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ABSTRACT OF THE DISSERTATION 

Regulation of SR protein substrates by yeast SR protein kinase, 

Sky1p 

  by 

Randall Matthew Lukasiewicz 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2006 

Professor Gourisankar Ghosh, Chair 

 

 SR proteins play a role in various processes in gene expression: pre-mRNA 

splicing, mRNA export and translation.  The localization and function of SR proteins 

depends on their phosphorylation state, which is regulated by SR protein kinases 

(SRPKs). 

 Although no classical SR proteins have been identified in yeast, an SR-like 

protein Npl3p plays a role in pre-mRNA processing, mRNA export and translation.  

Yeast SRPK Sky1p regulates Npl3p localization; phosphorylation by Sky1p signals 

the import of Npl3p into the nucleus.  Methylation of Npl3p is also required for 

nuclear export of Npl3p-containing mRNPs, suggesting that a molecular switch for 

Npl3p exists between phosphorylation and methylation.   
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 Npl3p is a multi-domain protein.  The functionality of the N-terminal APQE 

domain is unknown.  The central domain containing two RNA recognition motifs is 

responsible for RNA binding.  Serine 411 of the C-terminal RGG domain is 

phosphorylated by Sky1p.   

 We have found a kinase docking groove in Sky1p which is conserved from 

yeast to humans.  We also show that the RGG domain of Npl3p contains multiple 

docking motifs, each containing two or three arginines separated by glycines.  These 

docking motifs interact positively with the Sky1p docking groove facilitating substrate 

recruitment to the kinase.  Kinetic assays suggest that the docking motifs facilitate 

Sky1p recognition of Npl3p.  Docking interactions are also important for efficient 

phosphorylation.  Recent reports show that the RGG domain of Npl3p is methylated 

which inhibits Sk1yp-mediated phosphorylation.  Inhibition is due to the disruption of 

the docking interactions between Sky1p and the RGG domain of Npl3p.   

 The docking interaction between Sky1p and Npl3p is similar to the mammalian 

SRPK1/ASF/SF2 docking interaction reported earlier from our laboratory.  We show 

that Sk1yp binds non-native substrate ASF/SF2 with high affinity and also utilizing a 

processive mechanism of phosphorylation.  To date, no Sky1p substrates are shown to 

be phosphorylated multiple times.  However it is possible that Sky1p may utilize this 

mechanism in vivo with substrate Gbp2p. 

 Sky1p is a constitutively active kinase whose subcellular localization poses as 

a form of regulation.  The catalytic activity of Sky1p is not known to be regulated.  

We have observed an anion binding pocket through structural studies, and mutation of 
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the pocket-forming residues affects catalysis.  We propose that catalytic activity of 

Sky1p might be modulated in vivo. 
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Introduction 
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RNA splicing: a role in Gene expression 

 In order to maintain viability, an organism must be able to respond quickly to 

its environment.  Each cell contains variety of genes, and the expression of specific 

genes formulates a distinct response to each stimuli.  Gene expression in eukaryotic 

cells requires four steps: synthesis of RNA, RNA processing, RNA export and 

translation of protein.  Though much has been learned about RNA processing and 

export, these processes are still poorly understood. 

 In eukaryotes, RNA processing is the maturation of pre-mRNA into mRNA.  

RNA processing consists of three events: 5’ end capping, 3’ end polyadenylation, and 

splicing.  5’ capping and 3’ polyadenylation of the pre-mRNA provide stability to the 

transcript to prevent degradation as well as serve as necessary components for 

translation of a properly processed transcript.  Splicing is the linking of two RNA 

exons (portions of pre-mRNA that code for protein) while removing the intron (non-

coding RNA) that separates them (Figure 1.1).   

 Splicing is carried out by a spliceosome, a large enzyme that contains RNA 

and proteins.  The canonical form of splicing, known as constitutive splicing, is the 

joining of all exons and the removal of all introns from a transcript.  Genes that 

undergo constitutive splicing contain a conserved sequence at the exon-intron junction 

(strong splicing signal), allowing its consistent recognition by the spliceosome (1).  

Deviations from the consensus splice sequence (weak splicing signal) can cause poor 

recognition by the spliceosome and subsequent exon skipping.  In metazoans, 

differential selection of weak splicing signals by the spliceosome occurs by alternative  
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Figure 1.1:  Assembly of the spliceosome.  Taken from (2).   
 
U1 snRNP binds to the pre-mRNA 5’ splice site, forming complex E (commitment complex).  U2 
snRNP binds the intron branchpoint forming complex A.  Once tri-snRNP (U4/U5/U6) displaces U1 
snRNP on the 5’ splice site, U4 dissociates allowing the catalysis forming the B complex.  Complex C 
catalyzes ligation of the spliced intron.  Once their respective roles in splicing are complete, U snRNPs 
are then recycled for participation in subsequent splicing reactions. 
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 splicing (3). This process produces different RNAs from a single gene (Figure 1.2), 

coding for functionally different proteins.   

Sequencing of the human genome has yielded a surprisingly low number of 

genes, compared to the number of functional proteins identified (4).  Alternative 

splicing contributes to the functional diversity of the human genome (4-6).  Current 

studies estimate that alternative splicing occurs in approximately 55%-74% of human  

genes (7, 8), making alternative splicing commonplace among metazoans.   

 Human genes contain, on average, 8 introns (9), and the spliceosome must 

differentiate between numerous splice sites to properly splice a transcript.  Therefore it 

is important that the correct splice site is selected to produce a transcript encoding a 

functional protein.  Aberrant splicing can have disastrous effects; approximately 15% 

of diseases caused by point mutations are a result of aberrant splicing (10-13).  

 

RNA splicing and export in yeast 

 Though the splicing machinery is conserved from humans to yeast (14), 

splicing in yeast is much rarer compared to metazoans.  Of the 6,179 genes in 

Saccharomyces cerevisiae (yeast), splicing only occurs in 229 genes, occurring in 

about 4% of yeast genes (15).  Of the 229 intron-containing genes, only 10 have 

multiple introns.  There is no evidence that these 10 genes are alternatively spliced.  

Interestingly, intron-containing genes in yeast make up more than 26% of the total 

RNA transcripts in the cell (16).  Computational studies coupled with extensive 

deletions in yeast have shown that introns increase transcriptional and translational  
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Figure 1.2:  Alternative splicing in mammals creates functional diversity.  Adapted from (17). 
 
Alternative splicing is the selection of different splice sites such that various gene products can be 
formed from one gene.   Constitutive exons are labeled with cyan while alternatively spliced exons are 
green, orange and red. 
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yield in yeast (18).  This is not surprising considering that transcription, processing 

and export are coupled in yeast as well as humans  (19).  It appears that introns serve a 

higher purpose in yeast: streamlining the events necessary for gene expression. 

Different classes eukaryotic RNAs are exported from the nucleus by different 

protein factors for nuclear export (20).  Microarray analysis has shown that essential 

yeast genes Yra1 and Mex67 individually bind roughly 20% of the yeast genome and 

36% of all mRNA transcripts (21).  These genes are homologues of human REF and 

TAP, respectively, and they are the major mode of mRNA export in humans and yeast 

(22).  

 

non-snRNP proteins in RNA processing and post-processing events 

 The spliceosome consists of U class small nuclear ribonucleoproteins (U 

snRNPs) and non-snRNP proteins. Two classes of non-snRNP proteins play 

prominent roles in both constitutive splicing by facilitating multiple steps of 

spliceosome assembly.  SR proteins are characterized by an N-terminal RNA 

recognition motif (RRM) and a C-terminal RS dipeptide repeat region (Figure 1.3).  

SR proteins play a prominent role in both constitutive and alternative splicing.  SR 

proteins function as regulators of constitutive splicing by facilitating multiple steps of 

spliceosome assembly (23-25) (Figure 1.4).  The function of SR proteins in 

constitutive splicing appears to be non-specific.  SR proteins have been shown to be 

partially redundant, indicating a relatively minor role in constitutive splicing (26).   

 Alternative splice sites often contain weak splicing signals leading to exon 
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Figure 1.3:  SR and SR-like proteins. 
 
SR and SR-like proteins share similar domain characteristics.  RNA recognition motifs (RRMs) appear 
in blue wile RS and RGG domains appear in red.  Text labeled in red denotes RS/SR dipeptide repeats 
in yeast proteins while green denotes an RGG repeat.  In ASF/SF2, a docking motif is denoted with 
orange text.  The last SR repeat in Npl3p is phosphorylated by Sky1p and is denoted with an asterisk. 
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skipping.  In order for weak 3’ splice sites to be recognized, an exon splicing enhancer 

(ESE) element exists near the splice site to aid recruitment of the spliceosome.  SR 

proteins bind ESEs and facilitate the recruitment of U2 snRNP association factors 

(U2AFs) (27) (Figure 1.5a).  The recruitment of U2AFs can also be inhibited by 

hnRNP proteins binding exon splicing silencers (ESSs) (27).  SR proteins also play a 

role in the selection of 5’ alternative splice sites where SR proteins compete against 

hnRNPs for binding to 5’ splice sites in a concentration dependent manner (27) 

(Figure 1.5b).  Aside from their role in 5’ and 3’ splice site recognition, SR and 

hnRNP proteins play a role in other aspects of gene expression: 3’ end processing, 

mRNA export and translation (25, 28-34).   

Though no classical SR proteins have been identified in yeast, proteins 

containing qualities of both SR proteins and hnRNP proteins have been shown to play 

a role in mRNA processing and export.  Npl3p and Gbp2p contain multiple RNA 

recognition motifs (RRMs) (Figure 1.3).  A C-terminal RGG domains exists as well 

containing multiple repeats of an arginine-glycine-glycine tripeptide.  Interestingly, 8 

RS/SR dipeptide repeats, which are common to SR proteins, are found in the RGG 

domain as well.  These SR-like proteins are known mRNA export proteins (35-37).  

Npl3p is also involved in 3’ end processing of mRNA (35, 36).  Recent reports 

demonstrate that Npl3p and Gbp2p have the ability to export specific subsets of 

mRNAs (38).  Npl3p and Gbp2p also associate with translating ribosomes (37).   
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Figure 1.4:  SR proteins play role in role in splicing, figure.  Taken from (39).   
 
SR proteins (orange) play various roles in assembling the spliceosome as well as splice site recognition.  
The RS domain of U2AF65 contacts the branchpoint in complex E, and then the RS domain of an SR 
protein contacts the branchpoint forming the prespliceosome.  Concurrently, the RNA binding domain 
(RBD) of the SR protein selects binds to the ESEs.  A second SR protein in the mature spliceosome 
recognizes the 5’ splice site using its RS domain while contacting the intron with its RBD. 
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Figure 1.5:  SR proteins and hnRNP proteins are involved in alternative splicing.  Adapted from (27). 
 
(a)  3’ splice site selection is facilitated by SR proteins (orange) binding to ESE elements that recruit 
U2AFs (yellow) to the splice site.  SR proteins can also antagonize the negative effects of hnRNP 
proteins (green) binding to ESS elements. 
(b)  SR proteins (orange) prevent the hnRNP A1 (green) mediated displacement of U1snRNP thereby 
causing selection of the proximal 5’ splice site.  Distal 5’ splice site selection is caused by hnRNP A1 
displacing U1 snRNP on the 5’ splice sites. 
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Hence a role in regulating translation is possible.  Like SR proteins, the localization of 

SR-like proteins in yeast is regulated by post-translational modification. 

 

Post-translational modification of SR and hnRNP proteins 

 RNA processing is a coordination of events that require precise timing of 

interactions between numerous proteins and RNA.  Strict regulation of proteins 

involved in RNA processing is important to ensure that transcripts are properly 

processed.  One mechanism of regulation is phosphorylation by protein kinases.   

 In mammals, localization of prototypical SR protein ASF/SF2 is regulated by 

phosphorylation by SR protein kinase SRPK1 and Clk/Sty kinase (33, 34, 40-42) 

(Figure 1.6).  SRPK1 phosphorylates the RS domain of ASF/SF2 in the cytoplasm, 

considered the “hypophosphorylated” state; subsequently ASF/SF2 is imported into 

the nucleus by transportin SR.  Once in the nucleus, ASF/SF2 is localized to nuclear 

speckles with other splicing machinery.   

 The function of SR proteins is also regulated by their phosphorylation state.  

Phosphorylation of ASF/SF2 by the kinases Clk/Sty to a “hyperphosphorylated” state 

causes ASF/SF2 to release from nuclear speckles.  SR proteins then participate in the 

assembly of the spliceosome (43-45).   

 Recent studies have shown that SR proteins are involved in mRNA export and 

translation.  SR proteins ASF/SF2, 9G8 and SRp20 shuttle between the nucleus and 

the cytoplasm.  (25, 46-49).  SR proteins that shuttle between the nucleus and the 

cytoplasm are readily dephosphorylated to a “hypophosphorylated” state before 
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Figure 1.6:  SRPKs dictate the subcellular localization of SR proteins in mammals. 
 
A model above shows how SR protein kinases (green) and Clk/Sty (blue) kinases affect the localization 
and activation of SR proteins (red) in mammals.  
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mRNA export.  However, SR proteins that are retained in the nucleus are resistant to 

dephosphorylation (50).  It has also been shown that ASF/SF2 associates with the 

ribosome, and ASF/SF2 over expression in HeLa cells increases translation (46).  

Hence, the variable phosphorylation states of SR proteins play a significant role in the 

regulation of SR protein localization, SR protein involvement in mRNA export and 

translation.   

Protein phosphorylation also plays a role in regulating mRNA processing and 

export in yeast.  Specifically, phosphorylation of Npl3p at serine by yeast SRPK, 

Sky1p, directly affects Npl3p subcellular localization (Figure 1.7) (51, 52).  Import 

receptor Mtr10p transports Npl3p to the nucleus (51, 53, 54).  Once in the nucleus, 

Npl3p is co-transcriptionally recruited to RNA highly transcribed genes, such as 

ribosomal protein genes (38, 55).  Though Npl3p’s direct role in RNA processing is 

poorly understood, Npl3p has been implicated in the regulation of transcription 

termination and 3’ processing (56-58).  Npl3p also associates with transcription 

elongation factor Tho2 and the association is disrupted by methylation of Npl3p by 

Hmt1p (59).  Glc7p dephosphorylates Npl3p (60).  It is unclear when exactly 

dephosphorylation occurs; however, this step is necessary for Npl3p interaction with 

known mRNA export factor Mex67p.  Methylation of Npl3p is also essential for 

mRNP export to the cytoplasm (59, 61, 62). 

 Interestingly, hypermethylation of Npl3p by Hmt1p abolishes both binding and 

phosphorylation by Sky1p (62), implying that the methylated and phosphorylated 
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Figure 1.7:  Post-translational modification of Npl3p regulates its localization. 
 
Phosphorylation of serine 411 of Npl3p by Sky1p (green) in the cytoplasm signals its import.  In the 
nucleus, Npl3p is dephosphorylated by Glc7p (aqua) and methylated by Hmt1p (star). 
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states of Npl3p may be mutually exclusive.  Recent studies have also shown that 

phosphorylation of Npl3p signals its dissociation from mRNA in the cytoplasm by 

recruiting import receptor Mtr10p (37).  A possible molecular switch exists where 

phosphorylation by Sky1p signals the import of Npl3p into the nucleus while 

methylation signals export to the cytoplasm.  Thus understanding interactions between 

Npl3p and its modifying enzymes, Sky1p and Hmt1p, may provide a greater 

understanding of this possible molecular switch.   

 

Protein Kinases 

 Protein kinases make up 1.7% of the human genome (518 genes).  They are 

characterized by their ability to transfer the γ-phosphate from an ATP molecule to a 

protein substrate.  The protein kinase superfamily is separated into seven groups based 

on homology and function (Figure 1.8).  The group of tyrosine kinases (TK) is 

distinctive because of its ability to phosphorylate tyrosine residues.  The rest of the 

groups phosphorylate either serines or threonines or both.   

 The catalytic core of the kinase consists of approximately 260 amino acids 

which contains a number of well conserved regions.  The first structure of a kinase,  

cAMP-dependent protein kinase (PKA), was solved via x-ray crystallography (63).  

One area of the kinase that was particularly well conserved was the ATP binding 

pocket, suggesting that that the mechanism of catalysis was the same among kinases.  

Subsequent kinase structures revealed that the protein kinase fold is also well 

conserved, supporting this claim.  
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Figure 1.8:  A phylogenic tree representation of human protein kinases from (64). 
 
Kinases are separated into groups based on homology and function.  The SRPK subfamily is part of the 
CMGC kinase group and Clk family.   
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 Protein kinases adopt a fold containing two lobes: a small N-terminal lobe 

consisting primarily of β sheets and a large C-terminal lobe consisting mainly of α 

helices (Figure 1.9).  The active site rests between the two lobes where ATP binds.  

The small lobe also contains a glycine rich loop, separating two β sheets.  Mutational 

analysis has shown that the glycine rich loop is important for ATP binding for 

catalysis (65). A magnesium-binding loop found between the two lobes contains an 

invariant aspartic acid which interacts with a metal ion necessary for catalytic activity 

(66).  A catalytic loop is also located between the two lobes of the kinase in the active 

site.  This loop also contains an invariant aspartic acid thought to interact with the 

protein substrate by either inducing a favorable substrate conformation for catalysis or 

for promoting substrate release (66).  Lastly, the activation loop protrudes out from the 

active site and its phosphorylation often serves as a molecular switch for activation of 

the kinase (67, 68).  Though kinases adopt a similar fold orienting the aforementioned 

components necessary for catalysis, variability among kinases does exist.  There is a 

vast amount of kinase substrates within a cell, and the range of substrate specificities 

displayed by kinases is also broad.  This dictates that kinase sequence and structure 

vary from kinase to kinase in order to adapt to a specific set of substrates and 

regulatory factors.  

