and CLK1 N-terminus. The RS domain in SRSF1 has 3 tyrosine residues, with 

two of them placed right before the Ser-Pro dipeptides. We mutated the YSP to LSP in the 

SRSF1(Y-L) mutant and tested whether CLK1 could induce a gel-shift in the autoradiograms. 

Interestingly, CLK1 induced hyper-phosphorylation in SRSF1(Y-L) based on the observed gel 

shift (Fig.5.9B).  Such findings suggest that the ability of CLK1 to induce Ser-Pro phosphorylation 

in SRSF1 is not likely to be due to p-p stacking interactions between the CLK1 N-terminus and 

the SRSF1 RS domain. 

5.3. Discussion 

 Overall, the results presented here suggest that there is a strong correlation between the 

quaternary structure of CLK1 and hyper-phosphorylation. Enhancing the oligomerization of CLK1 

by bringing more CLK1 units together through the addition of SRPK1 or by lowering the ionic 

strength of the reaction mixture resulted in an enhanced hyper-phosphorylation. Weakening the 

oligomerization by removal of aromatic residues on the N-terminus results in complete loss of 

hyper-phosphorylation activity. This correlation, in fact, helps in explaining how oligomeric 

structure provides CLK1 with an optimal catalytic efficiency in the cellular context. Since CLK1 

and its substrate SRSF1 are found in nuclear speckles which are biomolecular condensates, the 

high concentration of CLK1 in speckles allow for tighter binding, oligomerization, and faster 

hyper-phosphorylation. 

Unlike hyper-phosphorylation, SRSF1 binding is solely dependent on the length of the N-

terminus. The SRSF1 Km for all single block deletions is comparable to that of CLK1. The Km for 

the two-block deletion constructs, CLK1(D12) and CLK1(D13), on the other hand, was five-fold 

higher than that of CLK1, implying weakened binding. CLK1(Y-L) mutant also showed a similar 

Km to that of CLK1, implying that tyrosines are not necessary for SRSF1 binding. Previous pull-
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down assays have shown that SRSF1 binding affinity decreases progressively with decrease in 

length of the N-terminus (22), also suggesting that the SRSF1 binding is dependent on the length 

of the N-terminus rather than being mediated by sequence-specific interactions. Since the nuclear 

import of CLK1 is mediated by piggybacking with SRSF1, a direct correlation between the length 

of the N-terminus and nuclear localization was also observed with the nuclear import of these 

deletion constructs in chapter 3. Two-block deletions with a five-fold higher Km expressed in the 

nucleus and in the cytoplasm, whereas all single block deletion constructs with unimpaired SRSF1 

Km expressed exclusively in the nucleus. Thus, while tyrosines are important for hyper-

phosphorylation, interactions between the N-terminus and RS domain are vital for CLK1 nuclear 

localization. 

Among all the deletion constructs used in this study, the hyper-phosphorylation kinetics of 

CLK1(D2) is remarkably faster. CLK1(D2) could also have an altered quaternary structure where 

the kinase domains are pulled closer together due to the N-K interactions from block 1 on an N-

terminus that is about 50 residues shorter than CLK1. While more structural studies have to be 

done to explain why CLK1(D2) is a more efficient kinase, based on our understanding so far, block 

2 is most likely inhibitive towards hyper-phosphorylation. This makes the question of the necessity 

of block 2 very intriguing.  

Hyper-phosphorylation at Ser-Pro dipeptides in SR proteins is a feature unique to CLK1. 

The functional consequences of Ser-Pro phosphorylation vary immensely and ranges from 

dissociation of SRSF1 from speckles to enhanced RNA binding. As discussed in this chapter, the 

quaternary structure of CLK1 has a heavy impact on SRSF1 hyper-phosphorylation kinetics. The 

correlation between CLK1 quaternary structure and hyper-phosphorylation kinetics is shown in 

Fig. 5.10. CLK1(Y-L) mutant, with minimal N-N interactions, completely lost its ability to  
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Figure 5.10. Summary of the correlation between quaternary structure and phosphorylation 
kinetics of CLK1. N-N and N-K interactions lead are important for efficient oligomerization 
and activity of CLK1. The absence of N-N interaction completely abolishes hyper-
phosphorylation while the absence of N-K interactions slows down the velocity of hyper-
phosphorylation. 
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hyper-phosphorylate SRSF1, suggesting that the tyrosines on the N-terminus are essential for Ser-

