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 Splicing of pre-mRNA transcripts in eukayrotes is mediated by a complex 

macromolecule consisting of ribonucleoproteins and several accessory protein factors. 

The SR protein is one family of such factor. They are characterized by the presence of 

at least one N-terminal RNA recognition motif (RRM) and a C-terminal domain rich 

in arginine-serine dipeptides (RS domain), which are extensively phosphorylated by 

SRPK and Clk/Sty kinases.  

 It has been shown that SRPK1 bind ASF/SF2 with unusual high affinity and 

processively phosphorylates half of the RS domain. Our lab used structural studies to 

investigate this interaction and phosphorylation mechanism. Crystal structure of 

SRPK1:ASF/SF2 complex revealed bipartite interactions: RRM2 of ASF/SF2 contacts 

both lobes of the kinase and the RS domain binds to a docking groove in the kinase. 

ABSTRACT OF THESIS
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We have shown that this docking interaction is critical for phosphorylation and  

subcellular localization of ASF/SF2. My thesis works attempted to investigate the 

contribution of RRM2 to the high affinity interaction. My results showed RRM2 alone 

cannot bind SRPK1. Only after the RS domain has docked in the kinase groove, we 

saw enhancement in interaction with RRM2. We believe that the interaction at the 

interface of RRM2:SRPK1 is not affinity-based but is an allosteric-induced mode of 

interaction. This is consistent with a recent study showing that RS domain alone can 

initiate processive phosphorylation, but interaction with the RRM modules is required 

to maintain processitivity.   
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A. Pre-mRNA splicing  

The gene expression of eukaryotic cells is regulated at many stages that 

include transcription, mRNA splicing, translation, and post-translational modification. 

Of those, pre-mRNA splicing has allowed eukaryote organisms containing many 

similar genes to grow into vastly different complexities. Pre-mRNA splicing can be 

divided into two categories: constitutive slicing where every exon in the pre-mRNA is 

included in the processed mRNA, and alternative splicing where only select exons are 

joined together in the final product [1]. Thus, alternative splicing allows cells to 

generate many different proteins from a limited number of genes (Figure 1.1). The 

multi-step process is mediated by the spliceosome, a dynamic macromolecule 

consisting of five UsnRNPs (U1, U2, U4, U5, and U6) and auxiliary factors such as 

SR proteins [2]. Transient protein-protein and protein-RNA interactions within the 

spliceosome, together with post-translational modifications of these proteins can 

enhance or disrupt the interactions  an further complicate the assembly process of the 

spliceosome. Among eukaryotes, spliceosome-mediated splicing also differs. Higher 

eukaryotes such as humans have over 90% of the genome interrupted with introns, 

whereas only 5% of genes in yeast contain introns. Furthermore, mammalian splicing 

involves many auxiliary factors, while yeast lacks the functional equivalents thus 

simplifying their splicing mechanism [3, 4].  

 

B. SR Proteins  

SR proteins represent a family of highly conserved, and essential splicing 

factors for both constitutive and alternative splicing [5]. They are so named because of 
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the presence of a C-terminal domain rich in arginine-serine (RS) dipeptides and at 

least one N-terminal RNA recognition motif (RRMs). The RRM domains are 

responsible for sequence-specific RNA binding while the RS domain is involved in 

both protein-protein and protein-RNA interaction [6]. The RRM is generally 

composed of four anti-parallel β strands and two α helices arranging as β1-α1-β2-β3-

α2-β4, while the RS domain is predicted to be highly disordered. Both the RRM and 

RS domains are interchangeable between different SR proteins without any loss of 

function, suggesting that they can behave as individual modules [7]. To date, ten SR 

proteins have been identified in humans: the prototype ASF/SF2, SC35, SRp75, 

SRp55, SRp54, SRp38, SRp30c, SRp20 and 9G8 [8]. Although evolutionarily 

conserved in higher eukaryotes, the budding yeast Saccharomyces cerevisiae does not 

have any prototype SR proteins. However, yeast has two SR-like proteins, Npl3p and 

Gbp2p, which contain RRM domains and one or more RS dipeptides interspersed in 

an arginine-glycine-glycine (RGG) rich domain [9] (Figure 1.2). 

SR proteins can enhance splicing by recognizing positive splicing signals 

within the exons of mRNA, called exonic splicing enhancer (ESEs), through their 

RRM domains and mediate protein-protein interactions with the UsnRNP components 

through their RS domains [10]. Several studies are consistent with this by establishing 

the roles of SR and SR-like proteins in recruiting U1snRNP and U2snRNP to the 5’-

splice site and branch point/3’-splice site, respectively. These splicing factors also help 

to recruit U4/U5/U6 tri-snRNP to form the final spliceosome complex [11] (Figure 

1.3). Although SR proteins have been shown to be functionally redundant in 

constitutive splicing, their roles in alternative splicing are highly specific [12].  
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Figure 1.1. Alternative splicing. The process of alternative splicing allows for vast diversity in 

protein expressions from a single DNA sequence. 
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Figure 1.2. Domain organization of SR and SR-like proteins. Human SR proteins contain at 

least one RRM followed by an RS domain. The yeast SR-like proteins also contain RRM 

domains and one or more RS dipeptides dispersed in their RGG domains. 

 

 

 

 

 

 

 

 



 6 

 

Constitutive exons often contain multiple splicing signals responsive to different SR 

proteins, and this allow different SR proteins to compensate for each other. In contrast, 

alternative spliced exons contain signals specific for a particular SR protein. Gene 

knockout experiments with SC35 showed that T-cell development is severely affected 

in mice due to a defect in alternative splicing of a receptor tyrosine phosphatase, CD45 

[13]. Similarly, ASF/SF2 knockout show a defect in heart development because of 

misregulation in splicing of Ca2+/Calmodulin dependent kinase (CAMKIIδ) [14]. 

 

C. Regulation of SR proteins 

SR proteins are extensively phosphorylated at the serine residues in their RS 

domains, and can exist in hypo- or hyper-phosphorylated states [15]. Phosphorylation 

modulates SR proteins ability to engage in protein-protein and protein-RNA 

interactions and serve as mode of regulation for their functions [16]. The addition of 

phosphatases and phosphatase inhibitors at different stages of the spliceosome 

assembly could also modulate splicing activity and pre-mRNA cleavage suggesting 

that SR proteins function as a splicing enhancer by undergoing cycles of 

phosphorylation and dephosphorylation [17]. SR proteins also serve additional role as 

an adaptor for mRNA export. In their hypophosphorylated forms, SR proteins can 

preferentially interact with matured mRNA and TAP/NXF1, an mRNA exporter [18].  

Besides their cellular functions, SR proteins subcellular localization and 

trafficking are also controlled by phosphorylation [19]. Some SR proteins reside 

predominantly in nuclear speckles (inter-chromtain granules), while others shuttle 

between the nucleus and cytoplasm [20]. Phosphorylation is required for SR proteins 
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to associate with their specific nuclear import, Transportin-SR, and localize to the 

nuclear speckles. Hyperphosphorylation releases them from the speckles, while partial 

dephosphorylation is essential for nuclear export of shuttling proteins [21]. The correct 

phosphorylation state is important for SR proteins to function as a splicing factor, and 

also for their nucleo-cytoplasmic shuttling (Figure 1.4). It is apparent that the 

biological function of SR proteins is dependent on their phosphorylation, however, the 

extent of phosphorylation (hypo vs. hyper) adds another dimension to the regulation of 

SR proteins. Understanding the interaction between SR proteins and their specific 

kinases will help answer some of these questions.  