 

Activation of protein kinases 

 Because of their widespread involvement in cellular events, the activity of 

kinases is highly regulated.  Misregulation of kinase activity can have severe effects.   
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Figure 1.9:  PKA serves as a model for the protein kinases fold. 
 
The x-ray crystal structure of PKA (1ATP.pdb) demonstrates a well conserved kinase domain fold 
found among protein kinases.  Four loops are critical for kinase activity: glycine rich loop (green), 
Mg2+-binding loop (blue), activation loop (magenta) and catalytic loop (cyan).  ATP binds the kinase in 
a pocket between the two kinase lobes in the active site. 
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For instance, many instances of cancer are caused by a kinase being constitutively 

active (69, 70). 

Protein kinases can be activated in different ways.  One form of modulation is 

the use of trans-activating regulatory proteins that modulate kinase activity.  For 

instance, cyclin dependent kinases (CDKs) are activated by cyclins.  Cyclins bind 

CDKs and change the conformation of the activation loop allowing substrate binding.  

Another form of activation is the use of separate regulatory domains outside of the 

kinase domain that sense a stimulus.  Src kinase contains regulatory SH2 and SH3 

domains that sense a phosphotyrosine on the C-terminal portion of Src.  These 

regulatory domains proceed to distort the kinase fold by interacting with back of the 

kinase cleft, disorienting the αC helix and the Mg2+ loop.   

The most common form of kinase activation is by phosphorylation of the 

activation loop.  Kinases are typically inactive until one or more sites in the activation 

loop are phosphorylated, rendering the kinase active (67, 71).  Interestingly, ordering 

of the activation loop has differential effects on substrate binding of kinases IRK and 

ERK2 (72, 73).  However, more recent studies have shown that anchoring of the 

activation loop by the regions directly flanking the activation loop is more important 

for kinase activity (67).   

Kinetic studies have shown that in five of the six kinases studied, phosphoryl 

transfer is affected more by phosphorylation of the activation loop than ATP or 

substrate binding (68).  Thus, kinase activation via phosphorylation of the activation 
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loop may more likely be attributed to activation loop interactions with the rest of the 

active site than with substrate interactions. 

 

SR protein kinases 

 The SR protein kinase (SRPK) subfamily, which is part of the CMGC kinase 

group, is characterized by the substrates that they phosphorylate—SR proteins.  Aside 

from their previously mentioned role in splicing, SRPKs have been linked to 

numerous other global processes such as ion homeostasis, cisplatin resistance, cancer,  

cell cycle regulation (40, 74-77).   

 The kinase domains of SRPKs contain three main features: a kinase domain, a 

spacer domain, N- and C-terminal extensions and a MAP kinase insert. The spacer 

domain ranges from 74 to 299 amino acids and bifurcates the kinase core between the 

β7 and β8 sheets (Figure 1.10).  The spacer domain of SRPK1 has shown to be 

important for kinase localization within the cell (40).  Deletion of the spacer in SRPKs 

does not abolish kinase activity (45, 78).  SRPKs also contain N- and C-terminal 

extensions which are of varied sequence and length.  The large lobe of the kinases also 

contain an insert found in all CMGC kinases which has significant homology to MAP 

kinases, called the MAP kinase insert. 

 

Structural basis for constitutive activity of SR protein kinases 

 Sky1p is a non-essential kinase in yeast, yet it is the only yeast SRPK (52).  It 

is responsible for the subcellular localization of substrates Npl3p and Gbp2p in yeast. 
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Figure 1.10:  Domain organization of SR protein kinases.   
 
SRPK kinase core regions (blue) are bifurcated by a spacer region (red) which is important for 
localization of the kinase.  Extensions to the N- and C-termini (white) are varied in length and sequence 
among SRPKs. 
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Like other SRPKs, Sky1p is constitutively active.  There are no known protein 

modulators of Sky1p activity.  The x-ray structure of Sky1p has been solved 

previously (Figure 1.11), and it reveals a structural basis for its constitutive activity 

(78). 

 The structure of Sky1p shows that there are three major factors influencing its 

constitutive activity.  First, the C-terminal tail of the kinase, which is not part of the 

kinase core, makes extensive contacts with the backside of the large lobe of the kinase 

as well as the activation loop.  Though normally disordered in inactive kinases, the 

activation loop fold is stabilized by its interactions with the C-terminal tail of Sky1p.  

Secondly, the αC helix is extended (αC’), allowing extensive contact with αE helix.  

This interaction between helices stacks the small lobe against the large lobe, 

stabilizing the active kinase fold.  Lastly, Gln566, which is located in the P+1 loop, 

maintains strained Φ/Ψ angles stabilizing the activation segment.  All of these 

components contribute the stabilization of the active kinase fold. 

 

Substrate specificity of SR protein kinases 

 Another interesting aspect of SRPKs is their specificity towards their 

substrates.  Mutations of arginines in the RS domain of ASF/SF2 to lysine 

significantly inhibit phosphorylation by SRPK1 while mutations of serines to 

threonine abolish phosphorylation (79).  This suggests a specificity among SRPKs that 

is more complex than recognizing the basic nature of the substrate near the 

phosphorylation site.  The stringent requirement for serine over threonine is unique to  
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Figure 1.11:  Three dimensional structure of Sky1p. 
 
The x-ray structure of Sky1pΔN(137)ΔS solved by (Nolen et al.) provides structural aspects for its 
constitutive activity.  The αC’ helix (cyan) interacts with the large lobe stabilizing the kinase fold.  
Gln566 (blue) maintains distinct Φ/Ψ angles stabilizing the activation segment.  The C-terminal tail 
(red) interacts with the activation loop. 
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SRPKs and may have a structural basis. 

SRPKs that are evolutionarily distant appear to be functionally similar.  SRPK1 

can complement SKY1 in yeast (75) and in vitro kinase assays show that both kinases 

can phosphorylate non-native substrates .  In vitro experiments using Sky1p and 

mutated ASF/SF2 show that Sky1p has the same stringency for serine over threonine 

and a requirement of arginines for efficient phosphorylation (52).  Thus, it appears that 

the elements of specificity towards SRPK substrates are conserved between yeast and 

mammals, but the question remains how these kinases are able to discriminate so 

stringently between biological substrates and other proteins. 

 

Mechanism of ASF/SF2 phosphorylation by SRPK1 

 Recent in vitro studies have shown that SRPK1 adds approximately 10 

phosphates to the RS1 domain of ASF/SF2 while Clk/Sty can add up to 20 phosphates 

in both the RS1 and RS2 domain (80, 81).  Phosphorylation of ASF/SF2 by SRPK1 

occurs via a processive mechanism where the kinase binds ASF/SF2 and 

phosphorylates the substrate multiple times before dissociation (80).  A high affinity 

docking groove/docking motif interaction between distal portions of the kinase and 

substrate is responsible for keeping the kinase bound to the substrate while the 

addition of multiple phosphates occurs (45).  So far, SRPK1 is the only SRPK to 

demonstrate this processive mechanism; however, recent studies show that Clk/Sty 

may also utilize a processive mechanism when phosphorylating ASF/SF2 (81).  So far, 

ASF/SF2 is the only SR protein shown to be processively phosphorylated.   
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Sky1p phosphorylation of peptide versus full length Npl3p 

 Kinetic studies characterizing Sky1p phosphorylation of Npl3p have shown 

that the full length protein is phosphorylated much more efficiently than a peptide 

substrate consisting of the C-terminal 14 amino acids of Npl3p (82).  The 50-fold 

difference in efficiency is due to a slow phosphoryl transfer step with the peptide 

substrate causing the Km to be significantly higher than that of the full length protein 

(83).  The efficiency of phosphorylation appears to come from a portion of Npl3p that 

does not lie within the active site during phosphorylation.  Thus, it appears that distal 

interactions between Sky1p and Npl3p may significantly affect the efficiency of 

phosphorylation. 

 

Goals of the Dissertation 

 SRPKs display stringent substrate specificity by selectively phosphorylating 

serine residues only.  SRPKs also specifically require an arginine residue to precede 

the serine for efficient phosphorylation.  Elements of the yeast SRPK, Sky1p, which 

are responsible for stringent substrate selectivity are likely to reside in the active site.  

Hence, exploring active site interactions between Sky1p and its substrate, Npl3p, 

would provide valuable insight regarding substrate recognition. 

 In an attempt to investigate Sky1p active site interactions with Npl3p, Sky1p 

crystals were soaked with an Npl3p-derived peptide.  Surprisingly, the peptide bound 

in a region distal to the active site, suggesting that distal docking interactions exist 
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between the kinase and substrate.  Similarly, a structure of SRPK1 revealed that the 

substrate peptide bound in the same region.  This docking groove in SRPK1 was 

subsequently found to interact with substrate ASF/SF2.  Our goal was to determine if 

the kinase docking groove observed in SRPK1 was conserved in Sky1p.  The docking 

interaction between SRPK1 and ASF/SF2 involves a docking motif in ASF/SF2, 

located upstream of the phosphorylated RS domain, that interacts with the docking 

groove of SRPK1.  We also wanted to determine if a docking motif exists in Npl3p.   

 Previous studies have indicated that methylation of Npl3p inhibits Sky1p-

mediated phosphorylation.  Interestingly, methylation of residues distal to the 

phosphorylation site of Npl3p has a negative effect on its phosphorylation by Sky1p.  

Our goal was to determine biochemically how methylation of Npl3p affects 

phosphorylation. 

 Distal docking interactions between SRPK1 and ASF/SF2 yield a high affinity 

complex which is responsible for a unique processive mechanism of phosphorylation.  

Given the sequence similarities of SRPK1 and Sky1p, our goal was to determine if 

high affinity substrate binding and processive phosphorylation were conserved among 

SRPKs. 

 Regulation of Sky1p mediated through its subcellular localization.  Another 

form of Sky1p regulation is by unique structural features of the kinase that aid in 

maintaining a stable, active conformation.  There are no known trans-activators of the 

catalytic activity of Sky1p in vivo.  Recently, a sulfate of crystallization was observed 

in the structure of Sky1p.  After dialysis the sulfate was still present suggesting that 
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the anion binding pocket may bind a phosphate.  Therefore a novel mode of regulating 

Sky1p catalytic activity may exist.  Our goal was to explore the influence of the anion 

binding pocket upon Sky1p activity.   

 Lastly, we returned our focus to Sky1p/substrate interactions within the active 

site.  Our goal was to study kinase/substrate interactions at the active site by inducing 

an Npl3p-derived peptide to bind to the active site of Sky1p instead of the distal 

docking groove.  In all, our goals were to explore Sk1yp substrate recognition, 

mechanism of phosphorylation, potential modes of Sky1p regulation and active site 

interactions responsible for substrate specificity. 
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Cloning Recombinant DNA 

SKY1 

 sky1ΔN(137)ΔS:  sky1ΔN(137)ΔS was cloned into His-tagged pET15b vector 

(Novagen) as previously mentioned (78). 

 

 sky1ΔN(137)ΔS(H234A, K235A), sky1ΔN(137)ΔS(K154P, H234A, K235A), 

sky1ΔN(137)ΔS(H168A, N553A) :  These His-tagged (pET15b) SKY1 mutants were 

provided by Bradley Nolen. 

 

 sky1ΔN(137)ΔS(K154P), sky1ΔN(137)ΔS(I563A), 

sky1ΔN(137)ΔS(I653A,W659A), sky1ΔN(137)ΔS(I653A,W659A, K657A), 

sky1ΔN(137)ΔS(I653A,W659A, K657A, W668A), sky1ΔN(137)ΔS(K668A), 

sky1ΔN(137)ΔS(K668A, E624A), sky1ΔN(137)ΔS(K668A, E624A, D617A), 

sky1ΔN(137)ΔS(K668A, E624A, D617A, D601A):  Point mutations were created using 

one step PCR.  Single mutants and sky1ΔN(137)ΔS(I653A,W659A) were made using 

sky1ΔNS in pET15b as a template.  Otherwise, constructs containing multiple mutants 

were created using stepwise one step PCR where the previous mutant was then used as 

a PCR template for the next mutant.  The following primers (and their reverse 

complements) were used: (K154P: Fwd, 5’-GGC GAG CCC TAT CCG GAT GCA 

CGC TAC-3’), (I653A: Fwd, TTC AAG AGG GCT TTT AAG AAA TGC CTC GAA 

ATT GAA ATT TTG GCC C-3’), (I653A, W659A: Fwd, 5’-AAG AGG GCT TTT 

AAG AAA TGC CTC GAA ATT GGC ATT TGC GCC CTT AGA AG-3’), (K657A: 
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Fwd, 5’-GCT TTT AAG AAA TAT CTC GAA ATT GGC ATT TTG GCC CTT 

AGA AGA TGT TTT A-3’), (W668A: Fwd, 5’-CCC TTA GAA GAT GTT TTA 

ACT GAA GCA TAT AAG TTT TCT AAG GAC GAA GC -3’), (E624A: Fwd, 5’-

TGC ACA AAT CAT CGC GTT ATT GGG AGA AT-3’), (D617A: Fwd, 5’-CTA 

CAC TAA GGA TGC TGA TCA TAT TGC AC-3’) BclI site included, (D601A: 

Fwd, 5’-ATT GAT TAC CGG TGC TTT TCT TTT CGA AC-3’).  PCR products 

were digested with DpnI (NEB) for 1.5 hours at 37 °C and then transformed into XL1 

Blue competent cells (Stratagene).  Restriction analysis was carried out on DNA 

containing unique cut sites and confirmed with sequencing.  The order of stepwise 

mutants is listed in the names above. 

 

NPL3 

 NPL3:  NPL3 in His-tag vector pET15b was cloned as previously mentioned 

(82).   

Npl3 in GST-tagged pGEX-KG was obtained from the Xiang-Dong Fu laboratory.  

Sequence analysis (Eton Biosciences) showed a single point mutation in the stop 

codon.  Therefore, single step PCR was implemented to correct the mutated stop 

codon, using the following forward primer (and reverse complement): (5’-AGA TCA 

CCA ACC AGG TAA GCC CCG GAA TTA CCG GTG GTG GTG GTG-3’, AgeI 

cut site added).  The PCR product was digested with DpnI for 1.5 hours at 37 °C and 

then transformed into JM109 competent cells (Stratagene).  Transformed DNA 

products were analyzed via restriction analysis and then confirmed by sequencing. 
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 npl3ΔRGG, npl3ΔRGG(N), npl3ΔRGG(C), npl3DM1:  npl3ΔRGG constructs 

were made using single step PCR using NPL3 in pGEX-KG with primers designed 

around the desired deleted region of NPL3.  npl3DM mutant was made using 

npl3ΔRGG(C) as a template.  The following primers (and their reverse compliments) 

were used: (ΔRGG: Fwd, 5’-CCT CCA CCA ATC AGA AGA TCA AAT GAT GCA 

TAC AGA ACC AGA GAT-3’), (ΔRGG(N): Fwd, 5’-CCT CCA CCA ATC AGA 

AGA TCT AAT AGA GGC GGA TAT GGT GGC TCC AGA GGT-3’, BglII cut site 

added), (ΔRGG(C): Fwd, 5’-TAT TCC AGA GGT GGC TAC GGT GGC TAC GGT 

GGC TAC TCC GAC GCA TAC AGA ACC AGA GAT-3’, HgaI cut site added), 

(DM1: Fwd, 5’-AGA TCA AAT AGA GGT GGC TTC AGA GGT CGC GAT GCA 

TAC AGA ACC AGA GAT-3’).  PCR products were digested with DpnI for 1.5 hours 

at 37 °C and transformed into JM109 cells (Stratagene).  Restriction analysis was 

performed on DNA containing unique cut sites before confirming with sequencing 

(Eton Biosciences). 

 

ASF/SF2 

 His-ASF/SF2:  His-tagged ASF/SF2 in pET19b was provided by the Xiang-

Dong Fu laboratory. 

 GST-ASF/SF2:  GST-ASF/SF2 in pGEX4T2 was provided by the Xiang-Dong 

Fu laboratory. 



 

 

32

 

Protein Expression and Purification 

 Sky1pΔN(137)ΔS:  BL21 (DE3) E. coli cells were transformed with 

Sky1pΔN(137)ΔS in pET15b and grown at 37 °C in 2 L of LB broth containing 200 

μg/mL ampicillin to an OD600 of 0.6-0.8 and induced overnight at room temperature 

with 0.1 mM isopropylthiogalactoside.  Cells were centrifuged for 20 minutes at 5,000 

rpm and stored at -80 °C until thawed for use.  Cells were resuspended in 100 mL of 

lysis buffer at 4 °C (lysis buffer: 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% 

glycerol, 0.5 mM PMSF, 5 mM imidazole, 100 μL protease inhibitor cocktail 

(Sigma)).  Cells were lysed via sonication five times at 1 minute intervals with 4 

minutes between pulses.  The lysed cells were centrifuged at 13,000 rpm for 40 

minutes, and the supernatant was loaded onto Ni-NTA histidine affinity column 

(Invitrogen).  The column was washed with 50 mL lysis buffer lacking protease 

inhibitor cocktail.  The column was then washed with 30 mL wash buffer (wash 

buffer: 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% glycerol, 0.5 mM PMSF, 40 mM 

imidazole).  To elute the protein, 25 mL of elution buffer was passed through the 

column (elution buffer: 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% glycerol, 0.5 

mM PMSF, 150 mM imidazole).  The eluted protein was diluted 5 fold with buffer 

(dilution buffer: 20 mM Tris-HCl pH 7.5, 10% glycerol, 0.5 mM PMSF, 1 mM 

EDTA, 1 mM DTT) and loaded onto a fast flow Q-sepharose column.  The column 

was washed with 100 mL of low salt buffer (low salt buffer: 20 mM Tris-HCl pH 7.5, 

100 mM NaCl, 10% glycerol, 0.5 mM PMSF, 1 mM EDTA, 1 mM DTT).  The protein 



 

 

33

was eluted with a 100 mM to 1 M NaCl gradient.  Fractions containing protein were 

dialyzed against 3 L of buffer (dialysis buffer 20 mM CAPSO pH 9.5, 1 M NaCl, 10 

mM β-mercaptoethanol).  The protein was then concentrated with a 30 kD molecular 

weight cutoff Amicon membrane (Millipore).  After concentration, the protein was 

spun at 13,000 rpm for 2 minutes to remove precipitated protein and then loaded onto 

a Superdex 75 gel filtration column equilibrated with gel filtration buffer (gel filtration 

buffer: 20 mM CAPSO pH 9.5, 1 M NaCl, 1 mM DTT).  Peak fractions were mixed 

together and the CAPSO concentration was brought up to 40 mM.  The protein was 

concentrated with a 30 kD molecular weight cutoff Centriprep (Millipore).  Aliquots 

were flash frozen and stored at -80 °C.  Protein concentration was determined via the 

von Hippel method.  All Sky1pΔN(137)ΔS mutants were purified the same way. 

