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Abstract

Sam68 is a member of the STAR family of proteins, linking post-transcriptional gene
regulation with signal transduction pathways. Sam68 has been shown to specifically
regulate the alternative splicing of many genes through interactions with the pre-mRNA
and spliceosomal machinery. Selection of particular isoforms of several of these genes
has been shown to contribute to neoplastic transformation and aberrant Sam68
expression and function has been implicated in the development of various genetic
diseases and cancers. It is therefore important to understand Sam68 RNA recognition at
the molecular level in order to design next generation drug therapies.

This thesis describes the structural and biophysical techniques used to define the
bipartitt  RNA consensus sequence specifically recognised by Sam68 and the
mechanisms of interaction. This data provides a model of Sam68 contribution to
alternative splicing regulation. Splice site selection is also influenced by post-
translational modifications of Sam68 including serine and threonine phosphorylation. In
several cases, the phosphorylation state of Sam68 directly influences the outcome of
splicing and leads to cancer development. Identification of phosphorylation sites in the
STAR domain of Sam68 by NMR and radiolabelled kinase assays reveals how this

post-translational modification may affect RNA binding at the molecular level.
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Chapter 1. Introduction

1.1. The human genome

Discovery of the structure of DNA by James Watson and Francis Crick in 1953 brought
to light the genetic code and thus the transfer of information from DNA to RNA through
transcription, and subsequently to proteins by translation (Watson, Crick 1953).
Published in full some 40 years later, the human genome project revealed the presence
of 20,500 genes within our three billion base pair sequence (International Human
Genome Sequencing Consortium 2001). This figure was relatively small compared to
initial estimates that were based on the estimated size of the human proteome,
approximately 100,000 proteins.

This huge diversity in protein production from a limited number of genes is due in a
large part due to alternative splicing, allowing more than one protein isoform to be
produced from a single gene. It was in early 1977, 22 years after the original
identification of RNA, that splicing was first observed using electron microscopy
(Berget, Moore & Sharp 1977). Originally thought to be rare, it has now been shown to
occur in plants, animals and fungi (Wang, Brendel 2006, Kim, Magen & Ast 2007,
Okazaki, Niwa 2000), and to be tissue specific and essential for correct cellular
differentiation and development (as reviewed in (Javier Lopez 1998)). The discovery of
the ribonucleoproteins that orchestrate splicing and the depth of RNA chemistry
involved in pre-mRNA processing took another few decades (Hinterberger, Pettersson
& Steitz 1983). Our current knowledge of the process and regulation of splicing still
falls short of completing the entire picture of this complex process and its link to
disease.

It is however, now clear that RNA is not just a passive molecule, transferring genetic
information from the nucleus to cytoplasm for protein translation. The ENCODE
project, for example, has identified that between 20% and 80% of the human genome is
transcribed, although only 1.5% encodes protein, suggesting that by no means all of the
RNA transcribed is set on a path of protein production (http://encodeproject.org).
Accordingly, in order to understand the role of different RNAs in the cell, and the
processes by which RNA is matured towards translation, the hunt for RNA binding
proteins (RBPs) is on. In the last decade over 800 human RBPs have been predicted and

identified predicted, harbouring recognised RNA binding domains (RBDs) such as



RNA recognition motifs (RRMs) and hnRNP K homology (KH) domains, and some
with novel RNA binding ability (Castello et al. 2012, Baltz et al. 2012).

It is essential to understand the relationship between the RNA and RBPs that regulate
alternative splicing, since mutations in both are well established to initiate the onset of

various genetic diseases (Singh, Cooper 2012, Lukong et al. 2008).

1.2. Mechanism of splicing

Eukaryotic genes are characterised by long, non-coding introns and rather short protein-
coding exons. During and following transcription, and production of these long pre-
MRNAS, a series of processing steps are carried out before export of the mature mRNA
to the cytoplasm for translation by the ribosomal machinery. One key stage of
maturation requires the removal of intronic sequences and ligation of the remaining
exons in a process termed splicing. This is operated by the spliceosome, a large and
dynamic multiprotein and RNA complex composed of five main small nuclear
ribonucleoproteins; snRNPs Ul, U2, U4, U5 and U6, along with more than 100
additional proteins (Figure 1.1). This macromolecular machinery assembles in a series
of splicing factor dependent arrangements, in a tightly regulated fashion.

The spliceosome binds to specific, conserved regions at the intron/exon junction called
splice sites. The 5” splice site is located at the 5’ end of the intron and is characterised
by a GU dinucleotide located within a larger, less conserved sequence. The 3’ splice site
is located at the 3’ end of the intron and is composed of an AG dinucleotide, preceded
by the branchpoint and a polypyrimidine tract. Binding of particular elements of the
splicing machinery to each of these sites drives the splicing process, which occurs in
two transesterification steps. The first step is cleavage of the intron from the 5’ exon,
and the ligation of the 5” end of the intron to the branch point, leaving the 5’ exon
detached and an intron-3’ exon fragments in the form of a lariat. In the second step, the
5 end of the detached exon is ligated to the 3’ end of the exon attached to the lariat,

which releases the intron, still in the form of a lariat (Black 2003).
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Figure 1.1: Mechanism of Splicing

Splice regulatory elements within the pre-mRNA are recognised by specific members of the
spliceosomal machinery. Sequential recruitment of different SnRNPs to each splicing complex
in turn catalyses the two transesterification reactions to remove the intronic RNA. This process
is tightly regulated by many other ribonucleoproteins and splicing factors such that splicing
occurs in a tissue and cell cycle specific manner.

(Taken from https://www.mpibpc.mpg.de/289605/07-spliceosome)

Each stage of the splicing process is tightly regulated by snRNPs and many other
ribonucleoproteins and splicing factors. Figure 1.1 gives a brief overview of the role of
SnRNPs in splicing. During the early formation of the spliceosome, U1 binds directly to
the 5’ splice site and then recruits U2 to form the E complex. The snRNA of U2
recognises the intronic branchpoint and base-pairs to form the A complex. The B
complex is then formed by recruitment of SnRNPs U4, U5 and U6, which then becomes
the catalytically active C complex via rearrangement of the snRNPs and replacement of
Ul by U6 at the 5° splice site and loss of U4 from the complex. At this stage, both
transesterification steps can be conducted, the exons ligated together and the intronic
lariat released with the three remaining SnRNPs, which are then recycled (Black 2003).