 

D. SR-protein specific kinases 

SR proteins are phosphorylated mainly by two families of protein kinases: SR 

protein kinases (SRPKs) and the Cdc2-like-kinase/Serine-Threonine-tyrosine 

(Clk/Sty) family of kinases [15]. SRPKs belong to the CMGC family of 

serine/threonine kinases and only phosphorylate serine in the presence of arginine 

[22]. Three members of SRPK family are found to express in mammalian cells: 

SRPK1, SRPK1a (an alternative spliced form of SRPK1), and SRPK2 [22-23]. They 

all share the same substrate specificity and are predominantly found in the cytoplasm, 

and translocate to the nucleus very briefly in a cell-cycle dependent manner. Since 

SRPKs express in a highly tissue specific manner, this suggests different SRPKs 

might contribute to splicing regulation in different tissues and may not be able to 

functionally compensate for one another. All SRPKs shares unusual domain  
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Figure 1.3. Role of SR protein in spliceosome assembly. SR proteins are involved in all early 

steps of spliceosome assembly. They recruit U1snRNP to the 5’-splice site and U2AF to the 

poly-Y tract. SR proteins also contact the branch-point of pre-mRNA and recruit U2snRNP 

and U4/U5/U6 tri-snRNPs. The catalytic active complex is formed after release of U1 and U4 

snRNPs and rearrangement of U2, U5, and U6 snRNPs. (Adapted from an article by H. Shen 

and M. R. Green, [40]). 
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Figure 1.4. Effect of RS domain phosphorylation on subcellular localization of SR proteins. 

Hypophosphorylation of SR proteins in the cytoplasm by SRPK leads to nuclear import and 

assembly into nuclear speckles, in a Transportin-SR dependent manner. Hyperphosphorylation 

of SR proteins by Clk/Sty causes them to be released from the speckles and recuited to sites of 

splicing. Certain SR proteins are then dephosphorylated, which facilitates their interaction 

with mRNA leading to their export along with spliced mRNA. 
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architecture in that an insert, called the spacer domain, bifurcates their kinase cores 

(Figure 1.5).  Although the spacer domain is not important for catalytic activity, it has 

been shown to be involved in anchoring the kinases in the cytoplasm [24]. SRPKs are 

also unusual in that they are constitutively active and do not required phosphorylation 

of activation loop or binding to other regulatory elements to induce catalytic activity.  

In contrast to SRPKs, Clk/Sty belongs to a family of dual-specificity kinases 

and phosphorylates serine, threonine, and tyrosine residues [25]. In addition to the 

kinase domain, Clk/Sty also contains an RS domain that may be involved in mediating 

protein-protein interactions with the RS domains of SR proteins [26]. It is a nuclear 

kinase and has been shown to co-localize with SR proteins at the nuclear speckles. 

Hyperphosphorylation of SR proteins by Clk/Sty disperses them from the speckles and 

allow them to be recruited to sites of active splicing [27]. It is still unclear how SRPKs 

and Clk/Sty kinases function in regulating splicing but it appears that they act in 

concerted manner to achieved optimal phosphorylation of SR proteins.  

 

E. Substrate specificity in protein kinases 

Substrate recognition by protein kinases has two components: interactions at 

the active site and at sites distal to the active site [28]. Although most kinases display 

strong preference for target sequence in their substrates, often this is not stringent 

enough to confer substrate specificity in vivo. The distal docking interactions can 

provide the additional specificity in recognition, and also play roles in recruiting 

activators or inhibitors that may induce allosteric changes within the kinase, often 

leading to its activation [29]. Analysis of the human genome reveals that the majority  
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Figure 1.5. Domain organization of SR protein kinases. The kinase domains of all SRPKs are 

bifurcated by the spacer insert. SRPKs also have non-homologous N- and C- terminal 

extensions which vary in length. 
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of the serine/threonine kinases do not contain a recognizable docking module, 

suggesting there is great diversity in sequence and structural attributes that 

serine/threonine kinases employ for their docking interactions. 

 

F. Structural and kinetic analysis of the SRPK1:ASF/SF2 complex 

 Most kinases require phoshporylation by upstream kinases or binding to 

another protein to gain complete catalytic activity. In some cases, these two 

mechanisms are used together to regulate kinase activity [30]. For instance, full 

activation of CDK2 requires both binding of cyclin and phosphorylation at the 

activation loop [31]. SRPKs are characterized by a spacer region (~250-300 residues) 

that bifurcates the kinase domains, and long N-terminal extension that varies in length. 

As mentioned above, SRPKs are constitutively active. X-ray crystal structure of 

SRPK1JNS1 reveals distinct secondary structural elements that help the kinase 

maintain its conformation. The spacer inserts in SRPK1 directly interact with the back 

of the kinase core. The C-terminal spacer helix αS2 docks to a hydrophobic groove in 

the large lobe formed by helices αD, αE, and strands β7, and β8. MAP kinases utilize 

an identical hydrophobic groove to dock their substrates, activators, or inhibitors [32]. 

The N-terminal spacer helix αS1 anchors the small lobe and hinge region that links the 

two lobes by forming a hydrophobic core, mimicking a kinase-activator interaction 

observed in AuroraB:INCENP complex [33] (Figure 1.6). In addition, the short 

activation segment of SRPK1 forms a tight β-turn stabilized by backbone interaction 

between residues within the loop, allowing it to adopt an active conformation without 

phosphorylation. This is further stabilized by a glutamine residue, Q513, that creates 
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an extensive hydrogen bonding network linking the catalytic loop and helix αF with 

the P+1 loop. Extensive mutagenesis experiments with residues that make several 

intramolecular contacts around the activation loop showed that these interactions are 

not critical for catalytic activity. Furthermore, the spacer helices are also not critical 

for catalysis. This suggested the kinase could easily absorb mutations, perhaps due to 

formation of alternative contacts [34].  

 SRPK1 can bind ASF/SF2 with high affinity and processively phosphorylates 

half the RS domain. The structure of SRPK1JNS1:peptide complex gave us insights 

into this mechanism. We saw that the substrate peptide was bound to a site distal to the 

active site. Mutagenesis experiments identified the spanning residues 191-197 in 

ASF/SF2 could mimic the peptide. We showed that internal deletion of this docking 

motif in ASF/SF2 significantly reduced binding affinity and abolished processive 

phosphorylation. Mutations of contact residues in the docking groove of the kinase 

gave consistent results. We also showed that the docking interaction is important for 

restricting phoshporylation to only half the RS domain. SRPK1 phosphorylates a 

docking motif deleted ASF/SF2 more extensively than wild-type ASF/SF2. Biological 

activity of ASF/SF2 depends on coordinated phosphorylation by SRPK1 and Clk/Sty. 

We have shown that wild-type ASF/SF2 localized to form distinct nuclear speckles, 

whereas ASF/SF2 docking motif mutant were diffused throughout the nucleus 

suggesting that it was hypophosphorylated by SRPK1 [35].  

We have also determined the x-ray crystal structure of SRPK1JNS3 bound to 

a core fragment of ASF/SF2 (residues 105-219) and one AMP-PNP molecule. The 

complex revealed the N-terminal half of RS domain destined to be phosphorylated  
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Figure 1.6. Spacer helices help to stabilize conformation of SRPK1. Ribbon diagram of 

spacer inserts showing extensive hydrophobic interactions mediated by helices αS1 and αS2. 

Critical residues involved in the interactions are indicated. 
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was bound to an acidic groove distal to active site in a manner the previous structure 

of SRPK1:peptide revealed (Figure 1.7). This suggested directional phosphorylation 

from C- to N-terminal. Since this docked region must be phosphorylated and 

moreover, this suggested another docking motif located N-terminal to RS domain (in 

RRM2), we hypothesized the substrate must translocates from docking groove to 

active site in a sequential manner during catalysis. Chemical cross-linking and circular 

dichroism have confirmed substrate translocation and the melting of β4 strand in 

RRM2 [36]. As expected, we also saw additional contacts between RRM2 of ASF/SF2 

and the small and large lobes of the kinase. The role of RRM2 in this high affinity 

binding is still unclear. 