 His-Npl3p:  BL21 (DE3) RP E. coli cells were transformed with NPL3 in 

pET15b and grown at 37 °C in 2 L of LB broth containing 200 μg/mL ampicillin and 

34 μg/mL chloramphenicol to an OD600 of 0.6-0.8 and induced overnight at room 

temperature with 0.1 mM isopropylthiogalactoside.  Cells were centrifuged for 20 

minutes at 5,000 rpm and stored at -80 °C until thawed for use.  Cells were 

resuspended in 100 mL of lysis buffer at 4 °C (lysis buffer: 20 mM Tris-HCl pH 7.5, 

500 mM NaCl, 10% glycerol, 0.5 mM PMSF, 5 mM imidazole, 100 μL protease 

inhibitor cocktail (Sigma)).  Cells were lysed via sonication five times at 1 minute 

intervals with 4 minutes between pulses.  The lysed cells were centrifuged at 13,000 

rpm for 40 minutes, and the supernatant was loaded onto Ni-NTA histidine affinity 

column (Invitrogen).  The column was washed with 50 mL lysis buffer lacking 
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protease inhibitor cocktail.  The column was then washed with 30 mL wash buffer 

(wash buffer: 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% glycerol, 0.5 mM PMSF, 

50 mM imidazole).  To elute the protein, 25 mL of elution buffer was passed through 

the column (elution buffer: 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 10% glycerol, 0.5 

mM PMSF, 250 mM imidazole).  The eluted protein was diluted 5 fold with buffer 

(dilution buffer: 20 mM Tris-HCl pH 7.5, 10% glycerol, 0.5 mM PMSF, 1 mM 

EDTA, 1 mM DTT) and loaded onto a fast flow Q-sepharose column.  The column 

was washed with 100 mL of low salt buffer (low salt buffer: 20 mM Tris-HCl pH 7.5, 

100 mM NaCl, 10% glycerol, 0.5 mM PMSF, 1 mM EDTA, 1 mM DTT).  The protein 

was eluted with a 100 mM to 1 M NaCl gradient.  The protein was then concentrated 

with a 30 kD molecular weight cutoff Amicon membrane (Millipore).  After 

concentration, the protein was spun at 13,000 rpm for 2 minutes to remove 

precipitated protein and then loaded onto a Superdex 200 gel filtration column 

equilibrated with gel filtration buffer (gel filtration buffer: 20 mM Tris-HCl pH 7.5, 1 

M NaCl, 10% glycerol, 1 mM DTT).  Peak fractions were pooled and concentrated 

with a 30 kD molecular weight cutoff Centriprep (Millipore).  Aliquots were flash 

frozen and stored at -80 °C.  Protein concentration was determined via von Hippel 

method.  All other His-tagged Npl3p mutants (S411T) were purified the same way. 

 GST-Npl3p:  BL21 (DE3) RP E. coli cells were transformed with NPL3 in 

pGEX-KG and grown at 37 °C in 2 L of LB broth containing 200 μg/mL ampicillin 

and 34 μg/mL chloramphenicol to an OD600 of 0.6-0.8 and induced overnight at room 

temperature with 0.1 mM isopropylthiogalactoside.  Cells were centrifuged for 20 
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minutes at 5,000 rpm and stored at -80 °C until thawed for use.  Cells were 

resuspended in 100 mL of lysis buffer at 4 °C (lysis buffer: 20 mM Tris-HCl pH 7.5, 

200 mM NaCl, 10% glycerol, 2 mM DTT, 0.1% TritonX-100).  Cells were lysed via 

sonication five times at 1 minute intervals with 4 minutes between pulses.  The lysed 

cells were centrifuged at 13,000 rpm for 40 minutes, and the supernatant was diluted 

two-fold with lysis buffer.  The diluted supernatant was loaded overnight on a GST 

column.  The column was then washed with 100 mL of wash buffer (wash buffer: 20 

mM Tris-HCl pH 7.5, 200 mM NaCl, 10% glycerol, 2 mM DTT).  The protein was 

first eluted by adding 10 mL elution I buffer (elution I buffer: wash buffer with 5 mM 

glutathione, pH 7.5) and then eluted a second time with 10 mL of elution II buffer 

(elution II buffer: wash buffer with 50 mM glutathione, pH 7.5).  Elution fractions 

containing the most GST fusion protein were dialyzed against 3 L of dialysis buffer 

(dialysis buffer: 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 10% glycerol, 10 mM β-

mercaptoethanol.  After dialysis, DTT was added to a concentration of 2 mM.  The 

protein was concentrated with a 30 kD molecular weight cutoff Centriprep (Millipore).  

Aliquots were flash frozen and stored at -80 °C.  Protein concentration was determined 

via von Hippel method.  All other GST-Npl3p protein constructs and mutants were 

purified by the same method. 

 Npl3p-ATP:  His-Npl3p with a covalently attached ATP molecule to amino 

acids position 411 on Npl3p via the γ-phosphate was provided by the Phillip Cole 

Laboratory.  Protein concentration was estimated at 44.7 mg/mL via Bradford assay 
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and was frozen in the following conditions: 20 mM HEPES pH 7.5, 150 mM NaCl, 1 

mM DTT. 

 Npl3p-ATP peptides:  Three peptides containing the last 7, 11 and 14 amino 

acids of Npl3—with a covalently attached ATP molecule via the γ-phosphate to the 

411 amino acid position—were provided by the Phillip Cole Laboratory. 

 SRPK1ΔNS1:  His-SRPK1ΔNS1 protein was provided by Sutapa Chakrabarti 

 SRPK1 WT:  His-SRPK1 wild type protein was provided by Jonathan 

Hagopian 

 SRPK1 K109M:  His-tagged, full-length SRPK1 K109M, also referred to as 

“Trap” was provided by Jonathan Hagopian. 

 SRPK1ΔS: His-SRPK1ΔS protein was provided by Jonathan Hagopian and 

Brandon Aubol. 

 GST-ASF/SF2:  BL21 (DE3) RP E. coli cells were transformed with ASF/SF2 

in pGEX4T2 and grown at 37 °C in 2 L of LB broth containing 200 μg/mL ampicillin 

and 34 μg/mL chloramphenicol to an OD600 of 0.6-0.8 and induced overnight at room 

temperature with 0.1 mM isopropylthiogalactoside.  Cells were centrifuged for 20 

minutes at 5,000 rpm and stored at -80 °C until thawed for use.  Cells were 

resuspended in 100 mL of lysis buffer at 4 °C (lysis buffer: 20 mM Tris-HCl pH 7.5, 

200 mM NaCl, 10% glycerol, 2 mM DTT).  Cells were lysed via sonication five times 

at 1 minute intervals with 4 minutes between pulses.  The lysed cells were centrifuged 

at 13,000 rpm for 40 minutes, and the supernatant was loaded onto a fast flow Q-

sepharose column.  The column was then washed with 100 mL lysis buffer.  The 
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protein was eluted by adding 3 mL elution buffer (elution buffer: lysis buffer with 10 

mM glutathione, pH 7.5) and incubating with resuspended GST beads at 4 °C for 10 

minutes before collecting the elute fraction.  A second elution with 5 mL elution 

buffer was also performed.  The first elution was dialyzed against 3 L of dialysis 

buffer (dialysis buffer: 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 10% glycerol, 10 mM 

β-mercaptoethanol.  After dialysis, DTT was added to a concentration of 2 mM.  

Aliquots were flash frozen and stored at -80 °C. 

 His-ASF/SF2:  BL21 (DE3) RP E. coli cells were transformed with ASF/SF2 

in pET19b and grown at 37 °C in 2 L of LB broth containing 200 μg/mL ampicillin 

and 34 μg/mL chloramphenicol to an OD600 of 0.8 and induced overnight at room 

temperature with 0.1 mM isopropylthiogalactoside.  Cells were centrifuged for 20 

minutes at 5,000 rpm and stored at -80 °C until thawed for use.  Cells were 

resuspended in 120 mL lysis buffer (lysis buffer: 20 mM Tris-HCl pH 7.5, 300 mM 

NaCl, 10% glycerol, 8 M urea, 1 mM PMSF) and lysed via sonication with one pulse 

for 5 minutes.  The lysate was centrifuged at 13,000 rpm for 45 minutes.  The 

supernatant was loaded onto a Ni-NTA histidine affinity column.  The column was 

then washed with 30 mL of imidazole buffer (imidazole buffer: 20 mM Tris-HCl pH 

7.5, 300 mM NaCl, 10% glycerol, 8 M urea, 0.1 M MOPS, 20 mM imidazole), then 30 

mL of pH 6.5 buffer (pH 6.5 buffer: 20 mM Tris-HCl pH 6.5, 300 mM NaCl, 10% 

glycerol, 8 M urea, 0.1 M MOPS), then 30 mL pH 8.0 buffer (pH 8.0 buffer: 20 mM 

Tris-HCl pH 8.0, 300 mM NaCl, 10% glycerol, 8 M urea, 0.1 M MOPS).  The protein 

was then refolded using a series of refolding buffers (containing 20 mM Tris-HCl pH 
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7.5, 300 mM NaCl, 10% glycerol, 0.1 M MOPS) with a stepwise reduced 

concentration of urea: 6 M, 4 M, 2 M, 1 M, 0 M, respectively.  Each refolding step 

was carried out as specified.  6 M urea refolding buffer (7mL) was pushed through a 

Biorad disposable column using an air hose.  More 6 M refolding buffer (7 mL) was 

added to the column and the Ni-NTA beads were resuspended.  Both ends of the 

column were capped and the column was placed on an inverter at 4 °C for 10-15 

minutes.  The column was then centrifuged at 800 rpm for 5 minutes to form a column 

bed.  The rest of the 6 M refolding buffer (16 mL) was then pushed through the 

column.  The total volume of each refolding step was 30 mL.  This process was 

repeated for 4 M, 2 M, 1 M and 0 M buffers, respectively.  After the 0 M urea 

refolding step, 30 mL of a 0 M urea buffer, pH 4.6 was pushed through the column to 

lower the pH of the column.  The protein was eluted using a low pH buffer, pH 2.2 

(elute buffer: 20 mM Tris-HCl pH 2.2, 300 mM NaCl, 10% glycerol, 0.1 M MOPS) 

taking 1.5 mL fractions.  The pH of peak fractions was measured and usually found to 

be between pH 5 and pH 6.  Aliquots were flash frozen and stored at -80 °C. 

 

In vitro Kinase Assays   

 Npl3p:  Kinase assays containing Npl3p as a substrate were performed under 

the following conditions: 20 mM Tris pH 7.5, 10 mM MgCl2, 0.5 mg/mL BSA, 1 mM 

DTT, 400 μM cold ATP and [γ32P] ATP (500-1000 cpm/pmol) at 25°C.    A 5x 

reaction buffer (5x reaction buffer: 100 mM Tris-HCl pH 7.5, 50 mM MgCl2, 2.5 

mg/mL BSA, 5 mM DTT) was mixed with MQ H20 before adding the kinase and 
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substrate.  Upon addition of the proteins, the reaction was incubated at room 

temperature (25 °C) for 5 minutes before commencing the reaction with ATP.   

Reactions were quenched using an equal volume of 2x SDS-PAGE loading dye (1x 

SDS-PAGE loading dye: 50 mM Tris-HCl pH 6.8, 100 mM DTT, 2% SDS, 0.1% 

bromophenol blue, 10% glycerol) and samples were boiled for 1 minute at 95°C 

before loading onto a 10% SDS gel.  Gels containing reactions to be quantitatively 

analyzed via scintillation counting were dried in cellophane overnight, and then 

exposed to Kodak imaging film.  Protein bands corresponding to phosphorylated 

Npl3p were excised and counted in liquid scintillant.  Gels containing reactions to be 

analyzed qualitatively analyzed were vacuum-dried onto Whatman paper and exposed 

to a phosphor-imaging plate for visualization.  The active concentration of each Npl3p 

construct was determined by performing a complete turnover of the substrate.  Thus, 

20 μM of Npl3p protein was incubated with 1 μM Sky1p and [γ32P] ATP for 1 hour.  

The phosphate content was determined and the active portion of Npl3p was then used 

to normalize substrate concentrations for kinetic analysis. 

 ASF/SF2:  Kinase assays containing ASF/SF2 as a substrate were performed 

under the following conditions: 20 mM Tris pH 7.5, 10 mM MgCl2, 1 mg/mL BSA, 1 

mM DTT, 200 μM cold ATP and [γ32P] ATP (500-1000 cpm/pmol) at 25°C.    A 5x 

reaction buffer (5x reaction buffer: 100 mM Tris-HCl pH 7.5, 50 mM MgCl2, 5 

mg/mL BSA, 5 mM DTT) was mixed with MQ H20 before adding the kinase and 

substrate.  Upon addition of the proteins, the reaction was incubated at room 

temperature (25 °C) for 5 minutes before commencing the reaction with ATP.  For 



 

 

40

Trap Assay experiments with ASF/SF2, the Trap (50 μM) was either incubated with 

the substrate for 5 minutes before adding the active kinase (Trap-Start) or added with 

ATP (Start-Trap) upon the start of the kinase reaction.  Reactions were quenched 

using an equal volume of 2x SDS-PAGE loading dye and samples were boiled for 1 

minute at 95°C before loading onto a 10% SDS gel.  Gels containing reactions to be 

quantitatively analyzed via scintillation counting were dried in cellophane overnight, 

and then exposed to Kodak imaging film.  Bands corresponding to phosphorylated 

ASF/SF2 were excised and counted in liquid scintillant.   Gels containing reactions to 

be analyzed qualitatively analyzed were vacuum-dried onto Whatman paper and 

exposed to a phosphor-imaging plate for visualization. 

 

Methylation of GST-Npl3p 

GST-Npl3p proteins were methylated by adding GST-Hmt1p in a 1:1 ratio (15 

μg each protein) and 400 μM SAM (New England Biolabs) to a 35 μL reaction with 

the following conditions: 50 mM Tris-HCl pH 7.5, 200 mM NaCl, 2 mM EDTA pH 

8.0, 1 mM DTT.  Mock methylation reactions contained an equivalent volume MQ 

H2O instead of SAM.  Methylation reactions were incubated at 30 °C for either 0.5, 

1.5 or 3.0 hours.  Methylation reactions containing S-[3H-methyl] SAM (Perkin Elmer, 

cat. no. NET155H250UC) were halted using 4x SDS loading buffer.  After separation 

via SDS-PAGE, the gels were dried and exposed to Kodak imaging film for 4 days at -

80°C for visualization.  Methylation reactions conducted before kinase assays and 

GST pull downs were conducted similarly. 
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GST Pull-downs 

 Pull-downs using purified GST fusion proteins:  GST protein or GST fusion 

proteins (15 μg) and His-tagged kinases (15 μg) were incubated together in binding 

buffer (binding buffer: 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 1% TritonX-100, 2 

mM DTT) in a total volume of 150 μL for 30 minutes at 4 °C.  Binding buffer-

equilibrated GST beads (Amersham Pharmacia) were added (12 μL) to the binding 

reaction and the reactions were incubated for another 45 minutes at 4 °C.  The GST 

beads were then washed 4 times with 1 mL of wash buffer (wash buffer: 10 mM Tris-

HCl pH 7.5, 150 mM NaCl, 1% TritonX-100, 2 mM DTT).  The proteins were then 

recovered by adding 10 μL of 4x SDS buffer, boiled at 95 °C for 1 minute and loaded 

onto a 10% SDS gel.  The proteins were visualized by either Coomassie stain or 

Western Blot. 

 Pull-downs using GST fusion proteins from E. coli lysate:  GST fusion 

proteins were expressed in E. coli as previously mentioned.  GST fusion proteins were 

pulled down from E. coli cells lysed via sonication in binding buffer (binding buffer: 

20 mM Tris-HCl pH 7.5, 200 mM NaCl, 1% TritonX-100, 2mM DTT, 7 μL Protease 

Inhibitor Cocktail (Sigma), 1 mM PMSF).  The purity of the GST fusion proteins was 

estimated to provide approximately 10 μg protein for each input and pull down, and 

20 μg of His-tagged kinase was added to the binding reaction.  Binding buffer was 

added to bring the total volume of the reaction to 150 μL and incubated at 4 °C for 1 

hour.  10 μL of equilibrated GST beads was added and then incubated for another hour 
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at 4°C.  Samples were then washed 4 times with 750 μL Wash buffer: 10 mM Tris pH 

7.5, 150 mM NaCl, 1% tritonX-100, 2 mM DTT.  10 μL 4x SDS-PAGE loading dye 

was added to each sample; then each sample was boiled at 95°C for 2 min.  Samples 

were then loaded onto a 10% SDS gel.  Proteins were visualized via Western Blot or 

Coomassie stain.  