Pro phosphorylation. Since the SRSF1 Km for CLK1(Y-L) is not very different from that of CLK1, 

substrate binding is mostly unaffected. Since CLK1(Y-L) forms oligomers that are solely mediated 

by N-K interactions, we know that such an oligomer is rendered ineffective in hyper-

phosphorylation. Next, we considered the impact of N-K interactions on hyper-phosphorylation of 

CLK1. Pulldown assays from chapter 3 show that block 1 and block 3 bind the kinase domain. 

However, the interaction of block 3 with the kinase domain is most likely an intrasteric interaction 

because CLK1(D12) is a monomer. This implies that the majority of the N-K interactions happen 

between the stretch of K/R residues on block 1 and the kinase domain (Fig. 4.8). CLK1(D1) is, 

therefore, a construct that lacks strong N-K interactions, and hence, the functional role of N-K 

interactions should be impaired in the phosphorylation kinetics of CLK1(D1). Although the total 

number of sites phosphorylated was unaffected, we found that the velocity of hyper-

phosphorylation was slightly compromised in CLK1(D1) under single turnover conditions. When 

both N-N and N-K interactions are present, CLK1 oligomerization is the most efficient, which 

inevitably results in faster hyper-phosphorylation kinetics. 

Based on our understanding of the CLK1 N-terminus and its role in regulating SRSF1 

hyper-phosphorylation gathered so far, an interesting question that arises here is the need for 

having a 150 residue-long N-terminus when hyper-phosphorylation was not impaired even in two-

block deletions. Our studies in this chapter were confined to SRSF1 hyper-phosphorylation. In a 

physiological context, the substrates of CLK1 and its binding partners are not confined to SRSF1 

alone. For example, recent studies from our lab have shown that CLK1 phosphorylates U1-70K. 

N-terminus has also been shown to be important for hyper-phosphorylation of several other SR 
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proteins and other proteins with RS-like domains like Tra2b (18). Hence, the need for having a 

long N-terminus maybe in regulating the phosphorylation of other physiological substrates.   

 

5.4. Conclusions  

Studies presented in this chapter suggest that there is a strong correlation between the 

interactions forming the quaternary structure of CLK1 and hyper-phosphorylation kinetics. An 

efficient oligomer formed from both N-N and N-K interactions are necessary for fast and efficient 

hyper-phosphorylation. Enhancing the self-association of CLK1 by the addition of SRPK1 or by 

lowering the ionic strength of the solution enhances the hyper-phosphorylation of CLK1. Lowering 

the affinity of CLK1 to self-associate by removing tyrosines results in complete loss of hyper-

phosphorylation activity.  

Chapter 5 is currently being prepared for submission for publication of the material: 

George A, Aubol BE, Adams JA. The dissertation author was a primary investigator and  author 

of this paper. 
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6.1 Conclusions 
 

Our studies illustrate how the disordered N-terminus regulates various functions of CLK1. 

Although CLK1 was always known to be a strictly nuclear kinase, the pertinent question of how 

the kinase enters the nucleus had long gone unanswered. Although early studies had speculated 

that the nuclear import of CLK/STY, the mouse form of CLK1, was mediated by a classical NLS 

on its N-terminus (1), we found that the nuclear import of CLK1 was not mediated by such a 

classical system. Instead, TRN-SR2, a karyopherin known for transporting SR proteins into the 

nucleus, is also responsible for bringing CLK1 into the nucleus (2). However, we found that TRN-

SR2 cannot bind to CLK1 directly but instead interacts indirectly with CLK1 through its 

phosphorylated SR protein substrate, SRSF1. We found that the N-terminus of CLK1 makes high-

affinity interactions with the RS domain of SRSF1 facilitating a piggyback mechanism where 

CLK1 transits from the cytoplasm to the nucleus attached to its physiological substrate which 

contains its own NLS, the phospho-RS domain. Although nuclear import by piggybacking has 

been reported previously in some rare cases (3), CLK1 nuclear import is unique since the binding 

domains responsible for this phenomenon are all intrinsically disordered. 