 

G. SR proteins directly recognize ESE 

Exonic splicing enhancers (ESE) are present in large number in exons and play 

a critical role in spliceosome assembly by stably interacting with SR or SR-like 

proteins and facilitate the spliceosome formation [11]. In particular, ESEs are critical 

for alternative splicing where splice sites are weak. Studies have shown the RRM 

modules mediate RNA binding specificities, and the different combinations of RRM 

present in different SR proteins may be responsible for their distinct RNA binding 

properties [37]. Both in vivo and in vitro selection methods have identified a large 

number of RNA aptamers capable of functioning as splicing enhancers [38]. A 

surprising conclusion was that the consensus RNA sequences are rather degenerate. In 

fact, some sequences identified as binding sites for one SR protein can also be 

recognized by other SR proteins. The overall overlapping RNA binding specificities of  
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Figure 1.7. SRPK1:ASF/SF2 complex structure. The kinase (SRPK1) and substrate 

(ASF/SF2) are represented in gray and gold, respectively. The structure revealed part of N-

terminal of the RS domain destined to be phosphorylated docking at a site distal to the active 

site. An AMP-PNP molecule also docked between a cleft between the small and large lobes of 

the kinase. 
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SR proteins may partially account for their redundancy in constitutive splicing [6]. 

However, recent works clearly indicated distinct behaviors of individual SR proteins, 

especially in the different selections of alternative splice-sites and that certain pre-

mRNAs are more committed to splicing with certain SR proteins [39]. The role of RS 

domain in splicing has been widely accepted for mediating interaction with splicing 

factors such as UsnRNPs and U2AF, but some have suggested its possible roles in 

RNA recognition. Phosphorylated RS domain can inhibit non-specific RNA binding 

by SR proteins or even contact the RNA and help stabilize the protein:RNA complex 

[40].  

 

H. Focus of study 

Structural and biochemical studies have shown that ASF/SF2 interacts with 

SRPK1 with unusual high affinity and that ASF/SF2 undergoes processive 

phosphorylation. These studies have also identified the docking motif in ASF/SF2 

and docking groove in the kinase.  The X-ray structure of the SRPK1:ASF/SF2 

complex has revealed bipartite interactions between the kinase and substrate: the 

RRM2 contacts both the small and large lobes at the front of the kinase, and the RS 

domain binds to the docking groove of the kinase.  

  My thesis work is intended to investigate i) the contribution of RRM2 and the 

RS domain in the overall binding energy and the formation of the high affinity 

complex, ii) the role of RRM2 in the mechanism of ASF/SF2 phopshorylation, iii) the 

universality of docking interaction between SRPKs and SR/SR-like proteins and 

finally, iv) the role of individual RRM module of ASF/SF2 in ESE recognition. 
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A. Preparation of recombinant DNA 

The plasmids pET19b-ASF/SF2(FL), pGEX4T2-Gbp2p(FL), and pCE4HA-

SC35(FL) containing the cDNA of full-length human ASF/SF2 (residues 1-248), full-

length yeast Gbp2p (residues 1-427), and full-length human SC35 (residues 1-221) 

respectively were gifts from Dr. Xiang-Dong Fu. 

pGEX4T2-ASF/SF2(RRM2) (residues 105-196): The insert was generated by 

PCR amplification from pET19b-ASF/SF2(FL) using primers provided by Dr. Sutapa 

Chakrabarti. The resulting DNA fragment was gel purified, double digested with the 

restriction enzymes BamHI and EcoRI (NEB), and then gel purified again. The vector 

pGEX4T2 (GE Healthcare) was also double digested by the same restriction enzymes 

and gel purified. The inset and vector were ligated using T4 DNA Ligase (NEB). The 

ligated products were transformed into E. coli DH5α, and colonies obtained were 

screened for presence of ASF/SF2 fragment by restriction analysis and sequencing.  

All recombinant DNA below were generated using identical subcloning 

procedures, just the vector and primers may be different.  

pGEX4T2-ASF/SF2(RRM2) W134A, ASF/SF2(RRM2) Q135A, and 

ASF/SF2(RRM2) R154A: The inserts were generated by PCR amplifications from 

three plasmids of pRCβActin-Flag-ASF/SF2(FL), each already containing the 

necessary mutation. The same primers 5’-GGATCCGGCGGAGCTCCCCGA-3’ and 

5’-TTACTCGAGCCCATCAACTTTAA-3’ were used. The subcloning procedures 

were similar except that restriction enzymes used for double digestions were BamHI 

(NEB) and XhoI (NEB).  
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pET24DTEV-ASF(RRM) (residues 1-196): The insert was generated by PCR 

amplification from pET19b-ASF/SF2(FL) using primers from Sutapa Chakrabarti. The 

vector was pET24DTEV, and the restriction enzymes used for double digestions were 

BamHI (NEB) and NotI (NEB). 

pET15b-SC35(RRM/RS) (residues1-143): The insert was PCR amplified from 

pCE4HA-SC35(FL) using the primers 5’-

ATTATCATATGATGAGCTACGGCCGCCCCCCTCCC-3’ and 5’-

ATAATGGATCCTTAGTAGCGAGATCGGCTGCGAGACCTGGAACGGC-3’. 

The vector was pET15b, and the restriction enzymes were NdeI (NEB) and BamHI 

(NEB). 

pGEX4T2-SC35(RRM/RS) (residues 1-143): The insert was PCR amplified 

from pCE4HA-SC35(FL) using the primers 5’-

ATTATGGATCCATGAGCACGGCCGCCCC 

CCTCCC-3’ and 5’ ATTATCTCGAGTTAGTAGCGAGATCGGCTGCGA 

GACCTGGAACGGC-3’. The vector was pGEX4T2 and the restriction enzymes were 

BamHI (NEB) and XhoI (NEB). 

 

B.  Mutagenesis of ASF/SF2 and SRPK1 

Mutants were generated using single step PCR. The products were first 

restriction digested with DpnI (NEB) to remove the template. The nicked products 

were then transformed into E. coli DH5α, and positive clones were confirmed by 

sequencing. 
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pGEX4T2-ASF/SF2(RRM2) T175S and V195A: Mutants introduced using 

pGEX4T2-ASF/SF2(RRM2) as template and single step PCR with the primers 5’-

CTGATGTTTACCGAGATGGCAGTGGTGCCGTGGAGTTTGTACGGAAAGA-3’ 

and 5’-TCTTTCCGTACAAACTCCACGGCACCACTGCCATCTCGTA 

AACTCAG-3’. 

pGEX4T2-ASF/SF2(RRM2) K193C was generated using pGEX4T2-

ASF/SF2(RRM2) as template and single step PCR with the primers 5’-GCCTA 

CATCCGGGTTTGTGTTGATGGG-3’ and 5’-CCCATCAACACAAACCCG 

GATGTAGGC-3’. 

pGEX4T2-ASF/SF2(RRM2) W134A and K193C was generated using 

pGEX4T2-ASF/SF2(RRM2) W134A as template and single step PCR with the same 

primers used for pGEX4T2-ASF/SF2(RRM2) K193C. 

pGEX4T2-SC35(RRM) (residues 1-92) was generated by introducing a stop 

codon at residue 93 in pGEX4T2-S35(RRM/RS2) using the primer 5’-AAATGGCG 

CGCTACTAACGCCCCCCGG-3’ and 5’-CCGGGGGGCGTTAGTAGCGCGCCA 

TTT-3’. 

pGEX4T2-Gbp2p(RGG) (residues 1-123) was prepared by introducing a stop 

codon at residue 124 in same vector expressing full-length Gbp2p using the primer             

5’-GACGCGACCAAGAGAAATTTTGAAAATAGTTGATTCGTGAGA 

AACTTGACTTTGATTGTACCCC-3’ and 5’-GGGGTACAATCAAAA 

GTCAAGTTTCTCAGAATCAACTATTTTCAAAATTTCTCTTGGTCGCGTC-3’ 

pGEX4T2-Gbp2p(RGG) S13, pGEX4T2-Gbp2p(RGG) S15A, pGEX4T2-

Gbp2p(RGG) S17A, and pGEX4T2-Gbp2p(RGG) D11A were generated using 
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pGEX4T2-Gbp2p(RGG) as template with the following pairs of primers 5’-

GTATGGAAATGATAGGTATAGATCAAGATC-3’ and 5’- GATCTTG 

ATCTATACCTATCATTTCCATAC-3’, 5’-GGAAATGATAGGAGTAGA 

GCAAGATCACCTGTACGTCGT-3’ and 5’-ACGACGTACAGGTGATCTTGCTCT 

ACTCCTATCATTTCC-3’, 5’-GGAGTAGATCAAGAGCACCTGTACGTCGTCG-

3’ and 5’-CGACGACGTACAGGTGCTCTTGATCTACTCC-3’, 5’-GCTAGGGATG 

TATGGAAATGCTAGGAGTGATCAAGATCACCTG-3’ and 5’-CAGGTGATCTT 

GATCTACTCCTAGCATTTCCATACATCCCTAGC-3’. 