 

Western Blot 

Protein samples were run 10% SDS PAGE and transferred to an Immobilon 

membrane (Millipore).  Membranes were then exposed to either His-tag antibodies or 

GST-tag antibodies.   His-tag antibody was obtained from Qiagen (penta-His antibody, 

cat no. 34698.  GST-tag antibody was obtained from Santa Cruz Biotechnology, Inc.  

Membranes were then exposed to goat anti-mouse HRP secondary antibody (Santa 

Cruz Biotechnology, Inc.). 

 

Mass Spectrometric Analyses 

MALDI-TOF analysis experiments were conducted as previously mentioned 

(84).  Experiments were performed using a PerSeptive Biosystems Voyager DE PRO 

spectrometer.  Phosphorylation reactions were carried out using SRPK1 WT, 

SRPK1ΔS, SRPK1ΔNS1 and Sky1pΔN(137)ΔS proteins (8 μM) and His-ASF/SF2 (8 

μM) in the presence of 50mM Tris-HCL (pH 7.4), 10mM free Mg2+, 1mM DTT at 

room temperature (25 °C).  ATP (3 mM) was used to start the reactions in a total 

volume of 40uL.  Phosphorylation reactions then were halted with 3 volumes (120 μL) 
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of stop buffer (stop buffer: 8M Urea, 20 mM Tris-HCl pH 7.5, 1 mM DTT).  The 

reactions were then desalted with Zip-tip C18 and eluted with 80% acetonitrile, 

0.08%TFA for MALDI-TOF analysis.  Non-phosphorylated samples were performed 

similarly, except 3mM ATP was replaced by MQ H20.  The matrix solution consisted 

of 5 mg/ml α-cyano-4-hydroxy cinnamic acid in 1:1:1 acetonitrile, ethanol, 0.52% 

TFA.  The matrix solution was pH 2.0. 

 

Purifying Sky1p/Npl3p-ATP complex 

 Initially, a small scale complex between His-Sky1pΔN(137)ΔS and His-Npl3p-

ATP was formed by combining 250 μg each protein and adding gel filtration buffer 

(gel filtration buffer: 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 5 mM MgCl2, 1 mM 

DTT) to a volume of 200 μL.  The mixture was incubated at room temperature for 15 

minutes before being placed on ice until injection onto a Superdex 200 analytical 

grade column.  Upon resolving a complex between the two proteins, a large scale (4 

mL) mixture containing 5 mg of both Sky1p and Npl3p-ATP was loaded onto a 

Superdex 200 prep grade column utilizing the same buffering conditions. 

 

Crystallization of Sky1pΔN(137)ΔS 

 Crystallization conditions for His-Sky1pΔN(137)ΔS have already been 

determined (78): 10 mM NaOAc pH 4.5, 1.5 M NH4(SO4)2, 10% ethylene glycol.  

Initial screening around these conditions was performed, and single crystals with the 

following dimensions 250 μm x 250 μm x 75 μm were obtained with the following 
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conditions: 7 mM NaOAc pH 4.0, 3 mM NaOAc pH 5.0, 1.35 M NH4(SO4)2, 15% 

ethylene glycol.  Crystals of the aforementioned size were grown using the vapor 

diffusion method.  The drop consisted of 2 μL of the 1 mL well solution mixed three 

times with 2 μL protein diluted to 10 mg/mL with HPLC H20. 

Crystals generally were observed by day four and grown for two weeks. 

 

Soaking Sky1pΔN(137)ΔS Crystals with Peptide-ATP 

 Approximately five His-Sky1pΔN(137)ΔS crystals were transferred to a 25 μL 

dialysis button (Hampton Research, catalog number: HR3-322) filled with 25 μL of 

the mother liquor.  The button was covered with a dialysis membrane and dialyzed for 

48 hours against a stabilization solution (stabilization solution: 35% PEG 400, 100 

mM NaOAc pH 4.5).  The crystals were then transferred to microbridges containing 

20 μL of the stabilization solution with the addition of 1 mM peptide-ATP (7-mer, 11-

mer and 14-mer, respectively).  The crystals were soaked with the peptide-ATP for 24 

hours and then frozen with liquid nitrogen. 

 

Freezing Sky1p crystals in stabilization solution 

 Sky1p crystals were transferred into three drops, consecutively  using a cryo-

loop (stabilization buffer 1: 1.6 M (NH4)2SO4, 10 mM NaOAc 7:3 pH 4.0:pH 5.0, 

15% ethylene glycol, 1 mM DTT, 10 mM MgCl2; stabilization buffer 2: 1.6 M 

(NH4)2SO4, 10 mM NaOAc 7:3 pH 4.0:pH 5.0, 20% ethylene glycol, 1 mM DTT, 10 

mM MgCl2; stabilization buffer 3: 1.6 M (NH4)2SO4, 10 mM NaOAc 7:3 pH 4.0:pH 
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5.0, 15% ethylene glycol, 1 mM DTT, 10 mM MgCl2).  After transferring the crystals 

into the last condition, the crystals were then flash frozen using liquid nitrogen and 

stored until ready for data collection. 

 

Data collection and processing 

 Crystal diffraction data was collected at either the 8.2.1/8.2.2 beamlines at the 

Advanced Light Source (ALS) at Berkeley National Laboratory or the ID23D 

beamline at the Advanced Photon Source (APS) at Argonne National Laboratory.  At 

the ALS, the 8.2.1 beamline is equipped with a 2x2 CCD array ADSC Q210 detector 

while the 8.2.2 beamline is equipped with a Q315.  At the APS, the ID23D beamline is 

equipped with a MARmosaic 300.  Data sets were collected at 110 K.  Data collected 

from both sources was processed using HKL2000 (HKL Research, Inc.).   

 

Structure solution of Sky1pΔN(137)ΔS/peptide-ATP crystals 

 The previously solved structure of Sky1pΔN(137)ΔS (PDB ID: 1HOW) with 

the sulfate, water, and ethylene glycol molecules removed was used as a starting 

model for the refinement of Sky1pΔN(137)ΔS soaked with peptide-ATP (7-mer, 11-

mer and 14-mer).  This was possible because the space group of the peptide-ATP-

soaked crystals were the same as the apo-kinase space group (C2221).  After the first 

round of rigid body refinement (2 bodies: residues 144:304 and residues 539:737, 

respectively) and minimization, a 2Fo-Fc map was constructed and examined for 

presence of the peptide-ATP.  In each case, ADP was found in the active site, but no 
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density was observed for either the γ-phosphate or the peptide.  For structures where 

ADP was present in the active site, ADP was modeled into the active site and a 

subsequent round of refinement was performed.  However, no density was observed 

for the γ-phosphate of the ATP molecule or the peptide.  Despite a subsequent round 

of refinement where water was modeled into the structure, no density for the γ-

phosphate of the ATP molecule or the peptide was observed.  These models were not 

refined further because the peptide-ATP appeared to be hydrolyzed and would not 

provide novel information. 
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CHAPTER THREE 

The RGG Domain of Npl3p Recruits Sky1p through Docking 
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Introduction 

 Npl3p belongs to a shuttling hnRNP class of proteins in yeast that exports a 

distinct class of mRNA from the nucleus to the cytoplasm (38).  Npl3p contains three 

distinct structural domains: an APQE domain at the N-terminus, RRM domain in the 

middle and RGG domain at the C-terminus. Npl3p also shares characteristics of 

mammalian SR proteins in having RS dipeptides dispersed through out its RGG 

domain (85).  The serine of the extreme C-terminal RS dipeptide is specifically 

phosphorylated by Sky1p, an orthologue of mammalian SR protein kinase (SRPK) 

(52).  Phosphorylation at this single serine residue is essential for association with 

Mtr10p, the yeast nuclear import receptor, and nuclear import of Npl3p (53, 54).   

 In the nucleus, Npl3p undergoes dephosphorylation and this dephosphorylated 

protein is loaded onto actively transcribing genes where it interacts with transcription 

elongation complex Tho2 (60).  Dephosphorylation of Npl3p in the nucleus is also 

essential for recruitment of export receptor Mex67p to mRNA and export of the 

Npl3p/mRNA complex to the cytoplasm (60).   

 Nuclear export of Npl3p also requires its methylation (59-61, 86, 87). It has 

been shown previously that methylated Npl3p cannot be phosphorylated (62). A recent 

study has shown that most arginines within the RGG domain of Npl3p are either mono 

or dimethylated (59). The last arginine that is methylated is located at position 384, 

over 20 residues away from Ser411. It is therefore unclear how methylation of Npl3p 

prevents its phosphorylation.  One possibility is that the RGG domain of Npl3p might 

play a role in the phosphorylation of Npl3p.   
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Kinetic studies have revealed that full length Npl3p is a much better substrate 

for Sky1p phosphorylation compared to an Npl3p-derived peptide substrate (82).  The 

Km values for Npl3p and the 14-residue peptide substrate differ by about 2 orders of 

magnitude (82).  This improvement is achieved through a clamping mechanism where 

contacts distal to the active site increase the affinity of the protein over the peptide by 

about 1 order of magnitude.  Furthermore, improvements in substrate Km are achieved 

by a fast phosphoryl transfer step that lowers the Km for Npl3p an additional order of 

magnitude (83).    

The main objective in this present study is to further our understanding of the 

phosphoryl transfer mechanism of Sky1p through direct visualization of the active site 

peptide bound to Sky1p.  To accomplish this goal we wanted to determine the x-ray 

crystal structure of Sky1p bound to a 7-mer peptide derived from its natural substrate 

Npl3p in the presence of ADP.  In the crystal, surprisingly, the peptide did not bind in 

the active site but rather, is docked into a distal site in Sky1p along with ADP.  

Because full length Npl3p is a better substrate for phosphorylation than the peptide 

substrate, we subsequently tested if the observed binding mode mimicked the 

interaction between a putative distal substrate docking site and the kinase 
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Working with a minimal construct of Sky1p 

 Initial attempts to purify full length Sky1p failed to produce highly pure 

protein.  Creating a minimal construct of Sky1p was necessary to obtain pure protein 

for biochemical purposes.  Since Sky1p is a constitutively active kinase, maintaining 

constitutive activity was paramount.  It has been previously determined that removing 

portions of the non-kinase core region (Figure 3.1a) of Sky1p, does not significantly 

affect the activity of the kinase (Figure 3.1b) (78).  Both the spacer domain and the N-

terminal extension were removed.  The C-terminal extension was retained because it 

was found to be essential for maintaining constitutive activity.  This minimal portion 

of Sky1p, Sky1pΔN(137)ΔS, can be isolated to a high degree of purity (Figure 3.1c & 

3.1d) and has been used extensively for structural (78, 88) and kinetic studies using 

Npl3p as a substrate (82, 83, 89).  The Sky1pΔN(137)ΔS construct was used 

exclusively during the studies presented herein, and thus, shall be referred to as 

“Sky1p” unless stated otherwise. 

 

X-ray structure of Sky1p bound to a substrate peptide 

 One unique aspect of the serine/threonine kinase Sky1p is that it is stringently 

specific to serine phosphorylation.  Mutating a yeast substrate, Npl3p, at the 

phosphorylation site serine 411 to threonine abolishes phosphorylation and is an 

excellent inhibitor of wt Npl3p (83).  Therefore structurally characterizing interactions 

between the Sky1p active site and Npl3p may provide insight as to why Sky1p is 

stringently selective of serine over threonine.  Exploring substrate interactions with the 



 

 

51

 
 
 
 
 
 
Figure 3.1:  Sky1pΔN(137)ΔS is a minimal, active construct. 
 
(a)  Full length Sky1p contains a two kinase sub-domains (blue) bifurcated by a spacer region (red).  
The Sky1p kinase domain is also flanked by non-kinase core regions (white).  A minimal construct of 
Sky1p was made, Sky1pΔN(137)ΔS that was both functional and crystallizable.  For purification 
purposes, a histidine tag was added to the N terminus (yellow). 
(b)  A radioactive kinase assay using the minimal construct of Sky1pΔN(137)ΔS shows that the kinase 
is active and phosphorylates its substrate Npl3p. 
(c)  Size exclusion chromatography on a Superdex 75 column of the minimal construct of 
Sky1pΔN(137)ΔS shows that the protein can be purified to near homogeneity.  Pooled fractions are 
denoted with a red line.   
(d)  Pooled fractions from (c) of Sky1pΔN(137)ΔS were ran on a 10% SDS gel to demonstrate the 
purity of Sky1p protein. 
 
 
 



 

 

52

active site of Sky1p may provide insights to the active site interactions among SRPKs. 

 Previous studies to structurally investigate Sky1p active site interactions with 

Npl3p yielded an x-ray crystal structure of Sky1p bound to an Npl3p-derived substrate 

peptide and ADP (Figure 3.2) (90).  Upon the structure solution, we were surprised to 

see that the peptide and ADP did not bind in the active site, but rather in a distal region 

(Figure 3.2b).  The electron density was visible at 7σ (Figure 3.2c).  The first five 

amino acids of the substrate peptide were ordered in the structure.  All of the observed 

Sky1p side-chain interactions with the peptide reside in the MAP kinase insert (Figure 

3.3c), which is known to make protein/protein interactions with kinase substrates as 

well as upstream activators in MAP kinases p38 and ERK2 (91, 92).  MAP kinase 

insert residues K657, W659 and K668 interact with the peptide at positions E2 (salt 

bridge), P5 (hydrophobic stacking) and T5 (hydrogen bond), respectively (Figure 

3.3a).  Amino acid position R1 in the substrate peptide was modeled as an alanine.  

ADP was also modeled into the same binding site, which appeared to make van der 

Waals interactions with MAP kinase insert residue I653.  ADP appeared to interact 

with side chains outside of the MAP kinase insert.  D617 and E624of Sky1p also 

appeared to make hydrogen bonds with the adenine ring in two places (Figure 3.3a).   

It appears that the substrate peptide and ADP form a composite substrate that 

complements perfectly with the size and shape of the kinase docking groove.  We 

suggest that this docking groove is important for substrate recognition and that the 

artificial peptide-ADP composite substrate mimics a true distal docking site on Npl3p.  

This argument is supported by two facts: First, Npl3p is a better substrate than the 
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Figure 3.2:  An Npl3p-derived peptide binds Sky1p in a region distal to the active site. 
 
(a)  Schematic representation of full length Sky1p, Sky1pΔN(137)ΔS and Npl3p. The substrate peptide 
soaked into Sky1p crystals consisted of the last 7 amino acids of Npl3p (RERSPTR).  The serine at 
position 4 of the peptide corresponds to the phosphorylated serine in Npl3p. 
(b)  Surface rendition of Sky1p∆N(137)ΔS bound to ADP and docking peptide. 
(c)  2Fo-Fc electron density map (1σ) for the peptide (left) and ADP (right). 
(d)  An overlay of the apo- (blue) and peptide bound (red) kinase using the kinase small lobes (residues 
144-300). 
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peptide suggesting the presence of a docking motif in Npl3p.  Second, helix αG’2 is 

part of the MAP kinase insert which has been demonstrated to be involved in substrate 

recognition by the MAP kinases (92).  Therefore, the possibility of a similar role 

played by the MAP kinase insert of Sky1p in the substrate recognition is not 

surprising.  

 

Sky1p contains a substrate docking groove  

The specificity of interaction between the kinase and composite peptide-ADP 

ligand as observed in the structure is difficult to rationalize.  Only three side chains, 

K657, W659 and K668 in the kinase, make direct contacts with the peptide.  In 

addition, D617 and E624 form hydrogen bonds with the adenine ring of ADP.  The 

adenine ring also makes van der Waals contacts with I653 (Figure 3.3a).  The rest of 

the contacts are mediated by the peptide side chains and the backbone of the kinase 

docking groove. While these studies were being carried out, our laboratory also 

completed the three-dimensional structure of SRPK1, with a similar substrate peptide 

bound (45).  Remarkably, the structure of the SRPK1/peptide complex (45) revealed 

the peptide bound to the same docking groove in SRPK1 as in Sky1p (Figure 3.3b).  In 

contrast to the Sky1/peptide/ADP complex where only the first four residues of the 

peptide directly contact Sky1p, all seven residues derived from Npl3p fit to the 

electron density in the SRPK1/peptide complex and directly contact the kinase (Figure 

3.3b).  The peptide soaked into SRPK1 crystals contained two additional arginines at 

the N-terminus that were disordered in the Sky1p structure. The presence of ADP 
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Figure 3.3:  Sky1p and SRPK1 share a conserved substrate docking groove. 
 
(a)  A detailed view of the interactions between the kinase docking groove, peptide and ADP. Hydrogen 
bonds are denoted by dashed lines.  Residues labeled in cyan (I653, K657and W659) and red (K668) 
are part of the MAP kinase insert and were mutated to alanine to generate the QM mutant.  Residues 
labeled in green (D601, D617, E624) and red (K668) are conserved between Sky1p and SRPK1. These 
residues in Sky1p were mutated to alanine to generate 4M mutant.  Other interacting residues are 
colored blue.  (b)  A detailed view of the interactions between SRPK1 and docking motif peptide.  
(c)  A sequence alignment of Sky1p and SRPK1 docking grooves.  Identical residues are shaded in gray 
while QM (cyan and red) and 4M (green and red) residues are shaded accordingly.  
(d)  Kinetic analysis of Npl3p phosphorylation by wt and mutant Sky1p. 
(e)  Sky1p residues mutated in QM and 4M mutants. 
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Table 3.1  Phosphorylation Kinetics of Docking Groove Mutants 

 
Kinase   Km Npl3p (μM)   kcat (min-1) *  kcat/Km  

 
Sky1p WT  4.83 ± 1.17  7.53 ± 0.59  1.56 (1.16, 2.22) † 
Sky1p QM  4.55 ± 0.76  7.36 ± 0.39  1.61 (1.31, 2.04) 
Sky1p 4M  33.13 ± 5.63  10.53 ± 1.16  0.32 (0.24, 0.43) 

 
*  kcat (min-1) was determined using His-tagged wt Npl3p as a substrate 
†  kcat/Km upper and lower values are based on errors in kcat and Km 
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shifts the peptide binding by two positions in the Sky1p/peptide/ADP complex. 