1.3. Mechanism and regulation of alternative splicing
Coordination of splicing is important as in most cases there are several different
arrangements by which the exonic sequences can be ligated together (Figure 1.2). The
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majority of exons are constitutive and are always retained in the mature mRNA. Others,
known as cassette exons, can either be included or excluded depending on the particular
protein isoform required. In some cases, two or more of these cassette exons are
mutually exclusive and only one can be retained following alternative splicing. Through
use of alternative 5° and 3 splice sites, exons can be lengthened or shortened, and in

some cases introns can be retained.

Cassette exons Retained intron
—i o
| |

Mutually exclusive exons

Competing 5’ splice sites

Competing 3’ splice sites

Figure 1.2: Mechanisms of alternative splicing

Splicing factors specifically recognise conserved sequences within the pre-mRNA to regulate
differential inclusion of intronic and exonic RNA (reproduced from (Matlin, Clark & Smith
2005)).

Most eukaryotic pre-mRNA transcripts encode for more than one mature mMRNA and as
many as 95% of human genes undergo alternative splicing, resulting in increased
proteome diversity from a limited number of genes (Black 2003). Differential
assortment of exons often results in protein products with differing function in terms of
protein-protein interactions, protein-ligand interactions, catalytic activity and
localisation within the cell (Tazi, Bakkour & Stamm 2009). Therefore, alternative
splicing must be tightly regulated in order to ensure correct expression of each protein
isoform as it is required in the cell, indeed specific isoforms need to be produced in a
cell-type and cell cycle specific manner. Aberrant splicing has been implicated in up to
50% of all human genetic diseases, as reviewed in (Tazi, Bakkour & Stamm 2009). In
addition, many different cancers, several neurological, metabolomic and aging disorders
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have been attributed to defects in splicing. Splicing errors have been shown to arise due
to single and multiple point mutations in exonic and intronic regulatory elements and
splice sites, loss of splicing factor function and alterations in the ratios of each protein
isoform that is expressed.

Splice site selection is an important decision that is made early in spliceosomal
assembly, involving RNA binding proteins that recognise distinct sequences in the pre-
MRNA. There are several families of RBPs that are known to have an impact on this
process through interactions with other members of the spliceosomal machinery and
through binding to the pre-mRNA in a sequence specific manner.

There are four types of RNA sequences recognised by RBPs. Exonic splicing enhancers
(ESEs) that often recruit serine-arginine (SR) proteins (section 1.3.2.2), exonic splicing
silencers (ESSs) and intronic splicing silencers (ISSs) that often recruit heteronuclear
ribonucleoproteins (hnRNPs) (section 1.3.2.1) and intronic splicing enhancers (ISES)
(reviewed in (Black 2003)).

1.3.2. The role and function of RBPs in alternative splicing

It is a balancing act between positive and negatively acting regulatory proteins to
determine the selection of a splice site and ultimately the protein isoform that is
expressed. Furthermore, binding of RBPs to their sSSRNA target sequences is modulated
by other protein-RNA, protein-protein and RNA-RNA interactions as well as post-
translational modifications of splicing factors. These allow alternative splicing to be
regulated in a cell cycle and tissue specific manner.

Often, both SR and hnRNP proteins are present in spliceosomal subunits, interacting
with overlapping ESES/ESSs and exerting counteracting effects on splicing. Ultimately,
splice site selection and binding affinity of the spliceosome is determined by the overall
contribution of both hnRNP and SR proteins and characterisation of these protein
families has been undertaken in order to understand regulation of alternative splicing
and how changes in this process affect disease development (reviewed in (Smith,
Valcarcel 2000)).

1.3.2.1. hnRNPs
The most studied and largest RBP family are the heterogeneous nuclear
ribonucleoproteins (as reviewed in (Jean-Philippe, Paz & Caputi 2013)). Ranging in size

from 30kDa to 120kDa, this family is characterised by the presence of one or more
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RNA binding domains and various auxiliary domains (Dreyfuss et al. 1993). RNA
recognition motifs (RRMs) are the most common RBD found in hnRNPs but also in
other RBP families. RRMs are composed of a 90 amino acid sequence that is able to
recognise specific nucleic acid sequences (as reviewed in (Maris, Dominguez & Allain
2005)). In addition, some hnRNPs contain alternative RBDs such as RGG boxes and
KH domains, as well as other auxiliary domains which function in protein-protein
interactions and affect functional specificity and subcellular localisation, such as
glycine-rich and proline-rich motifs (Burd, Dreyfuss 1994).

hnRNPs are ubiquitously expressed and are one of the most abundant nuclear proteins,
with total levels varying between cell type (Kamma, Portman & Dreyfuss 1995). In
general, this family of proteins is found to be diffuse within the nucleus, but is also able
to remain bound to target mMRNA and translocate to the cytoplasm via nuclear pores to
interact with translational machinery (Pinol-Roma, Dreyfuss 1992). This nuclear-
cytoplasmic shuttling, as well as functional regulation of hnRNPs is in part mediated by
their post-translational modifications such as phosphorylation (Blanchard, Brunel &
Jeanteur 1977), ubiquitination (Laroia, Schneider 2002), SUMOylation (Li et al. 2004)
and methylation (Rajpurohit, Paik & Kim 1992). Furthermore, hnRNP-RNA complexes
are highly dynamic and constantly subject to addition and loss of hnRNPs and other
RBPs on a pre-mRNA, whose activity levels are also variable. Therefore, hnRNPs
exhibit multiple functions in pre-mRNA splicing, translation, microRNA processing,

MRNA trafficking and telomere maintenance.

1.3.2.2. SR Proteins

Serine-Arginine rich (SR) proteins are a group of splicing factors that are involved in
the operation and modulation of alternative splicing through facilitating spliceosome
assembly and splice site selection (reviewed in (Shin, Manley 2004, Ank6 2014)). This
family is generally characterised by an N-terminal RNA binding domain formed of one
or two RNA recognition motifs (Krainer, Conway & Kozak 1990) and a C-terminal
arginine-serine rich domain (RS domain) of varying length enriched in arginine-serine
repeats that function in protein-protein interactions. SR proteins have been shown to
exert their effect on alternative splicing through binding to the pre-mRNA and
recruiting RS-domain containing proteins to initiate spliceosome formation (Wu,
Maniatis 1993). This is achieved through specific interaction between RRM domains



and pre-mRNA in addition to RS domain contacts with the 5’ splice site and
branchpoint.