 

C. Expression and purification of recombinant proteins 

His-ASF/SF2(RRM1) (residues 1-90) and His-ASF/SF2(L/RRM2) (residues 

90-196) were gifts from Dr. Sutapa Chakrabarti. His-ASF/SF2(RS) (residues 197-248) 

is gift from Johnathan Haggopian. His-SRPK1FNS1 (residues 47-255;474-655), His-

SRPK1FNS3 (residues 57-255; 474-655), His-SRPK1FNS3 K604C, and His-

SRPK1(FL) (residues 1-655) were gifts from Kayla Giang. His-SRPK1∆NS1 K109R 

and His-Sky1p were gift from Dr. Randy Lukasiewicz. His-SRPK(6M) was gift from 

Chen-ting Ma. 

GST-ASF/SF2(RRM2): Appropriate plasmid was transformed into E. coli 

Bl21(DE3) cells and grown in 2L LB media (100µg/mL Ampicillin) at 37ºC until 

OD600 of 0.3 and induced with 0.1mM IPTG overnight at 25ºC. The cells were 

harvested by centrifugation, and resuspended in 100mL of lysis buffer containing 

20mM Tris pH 7.5, 500mM NaCl, 10% glycerol, 1mM DTT, 1mM PMSF and 200µL 

of Protease Inhibitor Cocktail (Sigma/Aldrich). The cells were lysed at by at 4ºC by 
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sonication, and centrifuged at high speed (13000rpm) for 45 minute to remove 

insoluble fractions. The supernatant was loaded onto a gravity GST-column at 4ºC. 

The column was washed with 50mL lysis buffer and eluted with same buffer 

containing 10mM glutathione. Purity of elutions were checked with Coomassie 

staining of SDS-PAGE gel. Desired fractions were pooled and dialyzed into buffer 

containing 20mM Tris pH 7.5, 500mM NaCl, 10% glycerol, and 1mM DTT. The 

protein was then concentrated using Centriprep-10 (Millipore) to approximately 

4mg/mL and flash frozen in small aliquots.  

GST-ASF/SF2(RRM2) W134A, GST-ASF/SF2(RRM2) Q135A, GST-

ASF/SF2(RRM2) R154A, GST-ASF/SF2(RRM2) K193C, GST-ASF/SF2(RRM2) 

W134A and K193C, and GST-ASF/SF2(RRM2) T157S and V195A were expressed 

and purified as above. 

pET24DTEV-ASF/SF2(RRM): plasmid was transformed into E. coli 

Bl21(DE3) cells and grown in 5mL LB media (containing 15µg/mL Kanamycin) at 

37ºC for 8 hours. The starter culture was centrifuged at high speed to obtain cell pellet, 

which was washed and resuspended in 5mL of minimal media (preparation described 

below). This was used as an inoculums for 2L minimal media, grown at 37ºC until 

OD600 of 0.3 and induced with 0.1M IPTG for 16 hours at 25ºC. Cells were harvested 

and lysed in 120mL lysis buffer containing 20mM Tris pH 7.5, 250mM NaCl, 10% 

glycerol, 50mM urea, 5mM imidazole, 1mM PMSF, and 200µL Protease Inhibitor 

Cocktail. The cells were lysed at 4ºC by sonication, and centrifuged at high speed to 

remove insoluble fractions. The supernatant was loaded onto a Ni
2+ 

-NTA agarose 

column, and washed with buffer of same compositions except without urea and 
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containing 40mM imidazole. Proteins were eluted using washed buffer containing 

200mM imidazole. Purity and RNA contaminations were checked with Coomassie 

staining and agarose gel electrophoresis respectively. Fractions with minimal RNA 

contaminations were pooled and dialyzed into buffer containing 20mM Tris pH 7.5, 

500mM NaCl, 5% glycerol, 1mM DTT at 25ºC. Protein was then concentrated using 

Centriprep-10 (Millipore) at 25ºC, and loaded onto a 16/60 Superdex 75 size-

exclusion column. Peaked fractions were pooled and concentrated to approximately 

2mg/mL and flash frozen in small aliquots. 

Minimal media preparation: Indicated volumes of buffer 1, amino acid buffers 

A, B, and C, nucleotide base buffer and 20mL of 100X Eagle vitamin solution were 

mixed together, brought up to total volume of 2L with autoclaved water and adjusted 

to pH 7.4. The composition and volume of each buffers is listed in Table 1. All buffers 

were separately sterile-filtered. 

Table 2.1. Minimal Media buffer compositions  

Buffer Volume Composition 

Buffer 1 1L 

7.5mM (NH4)SO4, 8.5mM NaCl, 

55mM KH2PO4, 100mM K2PO4, 

1mM MgSO4, 20mM glucose, 1mg/L 

CaCl2, 1µg/L MnCl2, 1mg/L FeSO4, 

1µg/L MoO3 20mg/L d-biotin, 1mg/L 

thiamine, and 1µg/L CuCl2 - adjusted 

to pH 7.4. 

Buffer 2 - 

137mM NaCl, 2.5mM KCl, 10mM 

Na2HPO4, and 1.76mM KH2PO4 - 

adjusted to pH 7.4 
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Amino acid buffer A 50mL 

400mg leucine, 300mg each of 

alanine, glutamate, lysine, glutamine 

and valine, 200mg each of aspartate, 

glycine, histidine and methionine, 

and 100mg cysteine - dissolved in 

Buffer 2. 

Amino acid buffer B 25mL 

200mg phenylalanine and 100mg 

each of tryptophan and tyrosine - 

dissolved in Buffer 2 with drop-wise 

addition of 1M NaOH. 

Amino acid buffer C 20mL 
4g each of arginine and serine - 

dissolved in Buffer 2 

Nucleotide base buffer 35mL 

100mg each of adenine, guanine, 

cytosine, thymine, and uracil - 

dissolved in Buffer 2 with drop-wise 

addition of 1M NaOH. 

 

GST-Gbp2p(RGG), GST-Gbp2p(RGG) S13A, GST-Gbp2p(RGG) S15A, 

GST-Gbp2p(RGG) S17A, and GST-Gbp2p(RGG) D11A were expressed and purified 

using similar procedures and buffers as GST-ASF(RRM2). The proteins were 

concentrated to approximately 3mg/mL and flash frozen into small aliquots. 

pET15b-SC35(RRM/RS): Appropriate plasmid was transformed into E. coli 

Bl21(DE3) cells and grown in 2L LB media (100µg/mL Ampicillin) at 37ºC until 

OD600 of 0.4 and induced with 0.2mM IPTG overnight at 25ºC. The cells were 

harvested by centrifugation, and resuspended in 100mL of lysis buffer containing 

20mM Tris pH 7.5, 500mM NaCl, 10% glycerol, 100mM urea, 1mM PMSF and 

200µL of Protease Inhibitor Cocktail (Sigma/Aldrich). The cells were lysed at by at 

4ºC by sonication, and centrifuged at high speed (13000rpm) for 45 minute to remove 

insoluble fractions. The supernatant was loaded onto a Ni
2+ 

-NTA agarose column at 

4ºC. The column was washed with 50mL lysis buffer containing 40mM imidazole and 
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no urea, and eluted with the same buffer containing 200mM imidazole. Purity of 

elutions were checked with Coomassie staining of SDS-PAGE gel. Desired fractions 

were pooled and dialyzed into buffer containing 20mM Tris pH 7.5, 500mM NaCl, 

10% glycerol, and 1mM DTT. The protein was then concentrated using Centriprep-3 

(Millipore) to approximately 1mg/mL and flash frozen in small aliquots. 