Consequently, the adenine ring and the first arginine residue of the peptide make 

similar hydrogen bonding contacts with two conserved acidic residues (D617 and 

E624) in the Sky1p and SRPK1 complexes, respectively (Fig. 3.3c).  D548 contacts an 

arginine in SRPK1 complex.  The side chain of the corresponding residue in Sky1p, 

D601, is oriented similarly to D548 and apparently can make similar contacts to basic 

residue if present. Based on the new information we concluded that the side chains of 

D601, D617, E624 and K668 are more likely to be responsible for substrate 

recognition. 

To test if the Sky1p docking groove is involved in substrate recognition, we 

made mutations in the putative docking groove of Sky1p and analyzed the 

phosphorylation efficiency of these mutants relative to wild-type (wt) Sky1p.  Based 

on the detailed information revealed by the Sky1p structure presented here and the 

SRPK1/peptide structure, we generated two mutants.  The first mutant contains four 

altered amino acids; I653A, K657A, W659A and K668A (Figure 3.3a, e).  We refer to 

this mutant as quadruple mutant (QM).  The second mutant altered residues D601, 

D617, E624 and K668 to alanines, which we refer to as 4M (Figure 3.3e).  Kinetic 

studies of this quadruple mutant (QM) reveal that the neither the Km of Npl3p (Km) 

nor kcat for the mutant changed relative to wild-type Sky1p (Table 3.1 and Fig. 3.3d).  

Unlike QM, the Km for 4M is about 8-fold higher than wt Sky1p (Table 3.1, Figure 

3.3d).  Mutations of homologous residues in SRPK1 led to a defect in phosphorylation 

of ASF/SF2 (45).  It is also important to mention that we have identified a docking 
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motif in the physiological substrate ASF/SF2 (191-RVKVDGPR-198) that fits into the 

docking groove of SRPK1 (45).  Moreover, we showed that the presence of basic 

residues at the first and third or fourth positions of the docking motif of ASF/SF2 is 

essential. Based on this information, we propose that SRPK1 and Sky1p use the same 

conserved residues to constitute a docking groove for substrate recognition.  

 

Sky1p docking groove directly interacts with Npl3p 

Since Km measurements do not necessarily reflect true changes in binding 

affinity, a more direct test is necessary to confirm that the docking groove proposed 

above is truly involved in binding Npl3p.  We performed GST pull down experiments 

where GST-Npl3p was used to coprecipitate wt and mutant Sky1p (Figure 3.4).  We 

found that both docking groove mutants (QM and 4M) are defective in Npl3p binding 

(Figure 3.4, lower panel).  However, 4M exhibits a more drastic effect in Npl3p 

binding. The direct binding data suggest that the docking groove of Sky1p plays an 

important role in the substrate recognition.  The coprecipitation result also implies that 

the change in Km might be due to a lowered affinity of the 4M mutant kinase for 

Npl3p as a substrate.  

 

Identification of a docking motif in Npl3p   

 Results described above demonstrate the kinase docking groove is required for 

substrate recognition.  Therefore, it appears that a segment in Npl3p distal to the site  
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Figure 3.4:  Perturbations in the SRPK conserved docking groove affect Sky1p binding to Npl3p.   
 
GST pull downs using purified Sky1p proteins and GST-tagged wt Npl3p from E. coli lysate. Input 
lanes and pull down lanes are denoted with “I” and “P,” respectively, and the kinase mixed with wt 
Npl3p is labeled.   
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of phosphorylation interacts with the kinase docking groove and that the substrate 

peptide mimics a true docking motif.  Sequence comparison between the ASF/SF2 

docking motif, substrate peptide from Npl3p and the rest of Npl3p indicate that 

although no peptide sequence present within the RGG domain is stringently 

homologous to the docking peptide identified in ASF/SF2, there are several weakly 

homologous peptides that can be found within this domain (Figure 3.5a). To test this 

model, we have deleted the entire RGG domain (Npl3p∆RGG) and carried out its 

binding to Sky1p by in vitro coprecipitation experiment.  We observe that in the 

absence of RGG, Npl3p fails to co-precipitate Sky1p, which suggests that the RGG 

domain of Npl3p is required for its stable interactions with the kinase docking groove 

(Figure 3.5b). This result also implies that the docking motif is present somewhere 

within the RGG domain. Similarities can be found to a number of 7 to 8-mer peptides 

with the RGG domain if based solely on number of arginines present and spacing 

between these arginines. Any one or several of these motifs could satisfy the functions 

of a docking motif.  To test this, we divided the RGG domain into two halves 

(Npl3p∆RGGn and Npl3p∆RGGc) and deleted each half separately (Figure 3.5a).  

GST co-precipitation experiments demonstrate both Npl3p∆RGGn and Npl3p∆RGGc 

still bind the kinase similarly to wt Npl3p (Figure 3.5b).   

 Kinetic experiments were carried out with these mutant substrates and 

compared with that of wt substrate to understand how the docking interactions affect 

catalysis. The Km of wt Npl3p and Npl3p∆RGGc are similar whereas Npl3p∆RGG 

and Npl3p∆RGGn show over 19 and 4-fold higher values, respectively (Figure 3.5c, 
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Figure 3.5:  The RGG domain of Npl3p contains multiple docking motifs. 
  
(a)  The Npl3p domain organization: the acidic N-terminal APQE domain, two RNA Recognition 
Motifs (RRMs), RGG domain and the C-terminal domain (P) are shown.  Clusters of potential docking 
motifs are underlined in orange and yellow.  Shown below are the Npl3p deletion constructs where 
residues deleted are indicated; ΔRGG (284-398), ΔRGGn (284-336), ΔRGGc (337-398), (DM1) (291-
398). 
(b)  Kinetic analysis of substrate phosphorylation by Sky1p.  
(c)  GST pull-down experiments showing interaction between Sky1p and various Npl3p truncated 
mutants. 
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Table 3.2 Phosphorylation Kinetics of GST-Npl3pΔRGG Constructs 

 
Substrate  Km Npl3p (μM)   kcat (min-1) †  kcat/ Km 

 

Npl3p WT  4.00 ± 0.80  3.03 ± 0.25  0.76 (0.58, 1.03) * 
Npl3p ΔRGG  76.5 ± 16.0  17.5 ± 2.9  0.23 (0.16, 0.34) 
Npl3p ΔRGGn  14.76 ± 1.45  5.03 ± 0.23  0.34 (0.30, 0.40) 
Npl3p ΔRGGc  3.66 ± 1.46  5.69 ± 0.97  1.55 (0.92, 3.03) 
Npl3p DM1  2.96 ± 1.02  7.23 ± 0.53  2.44 (1.68, 4.00) 

 
†  kcat (min-1) was determined using GST-tagged wt Npl3p as a substrate 
*  kcat/Km lower and upper values are based on errors in kcat and Km 
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Table 3.2).  The fact that both halves of the RGG domain can directly interact with the 

kinase but affect catalysis differently suggest distinct interactions with Sky1p and 

possibly distinct regulatory roles of the N and C-terminal docking motifs in catalysis. 

The putative docking motifs present within the N-terminal half of the RGG domain 

positively affect catalysis whereas those in the C-terminal half negatively.    

 Genetic evidence has revealed that arginine mutations in the N-terminal 

portion of the RGG domain negatively affect yeast growth more than mutations in the 

C-terminal portion (59).   It is possible that yeast growth defect might be due to defect 

in Npl3p substrate recognition and phosphorylation by the kinase.   

 We made a further truncation to the N-terminal part of the RGG to test if a 

single docking motif can essentially carry out binding and retain wt activity for 

phosphorylation by Sky1p.  In this case, we have deleted the residues 291 to 398 

leaving behind the N-terminal most 8-residues of the RGG domain to serve as a 

putative docking motif (DM1) (Figure 3.5a).  This mutant was expressed and purified 

for co-precipitation and kinetic experiments.  Our co-precipitation results reveal that 

the binding of Npl3pDM1 for Sky1p appears to be similar to that of wt Npl3p and 

partially deleted RGG domain mutants (Figure 3.5b).  In all, these results suggest that 

a single docking motif is sufficient to bind the kinase.  Kinetic experiments reveal that 

the Km of Npl3p and kcat are 2.96 µM and 7.23 min-1, respectively.  Thus Npl3p with a 

single docking motif serves as an efficient substrate for phosphorylation by Sky1p.  In 

fact, Npl3pDM1 serves as a better substrate for phosphorylation than wt Npl3p (Table 

3.2).  In all, these results suggest that at least one or few docking motifs present at the 
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N-terminal part of the RGG domain are critical for efficient phosphorylation and the 

rest are inhibitory to phosphorylation. 

 Though we observe a higher rate of phosphorylation of the Npl3pΔRGG 

constructs with respect to wt Npl3p, the possibility remains that partial removal or 

complete removal of the RGG domain may affect Sky1p’s specificity towards Npl3p 

as a substrate.  To this end, we mutated the Ser411 position to alanine in the 

Npl3pΔRGG construct and then compared Sky1p phosphorylation of the Npl3pΔRGG 

S411A construct to that of the wt Npl3p and Npl3pΔRGG constructs (Figure 3.6).  

Compared to the wt Npl3p and Npl3pΔRGG constructs, the Npl3pΔRGG S411A 

construct was not phosphorylated.  This indicates that Sky1p specifically 

phosphorylates Npl3p at the Ser411 position despite removal of the RGG domain and 

the docking motifs therein.   

  

Methylation of the substrate docking motif prevents kinase recognition  

 Methylation of Npl3p has been shown to be inhibitory to its phosphorylation 

by Sky1p (62).  Previous reports show that methylation occurs at most arginines 

within the RGG domain (59).  Together these results led us to propose that 

methylation of arginines within the RGG domain prevents its docking to the kinase 

thereby inhibiting phosphorylation.  To directly show that to be the case, we have 

carried out methylation experiments.  Like wt Npl3p, Npl3pDM1 also can be 

methylated by yeast methyltransferase Hmt1p, and as expected, no methylation occurs 

when the RGG domain is removed (Fig. 3.7a).  We next tested the effect of  
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Figure 3.6:  Sky1p specifically phosphorylates Npl3pΔRGG 
 
An in vitro kinase assay tested the ability of wt Sky1p to specifically phosphorylate Npl3pΔRGG by 
mutating the Ser411 to alanine. 
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Figure 3.7:  Methylated Npl3p does not bind Sky1p. 
 
(a)  Methylation of wt Npl3p, DM1 and ΔRGG by Hmt1p. 
(b)  Methylated wt Npl3p does not bind to Sky1p.  GST-Npl3p was incubated with methyltransferase 
Hmt1p with (+) or without (-) SAM (mock methylation) for different lengths of time followed by pull 
down experiments.   
(c)  Methylated Npl3pDM1 does not bind Sky1p.  Methylation followed by phosphorylation was carried 
out as in b.  
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methylation on Sky1p binding.  Methylation reactions were performed for increasing 

times and after each time point the reaction mixture was added to Sky1p followed by 

GST co-precipitation.  We observed that both wt Npl3p and DM1 suffer from 

progressive loss of binding activity for Sky1p with increasing methylation of these 

proteins (Figure 3.7b, c).  

 It has been previously shown that methylation of wt Npl3p inhibits its 

phosphorylation by Sky1p.  Since methylation affects binding of Npl3p DM1, we 

wanted to test if phosphorylation of this Npl3p mutant is affected upon methylation.  

Indeed, we observe that methylation inhibits Npl3p phosphorylation compared to 

mock methylated Npl3p.  In contrast, phosphorylation of Npl3p∆RGG remains 

unaffected after the methylation reaction (Figure 3.8).  Taken together, these 

experiments reveal that the presence of a single docking motif within Npl3p is 

sufficient for retaining all functions regarding its recognition and phosphorylation by 

Sky1p, methylation by Hmt1p and methylation dependent inhibition of 

phosphorylation.  

 

Discussion 

 We have identified a substrate binding site in yeast SRPK, Sky1p, which is 

located 20 Å away from the active site.  The binding site is formed by two helices, 

helices αG and αG’2, and the loop connecting helices αF and αG.  Helix αG is highly 

conserved among all protein kinases and has been known to be involved in substrate 

binding in several kinase/substrate complexes (93).  Helix αG’ is present within the  
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Figure 3.8:  Methylation of the docking motif inhibits phosphorylation.   
 
GST-tagged wt Npl3p, DM1 and ΔRGG were incubated with methyltransferase Hmt1p with (+) or 
without (-) SAM (mock methylation) for three hours before being tested for phosphorylation by Sky1p 
over a course of 10 minutes.   
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MAP kinase insert which is found in the CMGC group of kinases (94).  The present 

work also describes identification of a docking motif in the substrate, Npl3p.  We 

show that docking motifs are present within the RGG domain of Npl3p.  Surprisingly, 

there are multiple overlapping motifs present within the RGG domain. 

 Previous work from our laboratory identified the docking groove of 

mammalian SRPK1.  The composition and surface character of both Sky1p and 

SRPK1 docking grooves are highly similar.  We also identified a small peptide 

segment located between the second RRM and the RS domain of ASF/SF2, which 

served as a substrate docking motif (45).  Sequences of the docking motifs are rather 

simple.  The most important feature is the presence of three basic residues, each 

separated by 2 to 3 residues.  These basic residues interact with carboxylate groups of 

three acidic residues and main chain carbonyls of kinase docking groove. It is not yet 

clear if any amino acid located within the intervening positions are preferred or 

discriminated.  In the case of the Sky1p/Npl3p complex, these intervening residues are 

primarily glycines.  Glycines may in one hand allow flexibility for the arginines to 

accommodate better within the docking groove, favoring binding reaction.  On the 

other hand, these residues may not make any direct contact with the kinase.  Based on 

the geometry and characteristics of the docking groove, it appears that glycine residues 

will fit poorly to the docking groove.  It is likely that the binding affinity of the 

docking motif and kinase docking groove is weak.  Thus, the presence of multiple 

docking motifs within the RGG domain is expected to increase the effective local 

concentration enhancing the avidity of the binding reaction. However, our 
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coprecipitation experiments do not reveal any significant difference in binding 

between wt RGG and DM1. It is also possible that the kinetics of binding are different 

between wt Npl3p and Npl3pDM1 substrates where the rate of association is enhanced 

by having multiple docking motifs in wt substrate. It is also possible that the binding 

activity of docking motifs is redundant. Quantitative binding measurements are 

essential to resolve these issues. 

Substrate docking through sites distal to the minimal active site peptide has 

been documented for many different kinases including CSK, CDK and GSK (95-98).  

The most well studied examples of docking site interaction in kinases are the MAP 

kinases.   A large number of closely related MAP kinases activate distinct signaling 

pathways by phosphorylating distinct set of downstream factors (99).  Specificity in 

substrate regulation is primarily achieved through docking interactions away from the 

active site (100).  At least three docking sites have been identified in different MAP 

kinases and these sites are utilized in different combinations for substrate recognition 

(99, 101-104).  Interactions between a distal motif of substrates (known as D motif) 

and CD site of MAP kinases appear to be more extensive than the docking interactions 

seen in SR protein kinases.  Whereas interactions in the later case are primarily 

electrostatic in nature, D motif/CD site contacts in MAP kinases are mixed 

hydrophobic, hydrogen bonding and electrostatic (105, 106). Consequently affinities 

of the MAP kinase/substrate complexes are in the low μM range.  Although affinities 

between SRPKs and docking peptides are not known, we suspect these are far lower. 

In the case of SRPK1/ASF/SF2 complex, additional interactions between the kinase 
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and substrate are required that account for the high affinity of this complex.  In the 

case of Sky1p/Npl3p complex, the presence of multiple copies of the docking motif 

may effectively increase its concentration resulting in efficient recognition by the 

kinase.  

It was previously shown that Npl3p was over 50-fold more efficient as a 

substrate than a 14-mer peptide substrate derived from the Npl3p C-terminus.  This 

large increase in phosphorylation efficiency was completely contributed by Km which 

demonstrates approximately a 300-fold decrease in Km.  Surprisingly, deletion of the 

RGG domain enhanced kcat by almost 6-fold and the Km increased by approximately 

19 fold (The Km value reported in Table 3.2 is not accurate due to the limit of substrate 

concentration used in the assay).  These new data clearly indicate a more complex 

phosphorylation mechanism than anticipated earlier, which included only the docking 

motif and the phosphorylation site. 

 We have shown that the RGG domain contains multiple substrate docking 

motifs for the kinase.  We suggest two opposing forces are in action: a weak binding 

interaction present outside of the RGG domain that allows enhanced phosphorylation 

primarily through chemical clamping mechanism (83) whereas a second stronger 

binding event, due to a large number of continuous docking motifs present within the 

RGG domain, as elucidated in this study, imposes a small but noticeable effect on 

phosphorylation (Figure 3.9).  We refer to this second interaction as the recruitment 

event.  This interaction is essential for recruitment of Npl3p to its specific kinase, 

Sky1p.  
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Figure 3.9:  A model of Npl3p recruitment by Sky1p.  
 