SR protein function is regulated through post-translational modifications such as
arginine methylation, lysine acetylation and serine phosphorylation (as reviewed in
(Zhou, Fu 2013). Recently, it was shown that SRSF1 contains three sites of Arginine
methylation between its two RRM domains, promoting its translocation to the nucleus
(Sinha et al. 2010). Additionally, lysine acetylation of SR proteins through specific
histone acetyl transferases (HATS) and lysine deacetylation by specific histone
deacetylases (HDACs) may provide a complex mechanism of splice site selection
control (Edmond et al. 2011). Finally, and most extensively studied, SR proteins are
subject to phosphorylation on their serine residues by the CMGC family of kinases. This
group of specific proteins is comprised of cyclin-dependent kinases (CDKSs), mitogen-
activated protein kinases (MAPKS), glycogen synthase kinases (GSKs) and CDK-like
kinases (CLKSs) (Kannan, Neuwald 2004). SR proteins have been shown in vivo to be
phosphorylated by CDKs and SRPKs (Gui, Lane & Fu 1994, Colwill et al. 1996). It is
likely that these kinases work in a “relay” fashion, with SRPKs predominantly located
in the cytoplasm as well as the nuclear compartment, and CLKs colocalised with SR
proteins in nuclear speckles, dynamic nuclear structures that contain an abundance of
splicing factors (reviewed in (Lamond, Spector 2003)). Overexpression of both families
of kinases has been shown to alter the cellular localization of SR proteins, in particular
from nuclear speckles to the nucleoplasm (Colwill et al. 1996). Interestingly, both
function as “polymerizing kinases”, whereby after each kinase reaction, the kinase
remains bound and transfers multiple phosphates to adjacent SR dipeptides (Ghosh,
Adams 2011).

1.3.3. Regulation of alternative splicing through signal transduction

The function of both hnRNPs and SR proteins is regulated by post-translational
modifications, some of which are dictated through signalling pathways. An example of
the regulation of splice site selection through cell signalling and its effect on cell fate is
in the alternative splicing of the Bcl-x transcript. Choice of alternative 5 splice site in
exon 2 results in the translation of a short protein isoform, Bcl-xs, or a long isoform,
Bcel-x. (Figure 1.3). Interestingly, these protein isoforms have antagonistic functions,
the shorter is pro-apoptotic and induces cell death, and the longer is anti-apoptotic and

inhibits cell death pathways (Boise et al. 1993). Therefore, expression of a particular
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isoform affects the susceptibility of a cell to apoptosis, and cancer cells have been
shown to upregulate Bcl-x. which promotes their survival. It is likely that this shift in
the ratio of isoforms in cancer cells is driven by alterations in splice site selection.
Figure 1.3 shows the Bcl-x transcript and the balance between more than ten different
splicing factors that dictate splice site selection. Furthermore, the function of these
splicing factors is regulated by many different kinases and signalling pathways. A
genome-wide SiRNA experiment identified approximately 160 proteins that influence
the outcome of Bcl-x splicing. Many of these were RBPs but also many kinases and
signalling molecules (Moore et al. 2010). This emphasises the complexity of alternative
splicing events and highlights the importance of understanding these systems in order to

elucidate their full potential as an avenue for therapeutics.
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Figure 1.3: Alternative splicing of Bcl-x

Two alternative splice sites within exon 2 of the Bcl-x gene result in two potential protein
isoforms, Bcl-xs and Bcl-x. (A). The selection of each splice site is positively and negatively
regulated by a large group of different RBPs including Sam68 and by signalling pathways (B)
(reproduced from (Revil et al. 2009)).



1.4. STAR proteins

A family of RNA binding proteins that is implicated in the alternative splicing of Bcl-x
is the STAR (Signal Transduction and Activation of RNA) family of proteins. Although
these proteins are not functionally related, they are linked by an evolutionarily
conserved domain of approximately 200 amino acids that harbours RNA binding
properties. Since the identification of its founding member, Sam68 (Src-associated in
mitosis 68kDa) in 1994, subsequent STAR family members were discovered in plants,
yeast, nematodes, flies and mammals (Courtneidge, Fumagalli 1994) (reviewed in
(Vernet, Artzt 1997).

Sam68, more formally known as KHDRBS1 (KH Domain containing RNA Binding
Signal transduction associated 1), was initially identified as a 62kDa protein binding to
Ras-GTP and was later found to be a downstream target of Src and Fyn (Taylor,
Shalloway 1994). It is the best-characterised member of the family and two paralogs
were subsequently discovered, resulting from a gene triplication event 520-610 million
years ago (Ehrmann et al. 2013), forming one of three subfamilies. These are referred to
as SLM1 (KHDRBS2) and SLM2/T-STAR (KHDRBS3) (Sam68-Like Mammalian
proteins) (Venables et al. 1999) (Di Fruscio, Chen & Richard 1999). A second
subfamily that is not functionally related but also contains a central STAR domain is
Quaking (QKI) in mouse and human, Gld-1 in C.elegans and HOW in Drosophila. The
final subgroup consists of SF1 in mammals and more distant relatives such as SPIN1 in

rice (Figure 1.4).

SIm1/KHDRBS?2 - Human

T-STAR/SIm2/KHDRBS3 - Human

Samo68 - Human

QKI - Mouse

HOW - Drosophila

Gld-1 - C. elegans

SF1 - Human

Figure 1.4: Family of STAR proteins

Simplified family tree of the STAR family, showing the two evolutionarily distinct subfamilies
of Sam68, SLM1 and SLM2 and QKI, Gld-1 and HOW and the species from which each
protein was first identified (reproduced from (Volk, Artzt 2010)).



As their name suggests, STAR proteins are involved in signal transduction cascades and
are regulated with respect to RNA metabolism by post-translational modifications,
placing this family as a potential key link between signalling and splicing. In addition to
alternative splicing, these proteins have been shown to affect other aspects of RNA
metabolism, such as transcription, mMRNA export, mRNA stability and translation
(reviewed in (Volk, Artzt 2010)). This thesis will focus on the function of Sam68.