GST-SC35(RRM/RS) and GST-SC35(RRM) was expressed and purified using 

similar procedures and buffers as GST-ASF/SF2(RRM2). The proteins were 

concentrated to approximately 3mg/mL and flash frozen into small aliquots 

 

D. Pulldown assay 

GST tagged protein was incubated with binding partner in 80µL of binding 

buffer (20mM Tris pH 7.5, 250mM NaCl, 0.2% Triton X, 1mM DTT). The reactions 

proceeded at 25ºC for 30 minutes. Then 15µL of  pre-equilibriated glutathione- 

Sepharose beads were added and volume was brought to 300µL using binding buffer. 

The reactions were allowed to proceed for another 30 minutes, then washed three 

times with 750µL of same buffer. Samples were boiled with SDS-PAGE loading dye 

at 90ºC and visualized with Coomassie staining of SDS-PAGE gel.  

 

E. In vitro kinase assays, and start-trap assays 

In vitro kinase assays: kinase was incubated with substrate in 1X kinase buffer 

(50mM Tris-Cl pH 7.5, 10mM MgCl2, 1mg/mL BSA, and 1mM DTT) for 5 minutes at 

25ºC. The reaction was initiated using 200µM ATP containing trace amounts of γ
32

P-

ATP and was allowed to proceed at 25ºC. Equal volume aliquots were removed at 
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indicated times and reactions were quenched with SDS-PAGE loading dye. 

Phosphorylated proteins were detected by SDS-PAGE and autoradiography.  

Start-trap assays: are consisted of thee separate in vitro kinase time-course 

reactions using equimolar amounts of kinase and substrate. The positive control 

reaction (no trap) contained no kinase inhibitor in which kinase and substrate were 

incubated at 25ºC for 5 minutes before initiated with ATP. The negative control (trap-

start) contained excess trap (dead kinase) incubated with substrate at 25ºC for 5 

minutes before the addition of active kinase and subsequent initiation with ATP. The 

last reaction (start + trap) contained incubated kinase and substrate initiated with a 

mixture of ATP and trap. The mechanism of phosphorylation was determined by 

comparison of phopho-content (determined by liquid scintillation counting) from the 

start + trap reaction to that of the positive and negative controls, indicating processive 

or distribute modes.  

 

F. Electrophoretic mobility shift assays 

The RNA aptamers Ron-ESE (5’-AGGCGGAGGAAGC-3’) was purchased 

from Dharmacon Research, deprotected according to manufacturer’s protocol, and 

purified by urea-PAGE.  

5’-end labeling of RNA aptamer: 50pmoles of purified RNA was incubated 

with 20units of T4 polynucleotide kinase (T4 PNK, NEB) and 40µCi γ
32

P-ATP in T4 

PNK buffer at 37ºC for 3 hours. Reaction was quenched by addition of 0.5mM EDTA, 

and excess γ
32

P-ATP was removed using a G-25 Sephadex spin column. The 
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radioactive count and concentration of labeled RNA aptamer was determined by liquid 

scintillation counting.  

Gel shift assay: 10,000cpm of labeled RNA was incubated with increasing 

amount of protein in 1X binding buffer (10mM Tris pH 7.5, 150mM NaCl, 10% 

glycerol, 0.1% NP40, 0.05µg/uL BSA, 10mM MgCl2, 1mM DTT). The same 

unlabeled RNA aptamer served as specific inhibitor while a 12 nucleotide long 

fragment of U1snRNA served as non-specific inhibitor. The inhibitors were added as 

wherever indicated. The protein:RNA complexes were resolved on a 4%-6% native 

polyacrylamide gel (made in 1X Tris-Borate-EDTA) that had been pre-ran in 1X TBE 

at 4ºC for 1 hour. The gel was run at constant voltage of 350V at 4ºC for 1 hour, dried, 

and analyzed by autoradiography.  

 

G. ITC measurements 

 Isothermal titration calorimetry (ITC) measurements were performed on 

Microcal VP-ITC instruments and data were acquired and processed using fully 

automized features in Microcal ORIGIN software. All measurements were repeated 

twice. Protein samples were prepared in 20mM Tris 7.5, 500mM NaCl, 10% glycerol, 

and 1mM TECP and de-gassed using the ThermoVac accessory for 20 minutres. The 

experiments were initiated by injecting 18 X 15µL injections of 10uM kinase from the 

syringe into the calorimetry cell containing 1.8mL of 1uM substrate at fixed 

temperature of 25ºC. The change in thermal power as a function of each injection was 

automatically recorded using Microcal ORIGIN software and the raw data were 

processed to yield ITC isotherms of heat release per injection as a function of kinase to 
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substrate molar ratio. The negligible heats of mixing  and unfolding were subtracted 

from the heat of binding per injection with a control experiment in which the same 

buffer in the cell was titrated against the kinase. Apparent equilibrium constant (Kd) 

and the enthalpy change (FH) associated with binding were fitted with built-in 

function by non-linear least squares regression analysis with the assumption of 1:1 

stoichiometry.   
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III. Recognition of ASF/SF2 by SRPK1 
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A. Introduction 

One of the most well studied member of the SR proteins family, ASF/SF2, is a 

modular protein containing two N-terminal RRMs followed by a short linker 

connecting it to the C-terminal RS domain. The RS domain contains eight continuous 

RS dipeptides (RS1 motif) followed by a short interrupted stretch of RS dipeptides 

(RS2 motif). ASF/SF2 is extensively phosphorylated at the RS domain by members of 

the SRPK and Clk/Sty family of kinases [41]. Recently, SRPK1 has been shown to 

bind ASF/SF2 with high affinity (Kd = 50 nM) and phosphorylates approximately half 

the RS domain in a processive manner in vitro, where after binding the kinase stays 

lock onto the substrate until phosphorylation is complete [42] (Figure 3.1). On the 

other hand, Clk/Sty is thought to phosphorylate significantly more residues in the RS 

domain. Studies have shown that distinct states of phosphorylation are important for 

different biological functions of ASF/SF2, including nuclear import, spliceosome 

assembly and activity, and mRNA export [43].  

To understand this high affinity interaction, we decided to employ structural 

and biochemical analysis. As discussed above, our lab has crystallized a core fragment 

of ASF/SF2 and one AMP-PNP molecule bound to SRPK14NS3. The structured 

revealed a docking groove-docking motif interaction and that the substrate must slides 

during processive phosphorylation. We also saw additional interaction where RRM2 

of ASF/SF2 made a 3-point contact with both the small and large lobes at the front of 

the kinase (Figure 3.2) [36]. In particular, W134 and Q135 of ASF/SF2 are stacked 

against H90 and W88 of SRPK1, while R154 protrudes into a pocket formed by 

helices αD and αF, and is stabilized by interacts with E534 and Y549. Additionally,  
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Figure 3.1. Sequence of RS domains of ASF/SF2. The C-terminal RS domain can be divided 

into RS1 and RS2 motifs. RS1 motif consist of a tract of eight contiguous RS dipeptides, 

while RS2 contains dispersed RS dipeptides. 
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Figure 3.2. Interactions between RRM2 of ASF/SF2 and SRPK1. The three finger-like 

projections from RRM2 are marked by dotted ovals. Important interacting residues are shown 

in details in the right panels. 
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Q135 also contacts the backbone of the glycine-rich loop of SRPK1. 

We have shown biochemically that the docking interaction is critical for the 

association between SRPK1 and ASF/SF2 and for restricting phosphorylation to the 

RS1 motif. However, the role of RRM2 in this high affinity binding has yet to be 

established.  

 

B. Results 

1. RRM2 of ASF/SF2 alone contacts SRPK1 very weakly 

To investigate the role of the RRM2 residues in the formation of the binding 

interface between ASF/SF2 and SRPK1, we first expressed and purified four different 

GST-ASF/SF2(RRM2) constructs (wild-type, W134A, Q135A, R154A) and 

performed binding experiments with different SRPK1 constructs (Figure 3.3a). The 

rationale was that if these contact residues contributed to high affinity binding, then 

mutating them to alanine would result in severe binding defect. In vitro pulldown 

assays showed that wild-type ASF did not bind the kinase. This is a surprising result 

as nearly 1200 angstrom of free surface area is buried upon the RRM2:SRPK1 

subcomplex formation. More surprisingly, W134A and R154A mutants showed 

binding to the kinase to a small extent (Figure 3.4a). Comparison with the purification 

gels showed that these bands are not artifacts coming from protein samples (Figure 

3.3b). Since the complex was crystallized in the presence of one AMP-PNP molecule, 

the presence of nucleotide may be essential to induce binding. It is also possible that 

the docking of RS domain first may induce an allosteric change within the complex 

that promote RRM2 binding, or RRM2 adopts a folding state favorable for binding in 
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the context of full-length ASF/SF2. It may even be that RRM2 bind to a different site 

in the absence of the RS domain. We also believe that the two contact points (W134A 

and Q154A) may be negative binding residues since mutating them to alanine actually 

enhanced RRM2 binding to the kinase. Q135 may be the only positive energy 

contributor at the RRM2:SRPK1 interface.  