(a)  A domain layout of Npl3p shows putative docking sites in the RGG domain represented as yellow, 
red or orange circles. 
(b)  Our model shows that docking motifs throughout the RGG domain interact with the Sky1p docking 
groove. 
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 A recent report has shown most of the arginines within the RGG domain of 

Npl3p undergo methylation (59).  Here we show, using highly pure proteins, that 

arginines within the RGG domain are methylated by yeast methyltransferase Hmt1p.  

We also show that methylated Npl3p is unable to co-precipitate with Sky1p, which 

further confirms that the electrostatic interaction mediated by the arginines within the 

RGG domain is critical for substrate binding.  Consistent with previous observations 

(62) we also show that methylation of Npl3p inhibits its phosphorylation.  Because the 

last 30 residues are not methylated and high affinity binding does not necessarily 

improve efficiency of phosphorylation, it is difficult to interpret how methylation 

inhibits phosphorylation.  One possibility is that methylation at the RGG domain 

changes the conformation of the C-terminal segment such that the initial substrate 

recognition at the active site is significantly reduced. Dephosphorylation of Npl3p is 

critical for Mex76p recruitment and nuclear export (60).  It has also been reported that 

Npl3p inhibits translation and the release of mRNA from Npl3p is essential not only 

for translation of released mRNA but start of another cycle of import (37).  It has been 

suggested that rephosphorylation of Npl3p allows its release from mRNA.  Our study 

suggests that prior demethylation is required for phosphorylation. 
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CHAPTER FOUR 

Structurally unique yeast and mammalian SR protein kinases 

catalyze evolutionarily conserved phosphorylation reactions 
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Introduction 

 Serine arginine protein kinases (SRPK) regulate pre-mRNA splicing and 

mRNA export through phosphorylation of a class of splicing factors known as serine 

arginine (SR) proteins (24, 107). Mammalian SR protein kinase 1 (SRPK1) and the 

yeast enzyme, Sky1p, are the two most studied SRPKs. Members of the SRPK family 

display strict substrate specificity, preferring only to phosphorylate serine residues 

flanked by arginines.  One of the well-studied mammalian SR proteins, ASF/SF2, 

contains 20 serines within its 50-residue long RS domain.  SRPK1 phosphorylates 

approximately 10 of these serines in the N-terminal half of the RS domain (84).  This 

multi-site phosphorylation occurs in a processive manner where the kinase remains 

bound to the substrate until all sites are phosphorylated. 

The SRPK homologue in yeast, Sky1p, regulates the phosphorylation and 

nuclear import of SR-like proteins Npl3p, Gbp2p and Hrb1p. (36, 51, 62).  However, 

unlike the mammalian SR proteins, the yeast proteins do not have a classical RS 

domain with long stretches of arginine/serine repeats.  Instead, these substrates have 

either one or just a few RS dipeptides dispersed throughout the protein.  For example, 

only one serine in the C-terminus of Npl3p is phosphorylated by Sky1p although this 

modification is essential for its nuclear import facilitated by Mtr10p (54).  Defect in 

phosphorylation accumulates Npl3p in the cytoplasm with enhanced mRNA binding 

activity.   

Although SRPK1 and Sky1p share high sequence homology in the kinase core 

domain, the spacer domains share no homology.  In addition, both kinases also have 

non-homologous extensions at their N-termini.  Sky1p has a 40 residue-long extension 
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at its C-terminus whereas the C-terminus of SRPK1 has no such extension (78).  The 

X-ray structure and subsequent deletion analysis of Sky1p reveal that its non-

conserved C-terminal tail is essential for catalytic activity (unpublished results).  On 

the other hand, the spacer domain and N-terminal 137 amino acids can be removed 

without compromising its in vitro activity (78).   Surprisingly, although SRPK1 lacks 

this N-terminal segment, it can functionally substitute for Sky1p in vivo and in vitro 

(52, 75).  In SRPK1, both ends of previously designated spacer domain fold into 

helical structures and interact with the kinase core.  Deletion analyses of SRPK1 have 

revealed that, unlike Sky1p, removal of the designated spacer domain in its entirety 

results in reduced stability of SRPK1 (unpublished data).   

In spite of these differences in the primary structures of these two kinases, 

SRPK1 can substitute for Sky1p in yeast suggesting that the basic mechanism of 

phosphorylation is evolutionarily conserved from yeast to man. Perhaps it is not too 

surprising as the yeast substrate is phosphorylated only at a single site and that 

recognition of the phosphorylation site peptide of Npl3p is not different between these 

kinases.  However, it is unclear if the yeast enzyme can phosphorylate the mammalian 

substrates at multiple sites in a processive manner.  If so, this would imply the 

development of an evolutionarily conserved mechanism. 

 Our results show that in spite of significant differences in the mechanism of 

how Sky1p and SRPK1 maintain their active states, these two kinases display 

evolutionarily conserved mode of substrate binding and catalysis.  
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Sky1p can phosphorylate heterologous ASF/SF2 substrate at multiple sites 

It has been previously shown that SRPK1 can functionally complement SKY1 

in vivo (108).  The replacement of SKY1 with SRPK1 implies that the mammalian 

kinase can phosphorylate Npl3p and other Sky1p substrates at a sufficient level for 

viability.  The peptide bound structures of Sky1p and SRPK1 shown above suggest a 

similar mechanism of substrate recognition by these two kinases.  However, the 

physiological substrates for these two kinases are different in terms of the number of 

potential phosphorylation sites.  This prompted us to understand how each of these 

kinases phosphorylates the heterologous substrate.  An in vitro kinase assay was 

implemented to determine the ability of Sky1p and SRPK1 to phosphorylate ASF/SF2 

and Npl3p, respectively (Figure 4.1).  These experiments show that both Sky1p and 

SRPK1ΔNS1 efficiently phosphorylate ASF/SF2 (Lanes 5-7) and Npl3p (Lanes 14-

16), respectively.  These results suggest that the SRPKs may recognize and 

phosphorylate these two substrates using similar mechanisms.  

To quantify the number of phosphates added to ASF/SF2 by SRPK1 and 

Sky1p, phosphoryl content was measured using MALDI-TOF mass spectrometry.  In 

these studies, His-tagged ASF/SF2 (8 μM) was incubated with a stoichiometric 

amount of Sky1p or wt SRPK1 for 5 hours in the presence or absence of ATP (3 mM) 

at room temperature and then analyzed using MALDI-TOF mass spectrometry (Figure 

4.2a-c).  In the spectra, we observe that the ASF/SF2 M+1 and M+2 peaks before and  
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Figure 4.1:  In vitro kinase assay using SRPK non-native substrates. 
 
An in vitro kinase assay using [γ32P] ATP using SRPK1ΔNS1, Sky1p, GST-ASF/SF2 and His-Npl3p 
shows that SRPKs can phosphorylate non-native substrates efficiently. 
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Figure 4.2:  MALDI-TOF mass spectrometry analysis of SRPK phosphorylation of ASF/SF2. 
 
(a)  MALDI-TOF spectrum of His-ASF/SF2 incubated for 5 hours in the absence of ATP.  M+1 and 
M+2 mass peaks are labeled. 
(b)  MALDI-TOF spectrum of His-ASF/SF2 incubated for 5 hours in the presence of wt SRPK1 and 
ATP for 5 hours.  SRPK1 adds approximately 10 phosphates to ASF/SF. 
(c)  MALDI-TOF spectrum of His-ASF/SF2 incubated for 5 hours in the presence of Sky1p and ATP 
for 5 hours.  Sky1p adds approximately 13 phosphates to ASF/SF2. 
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after ATP treatment.  Both peak maxima shift to higher mass/charge (443 for M+2 and 

857 for M+1), consistent with the incorporation of approximately 10 phosphates per 

substrate molecule in case of wt SRPK1 after adding ATP (Figure 4.2b).   Sky1p 

peaks also increase (558 for M+2 and 1064 for M+1), adding approximately 13 

phosphates per substrate molecule when Sky1p (Figure 4.2c).  Longer incubation of 

the enzymes with ASF/SF2 results in no further changes in phosphoryl content (data 

not shown), indicating that an endpoint in the reaction is achieved.  These data provide 

a definitive measure of phosphoryl content that is independent of total active ASF/SF2 

concentration.   

 

Sky1p binds ASF/SF2 with high affinity  

We tested the relative binding efficiencies of ASF/SF2 for Sky1p and SRPK1 

using a GST coprecipitation assay.  Pull-down experiments show that GST-ASF/SF2, 

from E. coli cell lysate, efficiently retains both SRPK1 and Sky1p (Figure 4.3a, b, left 

panels), while GST-Npl3p, from E. coli cell lysate, binds Sky1p only (Figure 4.3a, b, 

right panels). Although SRPK1 can phosphorylate Npl3p, GST-Npl3p fails to pull-

down SRPK1 with the same levels of Npl3p lysate.  This suggests that binding affinity 

of the SRPK1/Npl3p complex is lower than the Sky1p/Npl3p complex.  

The GST coprecipitation experiment is a qualitative assay and does not provide 

a quantitative assessment of affinity.  It has been shown previously that SRPK1 stably  

binds ASF/SF2 with a kd of approximately 50 nM (80).   We wanted to see if Sky1p 
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Figure 4.3:  Sky1p interacts with native Npl3p and non-native ASF/SF2. 
  
GST coprecipitation reactions were performed to determine the binding interactions between His-
tagged SRPKs and GST-tagged substrates Npl3p and ASF/SF2.  Proteins were visualized by Western 
blot using antibodies against His-tag and GST-tag. 
(a)  Binding reactions involving Sky1p and GST proteins were conducted.  
(b)  Binding reactions involving SRPK1ΔNS1 and GST proteins were conducted.  
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could bind to ASF/SF2 with a similar affinity.  To estimate a kd, single turnover 

profiles were measured at different kinase concentrations with a fixed ASF/SF2 

concentration (20 nM).  Under single turnover conditions, It was shown previously 

that ASF/SF2 phosphorylation at low SRPK1 concentrations, is biphasic but at high 

SRPK1 concentrations, phosphorylation profiles are monophasic (80).  The amplitude 

of the first phase is directly related to the amount of enzyme-bound ASF/SF2 so that a 

kd can be determined from a plot of fraction bound versus total enzyme concentration.  

 To estimate the affinity of the Sky1p/ASF/SF2 complex, we varied Sky1p 

concentrations from 500nM to 50 nM to determine at which concentration the 

progress curves become noticeably biphasic (Figure 4.4).  We observed that above 100 

nM Sky1p, the progress curves followed a single exponential, rapidly reaching an end 

point.  However, at 50 nM Sky1p, a biphasic trend in the phosphoryl transfer 

mechanism was observed.  These findings suggest that at 100 nM Sky1p or higher, 

most of the ASF/SF2 is bound by the enzyme, implying that the kd for Sky1p and 

ASF/SF2 is lower than this amount.  These observations indicate that Sky1p has a 

similar affinity for ASF/SF2 as SRPK1. 

 

Sky1p processively phosphorylates ASF/SF2  

To further investigate potential differences in the mechanism of ASF/SF2 

phosphorylation by Sky1p, we used a start-trap assay reported by (80).  In this assay, 

the reaction is started with the simultaneous addition of [γ32P] ATP and excess 

trapping agent designed to bind any free ASF/SF2 (Figure 4.5). Here, we used a kinase 
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Figure 4.4:  Sky1p binds ASF/SF2 with high affinity. 
 
A single turnover assay was performed using 20 nM His-ASF/SF2 and varied amounts of Sky1p, 500 
nM (○), 100 nM (□) and 50 nM (◊).  ASF/SF2 phosphorylation was normalized relative to the 500 nM 
Sky1p reaction. 
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inactive form of full-length SRPK1 (K109M) that binds well but cannot phosphorylate 

ASF/SF2 (84).  If the reaction is processive, no free forms of ASF/SF2 are generated 

so the K109M cannot inhibit the reaction.  However, if the reaction is distributive one 

or more phospho-intermediates will be released from the active site and readily 

trapped by K109M resulting in reaction inhibition prior.  

 We used 100 nM ASF/SF2 and two different concentrations of Sky1p (500 nM 

and 100 nM) for the reaction (Figures 4.6a, b).  In the trap assay a 100-fold and 500-

fold molar excess of the trap was used, respectively.  We observed that even at 100 

nM Sky1p concentration, the reaction is processive. There is a noticeable difference 

between the 500 nM Sky1p and 100 nM Sky1p Trap-Start backgrounds in which the 

ASF/SF2 substrate was pre-incubated with the Trap before adding active Sky1p.  This 

is likely due to the change in trap to kinase ratio (100:1 to 500:1), implying less Sky1p 

is bound to the substrate after equilibration between the kinase, substrate and trap. 

These observations clearly show that similar to SRPK1, Sky1p is a processive 

enzyme.  

 

Sky1p and SRPK1 use a similar docking groove to bind ASF/SF2 

 We have previously shown that the SRPK1 docking groove is important for 

binding and processing phosphorylation of ASF/SF2 (45).  We have also shown that 

Sky1p also contains a homologous docking groove.  Using mutations within the 

docking groove we showed that docking groove in Sky1p plays an important role for 

Npl3p phosphorylation.  Next, we wanted to test if this same the docking groove of
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Figure 4.5:  Trap assay model. 
 
This schematic shows how the trap assay distinguishes between a processive and a distributive 
mechanism of phosphorylation.  If an active kinase (blue) must dissociate (Distributive) from the 
substrate (yellow and black) and then bind again before a second phosphate is added, then the SRPK1 
dead kinase trap (red), which is added simultaneously with ATP, will sequester the substrate and 
phosphorylation will be inhibited.  This would mean that the mechanism of phosphorylation is 
distributive.  If the active kinase does not need to dissociate from the substrate before adding further 
phosphates (Processive), then additional phosphates are added and the trap cannot bind the substrate. 
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Figure 4.6: Sky1p processively phosphorylates ASF/SF2. 
 
(a)  The trap assay required two controls.  The positive control (No Trap, ○) was a kinase reaction in the 
containing incubated (5 minutes) active Sky1p (500 nM) and His-ASF/SF2 (100 nM) in the absence of 
the trap yielding a specific phosphorylation profile.  The negative control (Trap-Start, □) was a kinase 
reaction where His-ASF/SF2 was pre-incubated with the trap (50 μM) for five minutes before adding 
the active Sky1p.  The Start+Trap reaction (◊) contained active Sky1p incubated with His-ASF/SF2 
before adding simultaneously ATP and trap.  Wt Sky1p processively phosphorylates ASF/SF2.  
ASF/SF2 phosphorylation was normalized to amount of phospho-ASF/SF2 relative to the No Trap 
reaction. 
(b)  A trap assay with 100 nM Sky1p, 100 nM ASF/SF2 and 50 μM trap. 
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Sky1p is also important for ASF/SF2 recognition.   

 We tested the binding between Sky1p docking groove mutants (QM and 4M) 

and GST-ASF/SF2 using GST coprecipitation assays.  Each of these mutants contains 

four amino acid changes to alanine (QM: I653, K657, W659, K668 and 4M: D601, 

D617, E624, K668).  Both sets of mutations in the docking groove (QM and 4M) 

drastically reduced the binding of ASF/SF2 compared to wt Sky1p (Figure 4.7, lower 

panel).  In all, our results suggest that both yeast and human SRPKs use common 

regions to recognize ASF/SF2.  Together these results suggest that the docking 

groove-docking motif interaction is essential for substrate phosphorylation. 

 

Docking interaction is essential for processive phosphorylation of ASF/SF2    

 We next tested the effect of the Sky1p docking groove mutations (QM and 

4M) for processive phosphorylation of ASF/SF2 using start-trap assay as described 

earlier (Figure 4.8).  We used 100 nM ASF/SF2 and 100 nM of the mutant kinases for 

the reaction.  In the trap assay, a 500:1 ratio of the trap (50 μM) to kinase was used.  

We observed that even at 100 nM Sky1p concentration, ASF/SF2 phosphorylation by 

Sky1p QM is not affected by the addition of trap (Figure 4.8a).  Our results 

demonstrate that Sky1p QM processively phosphorylates ASF/SF2 whereas ASF/SF2 

phosphorylation by Sky1p 4M is significantly reduced.  Phosphorylation by Sky1p 4M 

is not completely eliminated, suggesting partial processivity (Figure 4.8b).  These 

results are somewhat inconsistent with the substrate binding behavior of these two  
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Figure 4.7:  Sky1p docking groove mutants display reduced binding to ASF/SF2. 
 
A GST coprecipitation assay shows that both QM (I653, K657, W659, K668) and 4M (D601, D617, 
E624, K668) Sky1p mutants are deficient in binding GST-ASF/SF2 compared to wt Sky1p 
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mutants.  GST co-precipitation experiments showed that both mutants were defective 

in ASF/SF2 binding.  However, we previously reported that whereas Sky1p QM did 

not affect phosphorylation of Npl3p, Sky1p 4M did.  Co-precipitation experiments 

only provide a qualitative estimation of binding; however, Single turnover assays 

would provide a more quantitative result and are currently being conducted.  It is 

possible that true substrate binding affinities are significantly different.  Alternatively, 

it is possible that binding alone does not define processivity of phosphorylation and 

that in spite of reduced binding QM is able to processively phosphorylate ASF/SF2.  

In QM, acidic residues that mediate charge-charge interactions with the basic residues 

of substrate docking motif are unchanged whereas these residues are mutated in 4M.  

Perhaps this electrostatic interaction is a critical component for processivity.  Further 

experiments are required to test this hypothesis. 