1.4.2. Role of Sam68 in RNA metabolism

1.4.2.1. Alternative Splicing

In 1999, five years after its discovery, Sam68 was the first STAR protein to be shown to
be involved in alternative splicing. Hartmann et al. demonstrated using a yeast-two-
hybrid screen that Sam68 interacts with YT521B, a tyrosine phosphorylated protein
located in nuclear dots (Hartmann et al. 1999). Sam68 was shown to affect alternative
splicing in a concentration dependent manner using in vivo splicing assays. Hence this
protein is a potential mediator of signal transduction events and splice site selection. In
addition to associating with protein members of the spliceosomal machinery, Sam68
was subsequently shown to directly bind to pre-mRNA. Figure 1.5 lists many of the
splicing targets of Sam68 that have been identified. Interestingly these gene targets
encode proteins that are involved in a wide variety of cellular processes. For example,
mTOR splicing is implicated in adipogenesis (Huot et al. 2012), Neurexin (Nrxn) in
synapse function and differentiation (lijima et al. 2011), Cyclin D1 in cell cycle
progression (Paronetto, Cappellari & Busa 2010), Bcl-x in apoptosis (Paronetto et al.
2007), Sgce in spermatogenesis (Paronetto et al. 2011) and neurogenesis (Chawla et al.
2009) and CD44 in cell migration (Locatelli, Lange 2011). The outcome of alternative
splicing of several of these genes impacts the development of many diseases such as
splicing of the androgen receptor (AR) in prostate cancer (Rajan et al. 2008), ASF/SF2
in epithelial to mesenchymal transition (EMT) (Valacca et al. 2010) and SMNZ2 in spinal
muscular atrophy (Pedrotti et al. 2010). Furthermore, in the case of CD44, Bcl-x and
ASF/SF2 splicing, the outcome is affected by the phosphorylation state of Sam68.
Therefore given the impact on disease progression, the contribution of Sam68 to

splicing is diverse and important to understand.
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Figure 1.5: Alternative splicing function of Sam68
San68 interacts with members of the spliceosomal machinery and binds directly to pre-mRNAs
to regulate splice site selection. Gene targets include CD44, ASF/SF2, Sgce, Bcl-x, Cyclin D1,
SMN2, mTOR, Neurexin and the androgen receptor, demonstrating that Samé8 contributes to the
regulation of many different cellular processes.

1.4.2.2. Retroviral Transport

In addition to alternative splicing, Sam68 has also been shown to facilitate RNA export
from the nucleus to the cytoplasm. In particular, RNAs containing a constitutive
transport element (CTE) and unspliced retroviral RNAs containing a human
immunodeficiency virus Rev response element (HIV RRE) (Reddy et al. 1999).

In the case of HIV RRE, Sam68 has been shown to enable export of viral RNAs through
formation of a tripartite complex with Rev. However it is not yet fully understood how
each of these components interact with each other and whether export is dependent on
chromosome region maintenance 1 (CRM1)/exportinl (XPO1) (Li et al. 2002) (Reddy
et al. 1999). Reduction of Sam68 expression in astrocytes, expression of a cytoplasmic
mutant of Sam68 and tyrosine phosphorylation of Sam68 have all been shown to affect
the localisation of Rev, inhibit HIV RNA export and viral production (Li et al.
2002)(Reddy et al. 1999, Soros et al. 2001)(Najib et al. 2005b). These data place Sam68
as a key player in the function of Rev with respect to HIV RNA nuclear export and
HIV1 production. In fact, Sam68 has since been shown to be absolutely required for
HIV1 protein production (Modem et al. 2005), through enhancement of 3’ end
processing of HIV RNA (Mclaren, Asai & Cochrane 2004), export and translation (He,
Henao-Mejia & Liu 2009).
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Clearly Sam68 is essential for processing of retroviral RNAs, however more research is
required to understand the full complexity of its involvement and elucidate its potential

as a therapeutic target.

1.4.3. Role of Sam68 in signal transduction

Outside its central STAR RNA binding domain, Sam68 contains various regulatory
motifs that are sites of post-translational modifications. These are regulated by different
signal transduction pathways and affect Sam68 localisation and function. Through its
direct involvement in RNA metabolism and signal transduction, Sam68 exerts effects in

various different cellular processes, as outlined below.

1.4.3.1. Cell cycle

Given its initial identification as a substrate of Src during mitosis, it was immediately
apparent that Sam68 may affect cell cycle progression. Confirmation of this was
demonstrated by Pillay et al in 1996, through use of Radicol, a Src kinase inhibitor, on
mouse fibroblasts. This inhibits tyrosine phosphorylation of free and Src-associated
Sam68 and prevents cells from exiting mitosis. Since cells were able to enter mitosis,
Sam68 appears to be involved only in the later stages of cell division (Pillay, Nakano &
Sharma 1996). A year later Barlat et al. discovered a natural isoform of Sam68 that
lacks the KH domain and is expressed in normal cells that are in growth arrest (Barlat et
al. 1997). Cells transfected with this AKH isoform were unable to enter S-phase due to
lack of expression of Cyclin D1, placing Sam68 RNA binding function as key in cell
cycle progression. In fact, Sam68 regulates splice site selection of Cyclin D1 pre-mRNA
(Barlat et al. 1997) (Taylor, Resnick & Shalloway 2004), and it was later shown that
SUMO modification of Sam68 modulates its repression of Cyclin D1 transcription,
leading to G1 arrest (Babic, Cherry & Fujita 2006). Furthermore, Sam68 appears to
affect other stages of the cell cycle, as retarded growth was observed in Sam68 deficient
DT40 cells due to elongation of the G2-M phase (Li et al. 2002). These data suggest that
Sam68 is required for cell cycle progression and that its specific function is regulated by
post-translational modifications (PTMs) such as tyrosine phosphorylation and
SUMOylation.

The effect of Sam68 on cell cycle progression has been shown to be a potential target
for cancer therapy. In breast cancer cell lines, stimulation by epidermal growth factor

(EGF) induces tyrosine phosphorylation of Sam68 within its nuclear localisation signal
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(NLS) by breast cancer kinase (BRK), inducing Sam68 localisation into Sam68 nuclear
bodies (SNBs) (Lukong et al. 2005). Overexpression of Sam68 was shown to induce G1
cell cycle arrest and phosphorylation of Sam68 on tyrosine residues by BRK inhibits
this anti-proliferative effect. This suggests that BRK-induced tumourigenesis may be
attenuated by overexpression or inhibition of tyrosine phosphorylation of Sam68.
Sam68 is also upregulated in prostate cancer cells, and depletion of Sam68 by RNAI
resulted in a reduction in the rate of proliferation of prostate cancer cell line LNCaP at
G1 phase (Busa et al. 2007). Once again, this effect on the cell cycle appeared to be
through Cyclin D1 expression.

Whether Sam68 acts as a tumour suppressor or oncogene through its effects on cell
cycle progression remains to be clearly understood. Further studies, with particular
focus on the involvement of PTMs on Sam68 function must be conducted.