 

2. The presence of AMP-PNP does not enhance binding between RRM2 and 

SRPK1 

In the crystal structure, we saw an AMP-PNP molecule lying close to the small 

lobe of the kinase. To rule out the possibility that AMP-PNP binding is necessary for 

interaction between RRM2 and SRPK1, we added the nucleotide in a 10:1 molar 

excess to the kinase in the binding experiment. We did not observe any enhancement 

in binding for wild-type or mutants ASF/SF2 to truncated and full-length kinase 

(Figure 3.4b). This made us to conclude that some type of complex reorganization or 

structural change within the RRM2 is necessary for binding. 

 

3. Docking of RS didpeptide enhances RRM2 binding only to full-length SRPK1 

 The x-ray structure of the SRPK1:ASF/SF2 showed strong binding between 

the two proteins through docking groove of the kinase and the RS domain of the 

substrate.  It is possible that docking groove-docking motif interaction is a prerequisite 

for RRM2 to bind the kinase.  To test this model, we performed the same pull down 

experiments in the presence of RS dipeptide of different length, (RS)8mer and 

(RS)16mer. The peptides were added in 5:1 molar excess to SRPK1. Consistent with   
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Figure 3.3. Purification of GST-ASF(RRM2) (residues 105-196):  a) Schematic 

representation of the construct generated and used in binding assay.  b) SDS-PAGE analysis of 

purification of GST-ASF(RRM2) (wild-type, W134A, Q135A, and R154A) by GST affinity 

chromatography. 
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Figure 3.4. RRM2 of ASF/SF2 contacts SRPK1 very weakly:  a) Binding experiments 

showed that wild-type ASF/SF2(RRM2) did not interact with SRPK1, while mutant ASF 

(W134A and R154A) had interactions to a small extent. b) Addition of AMP-PNP in a 10:1 

molar excess to SRPK1did not enhance binding.  
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our hypothesis, we observed enhanced interactions between RRM2 and the kinase 

(Figure 3.5a-b). The controlled experiment with GST tag alone clearly showed that 

this enhance interaction was not due to some nonspecific interactions. However, we 

were surprise that only full-length kinase showed enhanced binding and not the 

truncated kinases. Moreover, the longer peptide induced binding interaction between 

RRM2 and SRPK1 significantly more than the shorter peptide. From these results, we 

believed that RRM2 alone has very weak binding and can only contact the kinase after 

the RS domain has docked, and induced an allosteric change within the complex. Our 

ITC results confirmed that the whole RRM modules had no interaction with full-

length SRPK1 while full-length ASF/SF2 exhibited a very nice binding curve (Figure 

3.5c).  There may also be some type of communication between RRM2 with the RS 

domain after it has docked that helps RRM2 to adopt a favorable folding state for 

binding. This is suggested by the fact that we did not see enhanced binding with the 

truncated kinase. The removed N-terminal and spacer regions may be necessary for 

such communications between the two domains.  

 

4. Free RRM2 alternates between two binding sites of the kinase 

  We have shown ASF/SF2 undergoes processive phosphorylation from C- to N-

terminal, and confirmed β4-strand of RRM2 unfolded during the process. This led us 

to speculate that β4 of free RRM2 is constantly folding and unfolding, and that free 

RRM2 alternates between two binding states (Figure 2.6a). The first is between the 

three residues of RRM2 with the small and large lobes of the kinase. The second is the 

unfolded β4 strand attempting to bind to the docking groove of the kinase. In the  
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 Figure 3.5. Docking of RS dipeptides enhances interaction between RRM2 and full-length 

SRPK1:  a) Addition of (RS)16 mer only increased binding of RRM2 to full-length SRPK1 and 

not truncated kinase. Mutant RRM2 also could bind even better with the peptide. b) Addition 

of (RS)8 showed same results, although binding appeared weaker than with (RS)16. c) ITC 

binding experiments confirmed that full RRM alone had no affinity for SRPK1 (left panel) 

while full-length ASF/SF2 had very nice binding (right panel).  
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Figure 3.6. Free RRM2 alternates between two conformations: a) RRM2 alternates between 

two different states as the β4-strand unfolds/folds.  b) β4 of wild-type RRM2 crosslinked more 

to the docking groove in SRPK1 than mutant RRM2 (W134A). 
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context of RRM2, we mutated a strategic residue in β4 and also one in the kinase 

docking groove to cysteine, and performed crosslinking. Although both states had very 

weak binding with the kinase, we did observe that SRPK1 crosslinked with-type 

RRM2 more than RRM2 with the W134A mutation (Figure 2.6b). This result is 

consistent with the fact β4 must unfolds and binds to the docking groove in the kinase 

during processive phosphorylation of ASF/SF2. It is also consistent with my above 

results suggesting that the mutation (W134A) changed the residue to a positive binder, 

thus making it harder for β4 to dock into the kinase groove. The β4 for wild-type 

ASF/SF2 is more favorable to dock and crosslink since wild-type ASF/SF2 has two 

negative binding residues. Results here are still preliminary and more experiments are 

needed to investigate this. 

 

5. Discussion 

Based on results above, we believe that the observed interface between RRM2 

and SRPK1 may not be an affinity-based interaction but could be an allosteric induced 

interaction. We speculated that interaction between ASF/SF2 and SRPK1 can be 

dissected into two steps. The initial complex comprised of RS domain docking onto 

the kinase. This early state formation then induces some structural changes within the 

complex that allows for optimal enzyme-substrate interactions, which is necessary for 

interaction with RRM2. The nature of the complex reorganizations is still unclear. Our 

results are consistent with recent studies by Hagopian et. al showing that the RS 

domain alone is sufficient for high affinity binding and can initiate processive 

phosphorylation for the first three serines. However, to maintain contact and 
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processive phosphorylation, the kinase requires interaction with the RRM modules 

[44].  
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IV. Universality of docking interactions 

between SRPKs and SR/SR-Like proteins 
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A. Introduction 

 Our works showed that the docking groove-docking motif interaction enables 

proper positioning of the RS domain in ASF/SF2 for processive phosphorylation of 

only the RS1 motif. This restricted mode of phosphorylation is critical for regulating 

the nucleo-cytoplasmic shuttling of ASF/SF2 [35]. Recent studies indicated that the 

RRM modules of ASF/SF2 are not necessary for initial binding between the substrate 

and kinase, but are required to maintain the processive process until phosphorylation is 

complete [44]. We wanted to test the universality of the docking interaction with 

another sub-class of mammalian SR protein, SC35, which is non-shuttling and only 

contain one RRM domain [20]. We believed that the docking interaction is conserved 

across different mammalian SR proteins, and also wanted more insights into the role 

of the single RRM of SC35 in modulating processive phosphorylation. 

 Previously, our lab also showed that yeast SR protein kinase, Sky1p and its 

mammalian ortholog, SRPK1 can efficiently phosphorylated ASF/SF2 and Npl3p, 

respectively. Furthermore, Sky1p also utilized the docking groove to bind ASF/SF2 

with high affinity and processively phosphorylated it [45]. This is consistent with the 

literatures showing that SRPK1 can functionally complement Sky1p in vivo, implying 

that the mammalian kinase can phosphorylate SR-like proteins in yeast at level 

sufficient for viability [46]. The only known natural yeast substrate for Sky1p to date, 

Npl3p, contains only a single phosphorylation site. Since Sky1p can processively 

phosphorylate its heterologous substate, we were motivated to look for another natural 

yeast substrate that may also undergoes processive phosphorylation at multiple sites. 