 There is an alternative explanation of the partial processivity of Sky1p 4M.  It 

is possible that ASF/SF2 may be aggregating in the Sky1p 4M Start+Trap reaction 

(Figure 4.8b).  Thus, the calculated amount of substrate may not be available for 

phosphorylation giving the impression of partial processivity when the kinase may be 

fully processive.  Adding a large amount of active kinase to the Start+Trap reaction 

after five minutes (kinase doping) will indicate whether or not there is free ASF/SF2 

left unphosphorylated due to inhibited reaction. 
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Figure 4.8:  Sky1p docking groove mutant trap assays. 
 
(a)  A trap assay using 100 nM Sky1p QM (I653A, K657A, W659A and K668A), 100 nM ASF/SF2 
shows that Sky1p QM is still fully processive. 
(b)  A trap assay using 100 nM Sky1p 4M (D601A, D617A, E624A and K668A), 100 nM ASF/SF2 
shows that Sky1p 4M is partially processive. 
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Discussion 

 

Importance of docking interactions in processive substrate phosphorylation by 

the yeast SR protein kinase   

 In this study, we have demonstrated that like SRPK1, Sky1p phosphorylates 

ASF/SF2 at multiple sites.  SRPK1 phosphorylates ASF/SF2 at approximately 10 sites 

whereas Sky1p phosphorylates 13 sites.  At this point we do not know if this 

difference in the number of phosphorylation sites is a true difference a reflection of the 

difference in the accessibility of ASF/SF2 phosphorylatable sites by SRPK1 and 

Sky1p.  It is possible that this small difference falls within the experimental error.  

Indeed, we have observed that number of phosphorylation sites of ASF/SF2 varies 

from 8 to 12.  The quality of substrate often influences the experimental variations in 

the number.  In spite of this small difference in the number of sites of phosphorylation, 

results shown here clearly suggest a conserved general mechanism of ASF/SF2 

recognition and phosphorylation by SRPK1 and Sky1p.  Previously, we showed that 

both SRPK1 and Sky1p contain a peptide docking groove near the bottom of the large 

kinase lobe formed by an insert unique to CMCG kinase group, αG helix and the loop 

connecting helices αF and αG.  X-ray structures of SRPK1 with an Npl3p-derived 

peptide bound revealed that the kinase docking groove recognizes the peptide in a 

manner observed for many other peptide/protein complexes where the peptide 

occupies a groove in the kinase complementing each other both in shape and size.  

Both Sky1p and SRPK1 utilized the docking grove to interact with their respective 
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substrates, Npl3p and ASF/SF2.   We show here that Sky1p binds ASF/SF2 with high 

affinity and mutations in the Sky1p docking groove affect ASF/SF2 binding.   

 

Multi-site phosphorylation in yeast  

Although Npl3p contains a single phosphorylation site, it has been shown 

recently that another Npl3p-like protein, Gbp2p, is phosphorylated by Sky1p.  It has 

been demonstrated that Gbp2p phosphorylation by Sky1p is essential for its nuclear 

import (36).  Gbp2p contains three consecutive RS dipeptides on the N-terminus 

followed by an RGG domain that also contains individual RS dipeptides (Figure 1.3).  

Although the mechanism of phosphorylation has remained unclear, the location of 

these serines within a RS-repeat motif suggests that phosphorylation of these serines 

might follow the same mechanism as ASF/SF2.  In addition, like Npl3p, this SR-

repeat motif is located within the signature RGG domain of Gbp2p.  We previously 

showed that docking motifs present within the RGG domain of Npl3p were essential 

for substrate docking by the kinase.  Sequence similarity between the RGG domains of 

Npl3p and Gbp2p suggests that the latter might also recognize Sky1p through the 

docking motifs present within its RGG domain.  The SR-like substrates in humans 

also contain RGG domain and at least in case of the viral protein ICP27, RGG domain 

is known to interact with SRPK1 (109).  ICP27 also contains three serines within its 

RGG domain that are phosphorylated by SRPK1.  In all, we suggest that SR and SR-

like RGG containing protein substrates are recognized by SR protein kinases similarly.  
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Multiple serines located within the SR repeat motifs might all be phosphorylated if 

present within the proper context of a docking motif.  
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CHAPTER FIVE 

Insights into SR protein kinase mechanism and regulation of 

catalytic activity 
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Introduction 

 As indicated earlier, regulation of the catalytic activity of Sk1yp has been 

studies in our laboratory.  These previous studies have revealed the importance of the 

C-terminal extension and a conformationally distinct Q566 residue.  We also observed 

an intriguing feature of Sky1p during the structure analysis.  A sulfate molecule is 

found in a pocket located at the top of the small lobe.  There are several recent 

observations of other kinases containing a similar pocket which led us to investigate 

the function of the pocket found in Sky1p.  A second goal is to investigate the 

mechanism of catalysis by using crystallographic studies.  This chapter describes my 

experiments to understand these two related objectives:  regulation and mechanism of 

Sk1p catalytic activity. 

 

Characterization of an anion binding pocket in Sky1p 

Sky1p crystals were obtained from 1.6 M (NH4)2SO4.  Five sulfates were 

modeled into electron density and refined.  To test if any or all of these sulfates had 

bound with specificity, Sky1p crystals were subjected to multiple rounds of dialysis 

until the (NH4)2SO4 concentration was less than 50 nM.  Dialyzed crystals were then 

subjected to crystallographic analysis.  The refined structure showed that only one 

sulfate molecule still bound to Sky1p.  This sulfate was buried deeply in a pocket 

located on top of the small lobe of Sky1p (Figure 5.1).  The sulfate made multiple 

hydrogen bonds with surrounding Sky1p residues K154, H234 and K235.  Residues 

K154 and K235 make backbone hydrogen bonds with the sulfate; H234 and K235 
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Figure 5.1: Sulfate binding pocket in Sk1yp. 
 
In the Sky1p (gray) structure, multiple sulfates (yellow and red) were observed.  A close up view of the 
sulfate binding pocket shows the interactions of K154, H234 and K235 with the sulfate.  Hydrogen 
bonds (red dashed lines) occur between the sulfate and residues K154, H234 and K235. 
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 side chains make hydrogen bonds with the sulfate.  There have been previous 

instances where an anion binding pocket has mimicked a phosphate from a primed 

substrate or regulatory factor.  Thus, exploring the importance of the anion binding 

pocket may lead to a novel form of Sky1p regulation of catalytic activity. 

 To determine the influence of the anion binding pocket on Sky1p activity, we 

made three mutations: K154P, H234A and K235A.  The single mutant (SM, K154P) 

contained a proline mutation in order to disrupt the backbone hydrogen bond with the 

sulfate.  The double mutant (DM, H234A and K235A) contained two alanine 

mutations, and the triple mutant (TM, K154P, H234A and K235A) contained all three 

mutations.  We analyzed the kinetics of Npl3p phosphorylation of these mutants, 

comparing them to wt Sky1p (Figure 5.2).  The observed rates (kcat) of the mutant 

kinases were significantly lower that that of wt Sky1p (Figure 5.2, Table 5.1).  While 

the kcat of Sky1p DM and TM are similar, the Km of Npl3p (Km) for Sky1p TM is 

approximately 2-fold higher than Sky1p DM.  The increased Km with an unchanged 

kcat indicates that the proline mutation affects either the substrate affinity or catalysis, 

but not the turnover.  It appears that product release is not affected by the proline 

mutation when comparing the DM and TM.  The K154P mutation (SM) drastically 

reduced the kcat, and increased the Km over 2-fold compared to wt Sky1p.  The 

catalytic efficiency of SM is over 150-fold lower than wt Sky1p indicating that the SM 

kinase is a very poor kinase (Table 5.1).  Though the Km of the SM did increase over 

2-fold, the kcat decreased over 60-fold compared to wt Sky1p.  This indicates that the 

product release in Sky1p SM is much slower than wt Sky1p. 
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Figure 5.2:  In vitro kinase assay comparing Sky1p anion binding pocket mutants to wt Sky1p. 
 
Kinetic analysis of sulfate binding pocket mutations was performed utilizing a radioactive kinase assay 
in order to determine their effect upon the rate of Npl3p phosphorylation.  The observed rate (kobs) was 
monitored as a function of substrate concentration wt Sky1p (○) and the sulfate binding mutants (TM, 
□; DM, ◊; SM, x).  The inset graph shows the observed rates of phosphorylation between the mutant 
kinases. 
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Table 5.1 Phosphorylation Kinetics of Anion Binding Pocket Mutants 

 
Sky1p   Mutation Km Npl3p kcat  kcat/Km  
    (μM)   (min-1)   

 
WT    4.07±0.74 28.2±2.4 6.93 (5.36, 9.19) † 
 
TM  K154P,  8.59±1.17 2.7±0.20 0.314 (0.27, 0.39) 
  H234A, 
  K235A 
 
DM  H234A,  4.85±0.93 3.6±0.3 0.742 (0.57, 0.99) 
  K235A 
 
SM  K154P  9.83±1.25 0.45±0.03 0.046 (0.038, 0.056) 

 
†  kcat/Km lower and upper values are based on errors in kcat and Km 
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 The effect of the K154P mutation on the kinetics of phosphorylation does not 

appear consistent.  The kcat is unchanged in Sky1p TM compared to Sky1p DM while 

the kcat of Sky1p SM is low compared to all other kinases.  Prolines are known to 

disrupt secondary structure of proteins.  It appears that the alanine mutations along 

with the proline mutation form an artificial hydrophobic pocket.  This hydrophobic 

pocket appears to maintain the overall fold of the small lobe better than the single 

proline mutant.  Thus, the alanine mutations seem to be compensatory to the proline 

mutation and save the Sky1p TM kinase from a much slower kcat like Sky1p SM. 

 

The role of the N-terminal extension of SRPKs in catalytic activity 

 As describe previously, we have shown by MADLI-TOF that Sky1p adds 

multiple phosphates to ASF/SF2.  In this experiment, a Sky1p construct lacking the N-

terminal extension (NTE) was used, Sky1pΔN(137)ΔS.  We compared 

Sky1pΔN(137)ΔS-mediated phosphorylation of ASF/SF2 to that of wt SRPK1.  The 

number of phosphates added by these kinases was different, 10 by wt SRPK1 and 13 

by Sky1p.  Removal of the spacer region in SRPK1 (SRPK1ΔS) did not alter the 

number of phosphates (10) added to ASF/SF2 (Figure 5.3b, d).  However, an SRPK1 

construct similar to the minimal Sky1p (Sky1pΔN(137)ΔS) construct where both the 

NTE as well as most of the spacer region, SRPK1ΔNS1, added approximately 14 

phosphates to ASF/SF2 (Figure 5.3c, d).  These data imply that the  

NTE of SRPK1 may play a role in limiting the number of phosphates the added to 

ASF/SF2. 
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Figure 5.3:  MALDI-TOF analysis of SRPK1ΔS and SRPK1ΔNS1 phosphorylated ASF/SF2. 
 
(a)  A control reaction in the absence of a kinase.  Unphosphorylated ASF/SF2 has a mass of 30,325 
units. 
(b)  The spectrum of SRPK1ΔS phosphorylated ASF/SF2 after 5 hours shows that approximately 10 
phosphates are added by the kinase. 
(c)  The spectrum of SRPK1ΔNS1-phosphorylated ASF/SF2 after 5 hours shows that approximately 15 
phosphates are added by the kinase. 
(d)  SRPK1delection constructs show the NTE and the spacer domain deleted.  SRPK1ΔNS1 has the 
first 41 amino acids deleted as well as amino acids 256-473 in the spacer domain.  SRPK1ΔS has the 
entire spacer domain deleted (224-491). 
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 Because the Sky1pΔN(137)ΔS construct is also missing the its NTE, it is 

possible that higher numbers of phosphates added by Sky1pΔN(137)ΔS was due to the 

lack of the kinase NTE.  Although the precise manner in which the NTE affects 

catalytic activity of the kinases is not clear, it is possible that the NTE may directly 

interact with the kinase core or the kinase/substrate complex. 

 

Structural characterization of Sky1p/Npl3p interactions 

 We made an effort to purify the Sky1p/Npl3p complex; however, all attempts 

were unsuccessful.  This failure was not surprising considering that Aubol et al have 

shown that there is a low affinity of binding for the two molecules.  To circumvent this 

problem, we initiated a collaboration with Dr. Phil Cole at Johns Hopkins whose 

laboratory specializes in synthesizing bi-substrate complexes, specifically protein-

ATP adducts.  Bi-substrates are made by joining protein to a peptide which contains a 

covalently linked ATP at the γ-phosphate to the phosphorylated amino acid position 

(110) (Figure 5.4).  This bi-substrate has been shown to increase the affinity between 

the kinases and protein substrates.   

 The Npl3p-ATP bi-substrate was made by exogenously expressing a shorter 

version of Npl3p (1-406) with a C-terminal intein-chitin binding domain for 

purification purposes.  Then the peptide-ATP (407-414, CRERA*PTR) replaces the 

intein by a transthio-esterification reaction (110).  At the serine 411 position, a non-

natural amino acid “x” exists in order to attach the ATP molecule at the γ-phosphate 

position via a phospho-thioester bond (Figure 5.4b). 
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Figure 5.4:  Npl3p-ATP bi-substrate. 
 
(a)  The Npl3p-ATP bi-substrate. 
(b)  A display of the covalent bond between the non native amino acid at the 411 position and the ATP 
molecule shows a phospho-thioester bond between the non-native amino acid sulfur and the 
phosphorous of the γ phosphate of the ATP molecule.  R1 represents the N-terminal peptide chain while 
R2 represents the C-terminal peptide chain. 
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 Sky1p and Npl3p-ATP were incubated and injected onto a gel filtration 

column.  Elution profiles of the complex and individual components are shown in 

Figure 5.5 and show that Sky1p and Npl3p-ATP form a stable complex.  Fractions 

containing the complex were pooled and concentrated.  Another large peak was 

observed in both the Npl3p-ATP and the complex injections; the absorbance at 260 

nm was approximately 2-fold higher than that of the absorbance at 280 nm (Data not 

shown).  This peak is most likely attributed to the ATP of the free peptide-ATP adduct 

that was not linked to the expressed protein.     

 Preliminary results from the Adams laboratory suggest that the kd of the 

Sky1p/Npl3p-ATP complex is approximately 500 nM, marking a 100-fold increase in 

affinity between the kinase and bi-substrate (data not shown).  However, further 

experimentation is necessary to determine a more accurate affinity. 

 Another large peak was observed in both the Npl3p-ATP and the complex 

injections; the absorbance at 260 nm was approximately 2-fold higher than that of the 

absorbance at 280 nm (Data not shown).  This peak is most likely attributed to the 

ATP of the free peptide-ATP adduct that was not linked to the expressed protein.     

 Preliminary results from the Joseph Adams laboratory suggest that the kd of the 

Sky1p/Npl3p-ATP complex is approximately 500 nM, marking a 100-fold increase in 

affinity between the kinase and bi-substrate (data not shown).  However, further 

experimentation is necessary to determine a more accurate affinity. 
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Figure 5.5:  Sky1p forms a stable complex with Npl3p-ATP. 
  
(a)  Gel filtration profiles of Sky1p (red), Npl3p-ATP (blue) and the complex (pink) show that a stable 
complex forms between Sky1p and Npl3p-ATP 
(b)  Peak fractions of injected of Sky1p and Npl3p-ATP injections.  The elution volumes are listed 
above the color correlating to the profile in (a).  The black line above indicates void volume fraction.  
Loaded protein is marked with an “L.” 
(c)  Peak fractions of the complex injection show that both Sky1p and Npl3p-ATP were present in the 
peak. 
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Crystallization of Sky1p with Npl3p-ATP 

  Hanging-drop vapor diffusion method was utilized mixing Sky1p/Npl3p-ATP 

complex and well solution in a 1μL:1μL ratio with well solution.  Various conditions 

were screened using Crystal Screen and Crystal Screen 2 (Hampton Research) at room 

temperature and at 4 °C.  So far, we have not obtained any crystals of the 

Sky1p/Npl3p-ATP complex; further conditions will be tested. 

 

Co-crystallization of peptide-ATP with Sky1p 

 Though the Sky1p/Npl3p-ATP complex has not crystallized, the bi-substrate 

molecule is still useful.  The fact that we can form a complex with Sky1p using the 

Npl3p-ATP suggests that covalently linking the ATP to the substrate enhances binding 

of the substrate to the Sky1p active site.  Therefore, the same peptide that previously 

bound to the distal docking region in Sky1p crystals may preferentially bind in the 

active site if covalently linked to ATP. 

 Three peptide-ATP adducts were provided by the Cole laboratory there were 

used for co-crystallization with Sky1p: 7-mer, 11-mer and a 14-mer (Figure 5.6a, b, c, 

respectively).  Each of these adducts were mixed in a 5:1 molar ratio with Sky1p and 

crystallization condition were screened using the aforementioned Crystal Screens 1 

and 2.  A single condition produced crystals for all three peptide-ATP adducts: 0.1 M 

sodium trihydrate, 2.0 M (NH4)2SO4.  Optimization of conditions yielded that the apo-

kinase crystallization conditions produced the best crystals (100 μm x 100 μm x 75 

μm). 



 

 

109

 
 
 
 
Figure 5.6:  Peptide-ATP molecules for crystallization with Sky1p. 
  
The structures of the three synthesized peptide-ATP molecules are provided.  A 7-mer peptide-ATP (a) 
includes the last 7 amino acids of Npl3p; an 11-mer (b) and 14-mer (c) which include four and seven 
more N-terminal amino acids, respectively, were also synthesized. 
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Most crystals diffracted to 2.02 Å or better.  The crystals contained the same 

space grouping, C2221 as the apo-kinase structure (Table 5.2), and the unit cell 

parameters were also virtually the same.  We used the apo-kinase structure as a model 

to phase the co-crystallized complex data.  However, no density was visible for the 

peptide in any of the structures viewed.  It is possible that the high ionic strength of 

the crystallization solution caused by the 1.6 M (NH4)2SO4 interfered with the binding 

of the peptide-ATP adduct with Sky1p.  This is not surprising considering the 

sensitivity of Sky1p activity to high salt conditions (82). 