1.4.3.2. Development

The involvement of Sam68 in crucial developmental processes was revealed by the
generation of Sam68 knockout (-/-) mice. These animals survive to adulthood, with just
20-30% dying perinatally (Richard et al. 2005). This suggests that Sam68 is not
essential for development, and this is likely due to the existence of two, highly related
Sam68 subfamily members, SLM1 and T-STAR that are able to compensate for the loss
of Sam68. Sam68™ mice harbour several key phenotypes which implicate this RBP in
fertility, bone development, adipogenesis, neurological development and
tumourigenesis. Male Sam68 null mice are infertile, through severe alterations in
spermatogenesis, as reviewed in (Ehrmann, Elliott 2010). Sam68 is highly expressed in
the testes and this effect on germ cell development in the male is partly through aberrant
translational controls (Paronetto et al. 2009).

Fertility is also compromised in female mice, with smaller litter sizes, longer breeding
times required for successful pregnancy and a delay in sexual maturity. These
observations resulted from reductions in the number of ovulated oocytes and changes to
oestrus cycles, which are regulated in part by the follicle-stimulating hormone (FSH)
and the luteinizing hormone (LH), both of which were downregulated in Sam68™
female adults. Sam68 was shown to bind to the pre-mRNA for both of these hormones
through crosslinking-immunoprecipitation experiments, suggesting that it is necessary
for correct development and ovulation of ovarian follicles (Bianchi et al. 2010).
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Another characteristic of these mice is resistance to age-related bone loss. It is well
established that loss of bone density is inversely proportional to bone marrow fat,
through preferential differentiation of mesenchymal cells into adipocytes rather than
osteocytes. Sam68 is now thought to be a key player in the regulation of bone marrow
mesenchymal differentiation, favouring adipocyte differentiation over osteoblast
differentiation (Richard et al. 2005). Consistently, whilst Sam68™ mice retain their bone
mass over time compared to wild-type littermates, they possess fewer adipocytes within
the bone marrow and exhibit a lean phenotype in general including resistance to obesity,
insulin and glucose intolerance on a high fat diet (reviewed in (Huot, Richard 2012)).
This was found to be a result of aberrant splicing of the mTOR gene, lowering the
overall amount of stable mTOR being expressed in white adipose tissue (WAT), a
change directly regulated by Sam68 (Huot et al. 2012).

Sam68 has also been implicated in neuronal development as knockout mice exhibit poor
motor control and behavioural deficits (Lukong, Richard 2008). Specifically, Sam68 has
been identified as a key regulator of signal-dependent splicing of Neurexinl (Nrxnl)
pre-mRNAs in the mouse brain (lijima et al. 2011). This family of synaptic cell surface
receptors are required for correct assembly of pre-synaptic terminals and contribute to
plasticity processes in the brain (Ushkaryov et al. 1992). The incredible diversity
throughout this protein family gives neuronal cells the ability to fine tune their
molecular repertoire in response to external stimuli, despite being encoded by only three
distinct genes, Neurexin 1-3. Alternatively spliced segment 4 (AS4), which is
evolutionarily conserved between all neurexin pre-mRNAs, has been particularly well
studied and inclusion of exon 20 within this region has been shown to influence protein-
protein interactions and guide formation of synapses (Boucard et al. 2005) (Ehrmann et
al. 2013).

Interestingly, increased expression of Sam68 in neuronal progenitor cells and mouse
germ cells has been shown to enhance the skipping of exon 8 of the epsilon sarcoglycan
(sgce) mMRNA (Chawla et al. 2009)(Paronetto et al. 2011). This protein is required for
anchorage of the dystrophin complex to the plasma membrane of muscle cells which
connects the cytoskeleton to the extracellular matrix (Ozawa et al. 2005). There are
several protein isoforms of Sgce that lack exon 8 that are found in the brain and in the
testes and mutations in this gene have been linked to psychiatric symptoms and male
infertility through aberrant differentiation.
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1.4.4. Sam68 in cancer

Through its involvement in various cellular processes, Sam68 has been shown to affect
the development of conditions and diseases including; cancer, osteoporosis, spinal
muscular atrophy, Fragile X-associated tremor/ataxia syndrome (FXTAS), obesity,
fertility and cardiac hypertrophy. Cancer has been most widely studied of these
diseases, with upregulation of Sam68 contributing to poor prognosis in; breast cancer
(Lukong et al. 2005, Locatelli et al. 2011), prostate cancer (Rajan et al. 2008, Busa et al.
2007, Cappellari et al. 2014), colorectal cancer (Liao et al. 2013), glioblastoma (Modem
et al. 2011), non-small cell lung cancer (Zhang et al. 2014), renal cancer (Zhang et al.
2009), T-lymphoblastic leukaemia (Lazer et al. 2007) and cervical cancer (Li et al.
2012) (Rajan et al. 2008, Busa, Geremia & Sette 2010).

It is not yet clearly understood how Sam68 function contributes to neoplastic
transformation. Initially Sam68 was thought to be a tumour suppressor following a 25%
reduction of Sam68 expression in NIH3T3 cells by random homozygous knock-out
(RHKO) compared to WT cells (Jones, Schedl 1995). These transformed cells exhibited
defective contact-independent inhibition and anchorage independent growth, as well as
the ability to drive the growth of metastatic tumours in nude mice, independent of Src
activity and in a partially reversible manner (Liu et al. 2000). However, no changes in
cell growth were observed and this was not the case when Sam68 haploinsufficiency
was induced in the same cells (Liu et al. 2000). Subsequent studies rather identified
Sam68 as primarily involved in the progression of neoplastic transformation in a variety
of tissues (Table 1.1). This picture is incredibly complex and to elucidate the full
potential of Sam68 as a therapeutic target more research is required. Thus far, the
contribution of Sam68 in tumourigenesis has been attributed to its function in signal
transduction pathways such as Mek/ERK1 (Matter, Herrlich & Konig 2002), HGF/Met
(Locatelli, Lange 2011, Locatelli et al. 2011) and Akt/FOXO3a (Song et al. 2010) as
well as alternative splicing.