 



 45 

 

B. Results 

1. SC35 also utilizes the docking interaction with SRPK1  

ASF/SF2 and SC35 represents two different sub-classes of SR proteins by 

having two and one RRMs, respectively. Structural studies and binding experiments 

showed that only RRM2 of ASF/SF2 directly contacts the kinase while RRM1 is 

dispensable. SC35 has one RRM similar to RRM1 of ASF/SF2, followed by a 

continuous stretch of RS dipeptides up until residue 143 (Figure 4.1a). We wanted to 

determine if SRPK1 also bind SC35 through the docking interaction. In vitro binding 

assay showed SC35(RRM) (residues 1-92) did not bind to SRPK1 while SC358CRS 

(residues 1-143)  bound very strongly (Figure 4.2a). Furthermore, SC358CRS could 

not bind to the kinase with mutations in the docking groove (Figure 4.2b). This 

suggested the same docking groove is used to recognize both classes of SR proteins. 

However, we still do not know if the RRM is needed for processive phosphorylation 

and if SC35 requires different phosphorylation states for its biological functions. 

 

2. Docking interaction is evolutionarily conserved from yeast to mammals 

Yeast protein, Gbp2p, contains an RS domain where three serines are present 

within a continuous stretch of RS dipeptides. Gbp2p also contains an RGG domain C-

terminal to the RS motif (Figure 3.3a). Previously, we have shown that the RGG 

domain of Npl3p interacted with the docking groove in Sky1p, and this was important 

for efficient binding and phosphorylation. We wanted to see if Sky1p also mediate 

similar docking interaction with the RGG domain of Gbp2p. We created the construct  
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Figure 4.1. GST-SC35(RRM) (residues 1-92) and GST-SC35(8CRS) (residues 1-143) 

purifications: a) Schematic representation of mammalian SC35.  b) SDS-PAGE analysis of 

GST-SC35(RRM) and and GST-SC35(8CRS) purification with GST affinity chromatography. 

c) Kinase assay confirmed that GST-SC35(8CRS) is active protein. 
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Figure 4.2. SC35 also uses docking interaction to bind SRPK1. a) SC35 required the RS 

domain to interact with SRPK1. b) SC35 could not bind to SRPK1 with docking groove 

mutations.  
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GST-Gbp2p (1-123), which only encompassed the RGG/SR. Binding experiments 

with wild-type Sky1p and docking groove mutants Sky1p showed that mutant Sky1p 

bound Gbp2p very poorly, and that SRPK1 could also bind Gbp2p (Figure 3.4a). 

Together, this suggested that Sky1p utilizes similar docking mechanism to interact 

with Gbp2p. 

 To see if multisite phosphorylation of Gbp2p occurs, we performed in vitro 

kinase reactions with three single mutants where each serine (at 13, 15, and 17) was 

mutated to alanine. Results confirmed phosphorylation of multiple sites. We further 

created a triple mutants (S13A + S15A + S17A) and observed dramatic reduction in 

phosphorylation. Previously, we showed that an acidic residue at P-2 position (Glu-

409) in Npl3p is important for priming Npl3p for phosphorylation. An aspartate at 

residue 11 could serve as the P-2 residue with respect Ser-13 [45]. We mutated this 

aspartate to alanine, which revealed no effect on Gbp2p phosphorylation (Figure 

3.4b). Finally, we wanted to test if Sky1p processively phosphorylates these serines 

with the start-trap assay, using an inactive kinase as the trap (Figure 3.4c). There was 

not even partial phosphorylation of Gbp2p compared to that of negative control, 

suggesting phosphorylation of Gbp2p is a distributive process (Figure 3.4d). A clear 

role for processive phosphorylation in biological context has not been established, but 

we believe this may be advantageous over distributive phosphorylation. Fast 

phosphorylation achieved will allow substrates to function more rapidly in manners 

important for survival of higher eukaryotes, while lower eukaryotes such as yeast may 

not required such mechanisms.  
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Figure 4.3. GST-Gbp2p(1-123) purifcation: a) Schematic representation of Gbp2p constructs 

generated. b) SDS-PAGE analysis of GST-Gbp2p(1-123) (WT, S13A , S15A, S17A, and 

D11A) purification using GST affinity chromatography. 
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Figure 4.4. Kinetic and binding experiments of Gbp2p with Sky1p: a) Gbp2p binds Sky1p 

through docking interaction. b) Gbp2p is phosphorylated at multiple sites. c) Distinction 

between processive and distribute phosphorylation. Active kinases and trap (SRPK1 K190M) 

are denoted by blue and red, respectively. Substrates sequestered by trap due to active kinase 

dissocation after initial phosphorylation cannot be phosphorylated further. Process 

phosphorylation requires continuous kinase/substrate association for multiple phosphorylation 

events. d)  Gbp2 displays distributive phosphorylation mechanism. Positive control (no trap,     

), negative control (trap-start,       ), and start + trap reactions (       ) are indicated in each case. 
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3. Discussion 

 The docking interaction SRPK1 uses with ASF/SF2 is also observed for SC35, 

which contain only one RRM. We believe that the single RRM may not play a role in  

governing the phosphorylation, and only the docking motif/ RS domain are 

responsible for both the extent and mechanism of phosphorylation. We also speculate 

that the mobile docking motif may determine if a particular SR protein shuttles 

between the nucleus and the cytoplasm. Non-shuttling SRs protein such as SC35 has 

more extensive RS domain, with more contiguous tracts of RS dipeptides. Shuttling 

SR proteins such as ASF/SF2 have shorter RS domains, with fewer uninterrupted 

tracts of RS dipeptides. Since the RS tract can serve as a mobile docking motif, non-

shuttling SR proteins with more expansive RS domain may be phosphorylated to a 

greater extent, and more likely to be retained in the nucleus. Further works are needed 

to address these questions.  

 We have also shown the universality of docking interaction from mammals to 

yeast, as SRPK1 and Sky1p can efficiently phosphorylate their heterologous 

substrates. We also identified a yeast protein that has multi-sites phosphorylation, 

although in a distributive manner. We believe that rapid phosphorylation is important 

for regulating the biological function of ASF/SF2 in mammals by influencing dynamic 

protein-protein interactions. These functions are far more important for survival in 

higher eukaryotes than in yeast, where rare occurrences of splicing may not required 

these RS/RGG proteins to function in such manners.  
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The text of this chapter is, in part, a reprint of material as it appears in Journal 

of Biological Chemistry, 2007, 282, 23036-43, Lukasiewicz, R., Velazquez-Dones, A., 

Huynh, N., Hagopian, J., Fu, X. D., Adams, J. A., and Ghosh, G. The thesis author 

was a co-author of this publication.  
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V. Recognition of ESE-containing RNA by 

RRM domain of ASF/SF2 
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A. Introduction 

Unlike the role of phosphorylation in regulating localization, the RNA binding 

function of ASF/SF2 is still unclear. The lack of stringency on splice site sequence 

poses a problem for proper assembly of spliceosome and may affect precision in 

splicing and gene expression [47]. Recent works showed that ASF/SF2 recognizes 

exonic splicing enhancer sequences (ESEs) within the exons of pre-mRNA and 

influences splice site selection. It is believed that the RRM domains of ASF/SF2 

mediate RNA binding specificity, while the RS domain is free to interact with 

components of the splicing machinery [10]. It is also suggested that the synergy 

between the two RRMs in ASF/SF2 is required to give high RNA binding activity. 

Several ESE sequences have been identified by in vitro and in vivo SELEX 

experiments [38]. ESE sequences are rather degenerate leading to difficulties in 

identifying a pattern of ESE recognition by SR proteins; nevertheless, ESE-dependent 

splicing is critical for splicing events where introns contain weak signals [48]. We 

wanted to investigate the ESE recognition mechanism of ASF/SF2 in the context of 

each RRM alone and also the full RRM module.  