 

Peptide-ATP-soaked Sky1p crystals have ADP in the active site 

 Because no peptide-ATP was visible co-crystallized structures, we soaked the 

peptide-ATP adducts into Sky1p crystals.  Unlike the co-crystallized crystal structure 

of Sky1p, the resolution of the soaked crystals were significantly lower (Table 5.2).  

During early rounds of refinement of the two highest resolution data sets, 7_1 and 

11_5, extra electron density was easily identified in the active site and the structures 

were further refined.  Later rounds of refinement revealed that only ADP was present 

in the active site.  The adenine ring, ribose ring, the α- and β-phosphates were visible 

in the 11_5 (Figure 5.7) and 7_1 structures (not shown).  However, neither the γ-

phosphate nor the peptide was observed in the active site or bound anywhere else on 

the kinase.  It is important to note that the orientation of the ADP molecule in both the 

7_1 and 11_5 active sites was the same as observed in the ADP-soaked Sky1p crystal 

structures solved previously (88).  In crystals that diffracted to a lower 
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Table 5.2        Structural parameters of Sky1p/peptide-ATP crystals 
 

Crystal   Resolution (Å) Space Group Unit Cell (Å) Peptide-ATP  
 

Apo-kinase  2.10 Å  C2221  a = 73.4  N/A 
       b = 88.4 
       c = 136.0 
Co-crystallization 
7_1   2.02 Å  C2221  a = 74.07 Not Present 
       b = 88.01 
       c = 136.25 
7_2   1.92 Å  C2221  a = 74.00 Not Present 
       b = 87.86 
       c = 136.10 
11_1   1.86 Å  C2221  a = 73.98 Not Present 
       b = 87.87 
       c = 135.98 
11_2   1.90 Å  C2221  a = 74.09 Not Present 
       b = 87.96 
       c = 136.23 
14_1   1.78 Å  C2221  a = 74.06 Not Present 
       b = 87.93 
       c = 136.05 
14_2   1.86 Å  C2221  a = 74.14 Not Present 
       b = 87.88 
       c = 136.15 

 
Peptide Soak Resolution (Å) Space Group Unit Cell (Å) Rcryst Peptide-ATP 
        Rfree 
7_1  2.06  C2221  a = 72.85 0.272 ADP only 
      b = 89.26 0.330 
      c = 135.24  
11_2  2.44  C2221  a = 73.50 0.296 ADP only 
      b = 88.53 0.322 
      c = 135.57 
11_3  2.30  C2221  a = 73.39 0.274 ADP only  
      b = 88.67 0.309 
      c = 135.45 
11_5  2.00  C2221  a = 73.87 0.262 ADP only 
      b = 88.48 0.303 
      c = 135.44 
14_2   2.80  C2221  a = 73.38 0.309 ADP only 
      b = 88.43 0.346 
      c = 134.83 
14_3  2.77  C2221  a = 72.79 0.291 ADP only 
      b = 88.37 0.357 
      c = 133.97 
14_4  2.35  C2221  a = 72.51 0.360 ADP only 
      b = 89.39 0.410 
      c = 135.40 
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Figure 5.7:  ADP occupies the active site of peptide-ATP-soaked Sky1p crystals. 
 
The electron density map of a Sky1p crystal soaked with the 11-mer peptide-ATP (crystal 11_5) shows 
that electron density is observed for ADP in the active site.  Also included is the electron density of the 
residues found in the Sky1p linker region (246-252), catalytic loop (298 and 299) and β7 (300 and 301). 
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resolution, it was difficult to determine whether or not a γ-phosphate was present.  

Subsequent rounds of refinement did not produce clear enough electron density such 

that a peptide or γ-phosphates could be identified and further refinement was aborted. 

 

Discussion 
 

A potential mode of Sky1p regulation 

 We have established previously that Sky1p is a constitutively active kinase, 

and there are unique structural aspects of Sky1p that are responsible for its activity. 

Using crystallographic and kinetic analysis, we show here that residues forming the 

anion binding pocket might play a role in the regulation of catalytic activity. 

   Kinetics experiments were conducted to compare the activity of the anion 

binding pocket mutants with wt Sky1p.  Though all three sets of mutants had a 

negative effect on phosphorylation, the single proline mutant had the most drastic 

effect on phosphorylation.  Interestingly, the proline containing mutants, Sky1p SM 

and TM, had different effects on the rate of phosphorylation.  This may be due to the 

presence of an artificial hydrophobic pocket created in Sky1p TM.  

 The concept of elucidating a novel form of kinase regulation by observing a 

sulfate of crystallization is not new.  GSK3β contains a pocket that recognizes a 

phosphoserine of a “primed” substrate which was discovered by the presence of a 

sulfonate group in the binding pocket (111).  Another case of kinase regulation is the 

modulation of the AGC kinase family by PDK1 (112).  The sulfate was found to 

mimic the phosphate of a phosphorylated hydrophobic peptide found in some AGC 



 

 

114

kinases.  PDK1 recruits these “primed” substrates through a docking interaction 

involving the anion binding pocket (113).  Interestingly, other AGC kinases contain 

the same phosphate binding pocket and their activities are regulated similarly.   

 PDK1 residues K76, R131, T148 and Q150 make side chain hydrogen bonds 

with the sulfate of crystallization (111).  Comparing the anion binding pocket of 

PDK1 to Sky1p, the residues which make contacts with the sulfate are weakly 

conserved (Figure 5.8).  However, the location of these residues is well conserved 

suggesting a biological role in regulating Sky1p activity. 

 In all, it appears that the integrity of the anion binding pocket is important for 

Sky1p activity.  However, it remains to be seen if the anion binding pocket plays a 

biologically relevant role in yeast.  So far, no Sky1p substrate has been shown to be 

phosphorylated multiple times for primed phosphorylation to occur as seen in PDK1.  

There is also no evidence that yeast kinases phosphorylate Sky1p.  However, recent 

reports show that phosphorylation of SRPK1 at serine 51 on the NTE by CK2 does 

enhances the catalytic activity of SRPK1 (114).  Sequence alignments comparing the 

NTE of SRPK1 to Sky1p show that Sky1p contains multiple serines near the position 

of the phosphorylated serine 51 in SRPK1 (Figure 5.9).  This suggests that primed 

phosphorylation of the Sky1p NTE is possible.  Given that CK2 only enhances the 

activity of SRPK1 and that Sky1p is constitutively active, it seems unlikely that the 

role of the anion binding pocket would be to render the kinase inactive, but rather 

modulate the degree of activity.  Further analysis by searching for another kinase that 

phosphorylates Npl3p, Sky1p or an unknown Sky1p regulatory factor in vivo is 
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Figure 5.8:  Sequence alignment between the small lobes of Sky1p and PDK1. 
 
In the sequence alignment between the small lobes of Sky1p and PDK1, identical residues are boxed in 
green while strongly conserved residues are boxed in cyan.  Black lines below letters indicate residues 
which comprise the sulfate binding pocket in PDK1.  Red lines above letters indicate residues that 
comprise the sulfate biding pocket of Sky1p. 
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Figure 5.9:  Sequence alignment of Sky1p and SRPK1 in the N-terminal non-kinase core region. 
 
A sequence alignment of the N-terminal non-kinase core region of Sky1p and SRPK1 shows homology. 
Residues boxed in green are identical while residues boxed in cyan are strongly conserved. 
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necessary before we pinpoint the role of the sulfate binding pocket in Sky1p. 

 

Non-kinase core portions of SR protein kinases may regulate multi-site 

phosphorylation 

 While exploring the extent of Sky1p-mediated phosphorylation of ASF/SF2 

using MALDI-TOF, we observed that various constructs of SRPK1 added different 

amounts of phosphates sites to a molecule of ASF/SF2.  Removing the NTE of 

SRPK1 caused an increase in phosphoryl content of ASF/SF2.  Previous studies have 

already determined that a high affinity interaction mediated by distal docking 

interactions regulates the number of phosphates added to ASF/SF2.  Thus, the issue of 

regulation of SRPK1 phosphorylation of ASF/SF2 seems more complex than the 

docking interaction.  Because the Sky1p construct that we used for our experiments 

also lacked the N-terminal extension, there is also the possibility that regulation of 

phosphorylation may be conserved among SRPKs.  MALDI-TOF of ASF/SFS2 

incubated with Sky1pΔS is necessary to discern if the NTE of SRPKs plays a role in 

limiting Sky1p phosphorylation. 

 

A bi-substrate complex may provide insight into Sky1p active site interactions 

with Npl3p 

 It has been documented that Npl3p does not bind Sky1p (83) with high affinity 

with respect to other SRPK/substrate interactions and probably binds other partners 

with a poor affinity as well.  In order to overcome the poor affinity between Sky1p and 
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Npl3p, an Npl3p-ATP bi-substrate was used to purify a Sky1p/Npl3p complex for the 

first time.  The ability to form a Sky1p/Npl3p suggests that the concert of contacts 

made by the distal docking region and Npl3p-ATP in the active site is sufficient for 

binding.   

Crystallization of this complex was unsuccessful after testing various 

conditions.  This is probably due to the flexible nature of Npl3p’s RGG domain.  The 

absence of Sky1p crystals in certain conditions known to crystallize the kinase 

suggests that the complex remains intact during our crystallization attempts and that 

the complex may not be able to pack in an ordered manner required for crystallization.  

Thus, we looked at a 7, 11 and a 14-mer peptide-ATP as a potential target to bind the 

Sky1p active site.  Unfortunately, the only molecule present in the active site of Sky1p 

crystal structures was ADP. 

 There are two likely reasons that the peptide was not visible in the peptide-

ATP adduct-soaked Sky1p crystals.  First, because we only observe ADP in the active 

site, it is possible that the peptide-ATP was hydrolyzed leaving only ADP to bind to 

the kinase while the peptide remained in solution.  However, because we do not see 

the peptide anywhere else in the structure, we cannot rule out the second possibility.  It 

is possible that the peptide and the γ-phosphate are still attached to the β-phosphate of 

the ADP molecule and unfortunately lack order due to weak affinity toward the 

peptide substrate.  This scenario seems less likely due to the fact that these 

contributions enable us to purify a full kinase/substrate complex when we otherwise 

could not.  The presence of the peptide also would likely cause a significant change in 
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conformation of the kinase, inducing a change in either the unit cell parameters or the 

C2221 space group, like the original peptide-bound structure (P212121).   

 In light of the problems of hydrolysis of the peptide-ATP, we suggest that 

future experimentation include non-hydrolyzable ATP analogs such as AMP-PNP or 

AMP-PSP.   This way, the peptide-ATP will remain intact and possibly the next 

Sky1p/peptide-nucleotide complex may contain a peptide in the active site.  Another 

approach to facilitate peptide-ATP recognition by the active site is to optimize the 

peptide portion of the bi-substrate in terms of length and sequence.  Applying these 

changes to the peptide-ATP may allow us to explore structurally Sky1p/Npl3p 

interactions within the active site.  Perhaps the crystal structure will provide evidence 

for the stringent selectivity of serine over threonine among SRPKs. 

 

 

 

 

 



 

 120

 

 

 

 

 

CHAPTER SIX 

Conclusions 
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Substrate recognition by protein kinases 

 A cell’s response to extracellular stimuli requires signal transduction.  Signals 

are often transmitted by protein kinases.  Protein kinase must be able to phosphorylate 

a specific subset of proteins to maintain signal fidelity.  Therefore, maintaining 

substrate specificity among protein kinases is paramount for normal cell function.  

Protein kinases display a wide variance in the number of substrates; some kinases may 

phosphorylate a large number of substrates while another only phosphorylates a few.  

In each case, intermolecular interactions between the kinase and the substrate are 

responsible for substrate recognition.  In general, protein kinases utilize the substrate 

docking groove near the active site to recognize a 4-6 amino acid sequence in the 

substrate (115).  Kinases can discriminate, only to a lesser degree, against non-cognate 

substrates through active site binding.  Most kinases discriminate non-cognate 

substrates through docking interaction at sites distal to the active site.   

  

Docking interactions of kinases 

 Our current knowledge of this distal site docking interaction comes primarily 

from studies done on MAP kinases.  MAP kinases utilize a combination of three 

docking domains to recognize substrates and upstream activating kinases (116).  The 

CD motif interacts with substrate and consists of three aspartic acids that are located 

on the backside of MAP kinases.  The D domain interacts with the CD domain of the 

activator and comprises of basic and hydrophobic residues.  A third docking motif 

exists consisting of an insert found in CMGC kinases which is located towards the 
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bottom of the large lobe which interacts with localization proteins as well as 

substrates.   

 Substrate docking can also utilize more complex surfaces with other kinases.  

For instance, cyclins mediate cell-cycle progression.  Activation of CDKs requires 

cyclin/CDK complexes.  These complexes provide a composite surface, contributed 

by both the cyclin and CDK for substrate binding.  Similar docking interactions 

presumably occur in the case of Aurora/INCENP complex.   

  

Docking interactions of other proteins 

 Distal docking is not limited to protein kinases.  Phosphatases also utilize 

docking to recognize substrates because they, in general, lack specificity towards 

small phospho sequences that kinases normally demonstrate (117).  While protein 

kinases use distal docking interactions to enhance specificity towards non-cognate 

substrates, phosphatases use localization and distal docking as their primary form of 

specific substrate recognition. 

 

Docking interactions in SR protein kinases  

 SRPKs contain a well conserved distal docking groove in the large lobe of the 

kinase consisting of the αF/αG loop, αG and the MAP kinase insert.  In humans, 

acidic residues in the docking groove of SRPK1 interact with a basic docking motif 

found in ASF/SF2, producing a high affinity interaction.  This high affinity interaction 

leads to the processive phosphorylation of approximately 10 sites on the RS domain of 
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ASF/SF2.  Mutation of these acidic residues in both human SRPK1 and yeast Sky1p 

disrupts high affinity binding ad well as processive phosphorylation of ASF/SF2.   

 In yeast, the kinase docking groove interaction with its substrates is slightly 

different.  Yeast SRPK, Sky1p, interacts with the RGG domain of substrate Npl3p.  

Though there are numerous docking motifs found in the RGG domain, they have a 

much lower affinity towards the SRPK docking groove.  This may be due to the fact 

that glycines in the docking motif do not contribute to binding to the kinase.  Npl3p is 

also phosphorylated only once by Sky1p, making processive phosphorylation 

unnecessary. 

 Though the modes of substrate docking and phosphorylation seem different, 

the yeast and human SRPK interactions with their respective substrates do have 

similarities.  Recent unpublished structural studies of the SRPK1/ASF/SF2 complex 

suggest that dynamic “sliding” occurs.  Sliding is where the docking groove of the 

kinase interacts with various portions of the substrate.  In humans, SRPK1 appears to 

interact with the docking motif of ASF/SF2 as well as the RS domain allowing for 

multi-site phosphorylation.  In yeast, Sky1p is able to bind numerous docking motifs 

present in the RGG domain of Npl3p leading to its phosphorylation (work presented 

herein).  Processive phosphorylation does appear to be a possibility in yeast.  Gbp2p 

contains three consecutive RS dipeptide repeats as well as a basic RGG domain nearby 

which likely poses as a docking motif.  Therefore, Gbp2p is a candidate for being the 

first processively phosphorylated protein in yeast. 
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Regulation of kinase activity 

 Kinase activity is regulated in several manners.  One case is the previously 

mentioned CDK/cyclin activation where a regulatory protein binds the kinase and 

modulates activity.  Second, regulatory domains outside the kinase core that sense 

other proteins or small molecules and, in turn, alter the kinase into an active or 

inactive form.  An example of this is Src and its SH2 and SH3 domains.  Lastly, and 

the most common form of activation, is activation loop phosphorylation which alters 

the anchors the activation loop rendering the kinase active. 

 

Regulation of SR protein kinase activity 

 SR protein kinase regulation occurs in various manners.  The spacer domain 

that bifurcates the kinase core is essential for SRPK1 localization in mammals.  In 

yeast, the spacer domain of Sky1p is responsible for its cytoplasmic retention.  Though 

spacers among SRPKs are diverse in sequence, they seem to regulate the localization 

of SRPKs in general.   SRPKs are also structurally regulated.  The x-ray structures of 

both SRPK1 and Sky1p each reveal unique features contributing to their constitutive 

activity.  SRPK1 phosphorylation of ASF/SF2 is also regulated by the docking groove.  

Upon mutation of the docking groove, SRPK1 loses is ability to add 8-12 phosphates, 

adding more.  Thus, the docking groove limits the number of phosphorylation sites in 

ASF/SF2. 

 Our studies suggest that another mode of SRPK regulation may exist utilizing 

the N-terminus of the kinase.  A sulfate of crystallization revealed that an anion 
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binding pocket on top of the small lobe of Sky1p is necessary for normal activity.  

Coupled with the fact that SRPK1 activity is enhanced upon the phosphorylation of its 

N-terminal extension by CK2, the anion binding pocket poses an interesting mode of 

regulation.  It is possible that modulation of SRPK activity exists to fine tune the level 

of SRPK activity in stead of turning the kinase “on” or “off.”  So far, no trans-

activating factors have been identified that activate Sky1p activity, but the possibility 

certainly exists. 

 In all, SRPK1 and Sky1p display unique regulation through structure as well as 

a unique mechanism of phosphorylation.  It will be interesting to see if these aspects 

are conserved among all SRPKs. 
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