In prostate cancer cells Sam68 was shown to regulate splicing of Cyclin D1, such that
overexpression of Sam68 induced selection of Cyclin D1b, the more oncogenic isoform
of the protein (Paronetto, Cappellari & Busa 2010). Furthermore, SUMOylation of
Sam68 has been shown to reduce the expression of Cyclin D1, affecting cell cycle
progression and inhibiting the initiation of apoptosis, although this has not been
associated yet with cancer (Babic, Cherry & Fujita 2006). Also in prostate cancer cells,

Sam68 has been shown to have separable effects on the alternative splicing of the
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androgen receptor, and its activity during transcription, which may drive prostate cancer
phenotypes (Rajan et al. 2008).

Additionally, Sam68 has been shown to influence the outcome of splicing of CD44,
encoding a cell-surface glycoprotein implicated in cell adhesion, cell-cell interactions
and cell migration that are required during development, the immune response and
tumourigenesis. Aberrant splicing, and in particular inclusion of variable exon 5 (exon
v5), has been shown to be important in tumour progression and be regulated by Sam68
as part of the Ras signalling cascade (Matter, Herrlich & Konig 2002).

It has also been suggested that this signal transduction pathway affects the involvement
of Sam68 in the epithelial to mesenchymal transition (EMT) and the reverse process,
MET, which is a crucial process during embryogenesis in vertebrates (Valacca et al.
2010) but also importantly drives the migratory potential of epithelial cancer cells
resulting in invasion and metastasis of tumours (reviewed in (Thiery 2002)). The speed
at which this process occurs is enhanced in cells that express a constitutively active
splice variant of the Ron proto-oncogene. Selection of this isoform is, in part, regulated
by the splicing factor ASF/SF2 which promotes skipping of Ron exon 11 when
overexpressed (Valacca et al. 2010). Sam68 has been shown to influence EMT/MET
programs through regulation of ASF/SF2 expression and splicing by nonsense-mediated
decay (AS-NMD), through the ERK1/2 signal transduction pathway (Valacca et al.
2010).

Furthermore, Sam68 has been shown to affect apoptosis (Taylor, Resnick & Shalloway
2004) and has been identified as a key regulator of Bcl-x alternative splice site selection
(Paronetto et al. 2007), with tyrosine phosphorylation of Sam68 by Src-like kinases
regulating its choice between the short, pro-apoptotic, isoform and the long, anti-
apoptotic isoform in live cells (Paronetto et al. 2007). Although this has not been
identified in particular cancers, it is likely that this contributes to neoplastic

transformation in some way.
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Cancer Effect Mechanism Refs
Breast Upregulation of Sam68 - Link to HGF/Met (Lukong et al.
Increased proliferation pathway and breast 2005)(Locatelli et
and metastasis cancer kinase al. 2011)
(decreased affects
following
downregulation of
Sam68)
Cervical Sam68 expression level Unknown (Lietal. 2012)
and localisation affect
lymphatic metastases and
prognosis
Colorectal Sam68 upregulation and Unknown (Liao et al. 2013)
nuclear localisation -
Increased proliferation,
invasion and migration
Glioblastoma Increased Sam68 Linked to ratio with (Modem et al.
expression — Increased Hsp22, which induces 2011)
proliferation Sam68 expression
Melanoma Potential Biomarker for Unknown (Chunyun et al.
disease 2014)
Non-small cell Lung Increased Sam68 Unknown (Zhang et al.
expression - poor February 2014)

prognosis

Pancreatic Decreased expression Associated with tyrosine | (Chen et al. 2011)
and phosphorylation of phosphorylation by Fyn
Sam68 — cell survival and promotion of Bcl-
X(L) splice site selection
Prostate Increased Sam68 Alternative splicing of (Busa et al. 2007)
expression - Increased androgen receptor (Rajan et al. 2008)
cell survival and Alternative splicing of (Cappellari et al.
proliferation CD44 following 2014)
genotoxic stress and
DNA damage
Alternative splicing of
cyclin D1
Interaction with SND1
(transcriptional
coactivator)
Renal Increased expression and Unknown (Zhang et al. 2009)

cytoplasmic localisation
of Sam68 — poor
prognosis

T-lymphoblastic
Leukaemia

Overexpression of
Sam68 — increased
tumourigenesis

Association with Vavl

(Lazer et al. 2007)

Table 1.1: Sam68 in neoplastic transformation.
Sam68 affects the development of many different cancers. In some cases the mechanism of
action is known and involves Sam68 alternative splicing function.

1.4.5. Post-translational modifications

1.4.5.1. Tyrosine Phosphorylation

Sam68 was originally identified in its tyrosine phosphorylated state by western blot
analysis of NIH 3T3 cells transfected with Src (Wong et al. 1992). Although initially

mis-identified as p62, a GTPase-associated protein, it was soon discovered to be a
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substrate of Src during mitosis, and that this interaction was dependent on the SH2 and
SH3 domains of Src (Lock et al. 1996) (Taylor, Shalloway 1994). Given the RNA-
binding properties of Sam68, it was postulated that Src may be a regulator of RNA
processing through this interaction, in a cell-cycle dependent manner. Sam68 was
subsequently found to interact with and be phosphorylated by other Src-family kinases
(SPKS), such as Fyn, in a similar manner (Richard et al. 1995).

Identification of Sam68 as an adapter molecule in signal transduction pathways was
established when it was observed that Sam68 tyrosine phosphorylation is induced by
cell surface receptors, such as insulin (Najib et al. 2005), leptin (Martin-Romero,
Sanchez-Margalet 2001) and the T-cell receptor (Fusaki et al. 1997). Furthermore, this
post-translational modification allows association of Sam68 with SH2-domain
containing proteins including Sik/Brk (Derry et al. 2000), Grb2 (Trub et al. 1997),
GRAP (Trlb et al. 1997), Nck (Lawe, Hahn & Wong 1997), PLCy-1 (Maa et al. 1994),
PI3K p85a (Taylor et al. 1995) and members of the Src and Itk/Tec family kinases
(Andreotti et al. 1997). Phosphorylation occurs on a tyrosine-rich region at the C-
terminus of Sam68 (Figure 1.6), however due to the close proximity of these residues to
each other, it has been challenging to identify which particular residues of Sam68 are
targeted.

The downstream effects of Sam68 tyrosine phosphorylation include regulation of
alternative splicing function of this STAR protein. For instance, phosphorylation by Fyn
was shown to influence splice site selection of the Bcl-x gene, with the longer, anti-
apoptotic isoform being favoured by phosphorylated Sam68 (Paronetto et al. 2007).
Additionally, leptin-mediated tyrosine phosphorylation of Sam68 in mouse C2C12
myoblasts was shown to decrease Sam68 RNA affinity using poly(U) RNA agarose
beads followed by immunoblotting with anti-Sam68 antibodies (Maroni et al. 2009),
inducing a self-regulatory loop of leptin via Sam68 splicing function and the Erk
signalling pathway. Furthermore, P59 (Fyn) phosphorylation of Sam68 influences its
intracellular localisation and association with YT251-B in nuclear dots, affecting Sam68
splice site selection (Hartmann et al. 1999).