 

B. Results 

1. RRM of ASF/SF2 binds ESE with low affinity but high specificity  

We first wanted to understand the role of each RRM domain in RNA binding, 

and decided used three different RRM constructs, ASF/SF2(RRM1), 

ASF/SF2(RRM2), and ASF/SF29RS (Figure 5.1a). Size-exclusion chromatography 

was used at the last step of purification to remove all non-specific RNA associated  



 55 

 

 

Figure 5.1. His-ASF(RRM) (residues 1-196) purification: a) Different RRM constructs 

generated for RNA binding assay. b) SDS-PAGE analysis of His-ASF(RRM) purification 

using Ni
2+  

affinity chromatography. c) Gel filtration helped to remove residual RNA (red 

curve). The other RRM constructs, purified by Dr. Sutapa Chakrabarti, showed similar gel 

filtration profile. d) SDS-PAGE analysis of gel filtration fractions confirmed presence of His-

ASF(RRM).  
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with the proteins (Figure 5.1c). We performed electrophoretic motility shift assays 

(EMSA) with an RNA apatmer containing ESE sequence from Ron proto-oncogene. 

Results showed that only RRM2 had binding, while RRM1 alone had minimal activity 

(Figure 5.2a). However, there was significant enhancement with the full RRM (Figure 

5.2b, left gel). We also compared RNA binding of the full RRM, both in absence and 

presence of excess nonspecific competitor, Poly-U (Figure 5.2b, right gel). The 

estimated Kd for both experiments were in the same µM range, suggesting that the 

RRM domain binds with high specificity but low affinity. 

 

2. RRM2 does not use the conserved RNP motif for RNA binding  

 The recent NMR solution structure of single-RRM containing SR protein, 

SRp20, bound to a 4-nucleotide ESE RNA delineated specific residues within the 

RRM domain that are involved in RNA binding. In the complex, the four bases were 

mostly stacked against aromatic residues within the highly conserved RNP1 (β3-

strand) and RNP2 (β1-strand) motif in the RRM domain. This binding mode is 

common to almost all RRM-RNA complexes [49]. Sequence alignment of SRp20 and 

ASF/SF2 showed that most RNA binding residues of SRp20 are conserved in RRM1 

domain of ASF/SF2. This was surprising since our in vitro assay showed that RRM1 

contributed very little to binding. Furthermore, most conserved aromatic residues 

within RNP1 and RNP2 motif are absent in RRM2 of ASF/SF2. We did identify two 

conserved residues (T157 and V159) within RNP1 of RRM2. Mutating them to 

alanine had no effect on RNA binding (Figure 5.3b, Panel 5). This suggested that 

RRM2 of ASF/SF2 does not use the common RNA binding strategy. Furthermore,  
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Figure 5.2. Each RRM alone shows little RNA binding compared to full RRM. a) RRM1 had 

very minimal RNA binding activity (left gel), and most binding contribution came from 

RRM2 (right gel). b) Comparing binding activity of full RRM module in absence/presence of 

Poly-U showed that full RRM can bind with low affinity but high specificity.  
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Figure 5.3. RRM2 of ASF/SF2 does not use the conserved RNP motif to bind RNA: a) 

Construct of RRM2 used and the different mutations generated. b) Mutating residues T157 

and V159 in the conserved RNP1 motif had no effect on RNA binding, while mutating the 

residues (W134 and R154) used to interact with SRPK1 showed severe defect in binding. 
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when we mutated the three kinase contact residues, we saw some reduced in binding 

with Q135A, and severe reduction with W134A and R154A (Figure 5.3b, Panel 2-4). 

The two residues (W134 and R154) that contribute negatively to kinase binding 

appear to be important in the case of RNA binding. Results here revealed a novel 

binding interface within ASF/SF2 that is important for both interaction with the kinase 

and RNA.   

 

3. Discussion 

Our studies suggested that ASF/SF2 does not use the common RNP motifs to 

bind ESE-containing RNA, and appear to utilize the same residues important for 

contacting with the kinase. Most of the binding energy seems to be coming from 

RRM2 and the role of RRM1 is still elusive, as it does not bind kinase or RNA. 

Surprisingly, we see significant enhancement in binding when the two RRMs are 

present together. EMSA assays showed that ASF/SF2 binds ESE-containing RNA 

with relatively low affinity but high specificity. This is not unprecedented as the SR 

protein SRp20 and auxiliary splicing factors hnRNPs both have been shown to bind 

their specific RNA sequences with low affinity [50]. It is unclear how such low 

affinity binding allows these proteins to function in vivo. Some have suggested that 

transcription and splicing may be coupled, where the transcription complex can 

regulate SR protein binding to ESE in manner that enhances specificity and affinity 

[51]. Results established here and recent studies by Shen showing that RS domain of 

SR proteins can actually contact splice sites (ESE and branchpoint) suggested the 

possibility that RS domain can help in stabilizing the RRM:ESE complex [40].  
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Preliminary results by a member of our lab have shown that 

hypophosphorylated ASF/SF2 binds ESE with high affinity and specificity while 

hyperphosphorylated ASF/SF2 binds with significantly lower affinity. We believed 

that in the hypophosphorylated form, RS1 motif eliminates most non-specific contacts 

while RS2 motif acts as a stabilizer for RRM:ESE complex [S. Cho, personal 

communications].  
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VI. Discussion 
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 The major emphasis of my thesis work has been to investigate the role of the 

RRM in the complex formation and processive phosphorylation. In this work I have 

unraveled several new features of the SRPK1:ASF/SF2 complex.  First, the RRM2 

although buries over 1200 angstrom of exposed surface area, the energetic 

contribution the interface is negligible when the RS domain is absent. Second, even in 

the presence of the RS domain, only one the three key residues at the RRM2:kinase 

interface makes positive contribution whereas the other two residues tested are 

inhibitory to the complex formation. Third, only a single residue within the RRM2 

may be controlling the switch of phosphorylation mechanism from distributive to 

processive.  Finally, the RS domain mediated allosteric change requires the full-length 

kinase but not the spacer deleted kinase. This implies a role of the spacer domain to 

relay changes that is initiated at the docking groove to the front of the kinase lobes 

near the active site. 

Although buried surface area has served as a good parameter to roughly predict 

the strength of a complex, unusual nature of direct and indirect contacts in an interface 

may not justify the prediction.  The interface formed between RRM2 and SRPK1 is 

one case.  Three interrelated events control this interface. My work clearly 

demonstrates that a structural change in the kinase must occur so that RRM2 can 

interact with the kinase. Binding of the RS domain to the kinase brings the structural 

change in the front of the kinase. Because the RS domain and RRM2 do not directly 

interact with each other upon binding to the kinase, therefore the structural change in 

the kinase must be allosteric in nature.  Remarkably however, structural comparison of 

apo- and ASF/SF2 bound kinases do not reveal any structural differences in the kinase 
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that can explain why the RRM2 only binds to the kinase in the presence of the RS 

domain.  Therefore, structural change is either very subtle in nature or full-length 

kinase bring about a different allostery which is difficult to speculate in the absence of 

the structure between the full-length kinase and ASF/SF2.  One possibility is that the 

RS domain alters the spacer domain such that it can directly contact RRM2.  

Another feature of this interface is that of the three residues of RRM2 tested, 

only Q135 appears to make a positive energetic contribution in the complex formation. 

W134 and R154 negatively affect complex formation irrespective of the presence of 

the RS domain or not.  This is remarkable as Q135 adopts an unfavorable geometry in 

the complex.  More intriguingly, these observations suggest that a single residue 

(Q135) can have a dramatic impact in the regulation of processive phosphorayltion.  

RS domain alone binds with high affinity to the kinase.  However, in the absence of 

the RRM2, phosphorylation is distributive.  This suggests affinity alone cannot 

determine the mechanism of phopshorylation, and other regulatory mechanisms are 

involved.  In this case, RRM2 binding to kinase near the active site changes something 

such that the phosphorylation can occur in a processive manner.   

I have further shown that the lack of RRM2 binding is in part due to its 

alternative binding mode to the kinase, between the docking groove of the kinase and 

β4 of ASF/SF2. When W134 is mutated to alanine, the mutant RRM2 can now bind 

better through the small lobe with diminished interaction at the docking groove. In all, 

this binding mode suggests a novel mechanism of processive phopshorylation and 

product release. 
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