Previous findings from our laboratory had shown that CLK1 undergoes self-association 

mediated by its N-terminus and that this self-association serves as a substrate selection mechanism 

allowing CLK1 to discriminate between physiological and non-physiological substrates (4). 

However, investigating the structural aspects of oligomerization was a daunting task owing to the 

aggregation-prone nature of the protein and its lack of residue conservation. Through extensive 

mutagenesis studies, we deciphered that CLK1 oligomerization is not only mediated by N-N 

interactions, but also N-K interactions. The N-N interactions are mediated by tyrosine residues in 

the N-terminus and the N-K interactions are mediated by electrostatic interactions between the N-
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terminus and the kinase domain. While aromatic residues in intrinsically disordered regions have 

been shown previously to drive protein self-association (5,6), it had been suspected that the RS-

like nature of the CLK1 N-terminus would be the major driver of oligomerization, similar to RS 

domain-driven protein-protein interactions within the SR protein family.  In contrast to these 

prevailing ideas, we found that tyrosines rather than arginine-serine dipeptides facilitate N-N 

contacts in CLK1. Most importantly, we found that there is a direct correlation between the 

quaternary structure of the CLK1 oligomer and the phosphorylation kinetics. We found that 

oligomerization was necessary for fast and efficient serine-proline dipeptide hyper-

phosphorylation. Strengthening the oligomerization by lowering the ionic strength of the solution 

or adding SRPK1 results in an enhanced hyper-phosphorylation. Weakening the oligomerization 

by removing N-N interactions completely abolishes hyper-phosphorylation. Hopefully, knowledge 

of how the N-terminus mediates this plethora of CLK functions can be used in the future for 

manipulating CLK function in desirable ways.  

6.2 Future directions 

Our findings on how the disordered N-terminus modulates the binding and hyper-

phosphorylation of SRSF1 may be of immense therapeutic potential in the future. Inhibition of 

CLK1 can open doors to the treatment of several spliceopathies and cancers. In fact, a high-

throughput screen of small molecules to correct the cryptic splicing of lamin A/C (LMNA) gene 

causing the Hutchinson-Gilford progeria syndrome (HGPS) led to the discovery of new CLK4 

inhibitors (7). While most kinase inhibitors target the ATP-binding pocket on the kinase domains, 

enhancing inhibitor specificity and selectivity has always been a challenging task owing to the 

structural similarity in the ATP binding pockets of canonical kinases. Allosteric inhibition by 

designing drugs that bind at sites away from the substrate binding pockets of kinases has attracted 
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much attention in the past decade. Most CLK inhibitors known today also target the ATP binding 

pocket. However, as we deciphered the nature of interactions driving self-association of CLK1 

that activates the kinase towards hyper-phosphorylation of SR proteins, new strategies targeting 

the N-terminus for CLK1 inhibition can be envisioned. Although initial ideas on drugs targeting 

intrinsically disordered domains were received with skepticism, recent studies have had successes 

in designing drugs that bind unstructured regions. For example, in a recent study, a small molecule 

drug called trifluoperazine dihydrochloride was identified to bind the intrinsically disordered 

protein nuclear protein 1 (NUPR1) known to be involved in causing pancreatic ductal 

adenocarcinoma (PDAC) (8). Injection of this molecule was shown to completely arrest tumor 

development on xenografted PDAC derived cells on mice (7). A remarkably high proportion of 

proteins regulating diseases like cancers, neurodegenerative diseases and viral infections are 

intrinsically disordered, making ‘drugging the disorderome’ an enticing, but challenging idea (9). 

Small molecule CLK1 inhibitors, including the conventional CLK1 inhibitor TG003, have been 

shown to be effective in correcting the cryptic exon inclusion in the dystrophin gene that generates 

dysfunctional dystrophin protein causing duchenne muscular dystrophy (DMD) (10,11). Since 

oligomerization mediated by the disordered N-terminus is an activation and substrate selection 

mechanism for CLK1, inhibiting N-N interactions may be a new strategy for regulating hyper-

phosphorylation of SR proteins. Thus, the findings presented in this dissertation may open doors 

to new strategies for CLK1 inhibition. 
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