Subsequently, aberrant regulation of Sam68 splicing function through signalling
pathways has been shown to drive cancer progression. Tyrosine phosphorylation of
Sam68 by Sik/Brk negatively regulates RNA binding affinity (Derry et al. 2000). This
post-translational modification has been shown to be downstream of Met tyrosine

kinase activation following hepatocyte growth factor (HGF) stimulation. This pathway
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has been implicated in enhanced motility and invasiveness of breast cancer cells and is
potentially through irregular splicing activity of Sam68 (Locatelli et al. 2011).The
structure of the tyrosine-rich domain of Sam68 has been solved in complex with the
armadillo repeat domain of the adenomatous polyposis coli (APC) tumour suppressor
protein that is often mutated in colorectal cancer cells (Morishita et al. 2011).
Phosphorylation of sites in this region of Sam68 affects the binding of APC, which
impacts on the regulation of Wnt signalling, however the implications of this interaction
with respect to cancer progression have not yet been identified (Morishita et al. 2011).
Association of Sam68 with Vavl, a GDP/GTP exchange factor, is regulated by tyrosine
phosphorylation of Sam68 and affects tumourigenesis (Lazer et al. 2007). Finally,
Sam68 relocalisation and interaction with Src at the plasma membrane during mitosis
and cell attachment in mouse embryo fibroblasts (MEFs) modulates Src association and
activation of RhoGTPases. Knockdown of Sam68 in these cells resulted in sustained Src
activation and constitutive activation of these molecular switch proteins, resulting in
loss of cell polarity and decreased motility. This places Sam68 in a self-regulatory
pathway of Src, with potential effects in cancer (Huot et al. 2009).

1.4.5.2. Serine/Threonine Phosphorylation
Sam68 has also been shown to be phosphorylated on its serine and threonine residues by
three different kinases; Cdc2 (Resnick et al. 1997), Erk1/2 (Matter, Herrlich & Konig

2002) and Nek?2 (personal communication with Professor Claudio Sette).

1.45.2.i CDC2
Given that Sam68 was originally identified as a substrate of Src during mitosis, its

potential functional role in cell cycle progression was investigated using nocodazole-
treated (metaphase-arrested) HeLa and NIH3T3 cells (Resnick et al. 1997). Sam68 was
found to be phosphorylated to a greater extent in these growth arrested cells over their
unsynchronised counterparts. Furthermore, this STAR protein was phosphorylated on
threonine residues during mitosis only, and serine residues during mitosis and
interphase stages of the cell cycle. The kinase responsible for serine phosphorylation
has not yet been identified; however Cdc2 was proposed to phosphorylate threonines
during mitosis, although the precise position of phosphorylation is unclear. The
consensus binding sequence of Cdc2 is (K/R)-S/T-P-(X)-(K/R), although this is a
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proline-directed kinase and S/TP is the minimal binding sequence. This sequence does
not exist within Sam68 STAR domain.

Cdc2 forms a complex with Cyclin B, which initiates mitosis and phosphorylates
various regulatory and structural proteins, including Src. Phosphorylation and activation
of Src is followed by phosphorylation on tyrosine residues of Sam68. This suggests that
Cdc2 may indirectly regulate the function of Sam68 in cell cycle progression through
Src. Discovery of Sam68 as a direct downstream substrate of Cdc2 places this kinase as
a more direct regulator of Sam68, although the functional implications of this post-
translational modification event have not yet been identified with respect to RNA
binding and protein-protein interactions. It is also not known when this phosphorylation
event occurs within the cell cycle. It is possible that phosphorylation of Sam68 by Cdc2
may occur at the onset of mitosis and have effects on the mitotic machinery and G2/M
transition itself. It may also occur during metaphase and affect later and even post-
mitotic processes. It is also possible that aberrations in this signalling cascade affect key
cell cycle processes and checkpoints such as the G2/M transition and potentially
contribute to neoplastic transformation (Resnick et al. 1997). Therefore understanding
the implications of Sam68 phosphorylation on cell cycle regulation must be further

investigated.

1.45.2.ii ERK1
Constitutive phosphorylation of Sam68 on tyrosine residues has been observed in

transformed T cells (Fusaki et al. 1997), also identifying Sam68 as a player in cancer
development. Deviation of regular splicing of CD44, and in particular inclusion of
variable exon v5, is a feature of T lymphocytes and lymphoma cells and has been shown
to be directly involved in tumourigenesis and cell migration. Inclusion of exon v5 is
regulated by activation of the MAPK pathway (Weg-Remers et al. 2001). Sam68 was
shown to bind to exonic splice-regulatory elements of CD44 mRNA and to enhance
exon V5 inclusion via the ERK pathway. Indeed, murine Sam68 was found to be
phosphorylated by ERK and 8 proline-directed sites, outside of the STAR domain, were
identified as potential sites of phosphorylation by this kinase. Indeed, S56, T71 and T84
were found to be essential for ERK-mediated inclusion of CD44 exon v5 (Matter,
Herrlich & Konig 2002). This makes Sam68 a direct link between signal transduction

pathways and alternative splicing.
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1.4.5.2.iii Nek2
Finally, Sam68 has also been shown to be phosphorylated by NIMA-related kinase,

Nek2 (personal communication with Professor Claudio Sette). This protein is involved
in centrosome duplication and separation and spindle formation during the G2/M
transition (Fry 2002, Fry et al. 2012). Aberrant expression and activity of Nek2 drives
aneuploidy and neoplastic transformation (Hayward, Fry 2006). Nek2 is primarily
localised at the centrosome, and therefore outside of the nucleus where Sam68 is
located. Recently, Nek2 has also been found within the nucleus in various cancer cells,
and is associated with poor prognosis in myeloma (Naro et al. 2013). In patient samples,
Nek2 was found to be nuclear in breast and lung tissues, and enriched in the nucleus in
colon, prostate and cervix tissues. Furthermore, Nek2 is nuclear in cancer derived cell
lines of breast, prostate, cervix, colon and seminomas. Importantly, Nek2 was found to
colocalise in nuclear speckles with splicing factors including SRSF1, SRSF2,
hnRNPAL, hnRNPF and Sam68. This suggests that Nek2 may specifically interact with
splicing factors to affect the regulation of splicing (Naro et al. 2013).

Further unpublished work from the laboratory of Claudio Sette has shown that Nek2
phosphorylates Sam68 both in vitro and in vivo. Both proteins have been shown to be
upregulated in breast and prostate cancer, and interestingly in testicular seminomas, but
not other testicular germ cell tumours (TGCTSs) (personal communication with Professor
Claudio Sette). Furthermore, in vivo splicing assays using a CD44 minigene
demonstrated that when Sam68 and Nek2 were co-overexpressed, alternative splicing
selection and inclusion of exon v5 was enhanced. Interestingly, overexpression of a
kinase dead mutant of Nek2 with Sam68 did not affect splicing, although
overexpression of active Nek2 alone did enhance inclusion of this exon. Depletion of
endogenous Sam68 using RNAIi demonstrated that Nek2 induced changes in splicing
are dependent on Sam68. These data suggest that Nek2 phosphorylates and regulates
Sam68 splicing activity. Further studies are required to understand the specific
mechanism by which this PTM affects Sam68 function, and the implications on cancer

development.

1.4.5.3. Lysine Acetylation

Sam68 has been shown to be acetylated in vivo in HEK293 cells and at higher levels in
mammary cancer cell lines (Babic, Jakymiw & Fujita 2004). Acetylation of 21 of the 24
lysines was found within the STAR domain of Sam68 and poly(U) RNA binding was
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shown to be positively correlated with acetylation. In vitro, CREB-binding protein
(CBP) was shown to acetylate Sam68, and overexpression of this common non-histone
acetyltransferase in 293T cells induced acetylation of Sam68 in vivo, although it is
likely that other proteins are also responsible for this post-translational modification
(Hong et al. 2002). Further studies must be undertaken to elucidate the level at which

acetylation regulates Sam68 activity with respect to tumourigenesis.

1.4.5.4. Arginine Methylation

Sam68 contains two RG-rich motifs that have been shown to be targeted for arginine-
methylation by PRMTL1 in vivo (Coté et al. 2003). This post-translational modification is
common for other RNA binding proteins, such as hnRNPs (Shen et al. 1998) and exerts
effects on both the RNA binding potential and protein-protein interactions of Sam68.
Given the proximity of one asymmetrical dimethylarginine repeat to a proline-rich
region of Sam68, it was shown that arginine methylation by PRMT1 inhibits the binding
of Sam68 to SH3 (for example p59™") but not WW domain proteins (for example
FBP30), suggesting that this PTM selectively modulates protein-protein interactions of
Sam68 (Bedford et al. 2000).

Furthermore, Sam68 was shown to interact with PRMTL1 in a nuclear tripartite complex
with the chimeric fusion protein mixed lineage leukaemia — extra eleven nineteen
(MLL-EEN) commonly produced following chromosomal translocation in various
cancers (Cheung et al. 2007). In particular, Sam68 was shown to interact with the SH3
domain of MLL-EEN via its P3 proline-rich motif. This tri-partite fusion protein
complex enhances the self-renewal ability of hematopoietic cells, and knockdown of
Sam68 or PRMT1 suppresses MLL-EEN-mediated transformation of these cells
(Cheung et al. 2007).

Arginine methylation of Sam68 has also been shown to affect its RNA binding
properties. It has been reported that the RG-rich regions harbour RNA binding ability to
poly(U) sequences, and that methylation of the arginines in this region reduces RNA
binding in vivo (Rho et al. 2007), since overexpression of PRMT1 in HEK293 cells
reduced the affinity of Sam68 for poly(U) RNA.

Additionally, this post-translational modification prevents the export of unspliced HIV
RNAs from the nucleus (Cote et al. 2003). This may be due to a change in intracellular
localisation of Sam68 following arginine methylation as deletion of RG-boxes and use
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of arginine methylase inhibitors resulted in Sam68 sequestration in the cytoplasm (C6té
et al. 2003).

1.4.5.5. SUMOylation

Sam68 has been shown to be modified by SUMO on Lysine 96 (Babic, Cherry & Fujita
2006). This is enhanced by SUMO E3 ligase, PIAS1. Mutation of this residue to
arginine reduced the level of SUMOylation, and resulted in a decrease in Cyclin D1
expression, and induction of apoptosis. Conversely, a Sam68-SUMO fusion protein
induced an increase in Cyclin D1 expression and reduction in apoptosis. Together, these
suggest that the effect of Sam68 on cell cycle progression and apoptosis may be
regulated by SUMOylation (Babic, Cherry & Fujita 2006).

1.5. Sam68 Structure

In order to fully understand the mechanisms by which Sam68 exerts its cellular
functions, and subsequently how these are altered in cancer and other genetic diseases,
it is necessary to understand its molecular structure, and how interactions with other

molecules occur.

1.5.1. Domain organisation

The STAR family of proteins contain a conserved STAR domain (also referred to as the
GSG domain as it was first identified in Grp33, Sam68 and Gld-1) (Figure 1.6). This
domain can be divided into three sub-domains; a central heterogeneous nuclear
ribonucleoprotein K homology (KH) RNA binding domain, and two flanking regions,
the N-terminal (NK) and C-terminal (CK) domains. These latter two are often referred
to in the literature as the Qual and Qua2 domains, respectively. The NK domain is
responsible for dimerisation (Chen et al. 1997), and is lacking only in SF1, and the CK
has been reported to contact the RNA in addition to the KH domain for several STAR
family members (Daubner et al. 2014)(Teplova et al. 2013, Liu et al. 2001).
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Figure 1.6: Domain structure of the STAR family of proteins

Each STAR protein contains an evolutionarily conserved STAR domain composed of a KH
RNA binding domain, and two flanking domains; the NK dimerisation domain (except SF1) and
the CK domain. Additional regulatory domains are located outside of the STAR domain, and
give each protein distinct cellular functionalities. PO-P5: proline-rich regions, YY: tyrosine-rich
region, RG: arginine-glycine-rich regions, NLS: nuclear localisation signal, QA: Glutamine-
alanine-rich region and Zn: zinc finger domain.

Outside of the STAR domain each protein differs in regulatory regions (reviewed in
(Lukong, Richard 2003)). Sam68 and T-STAR are very similar, with T-STAR lacking
the first 100 amino acids. Both proteins contain proline-rich motifs (three on either side
of the STAR domain in the case of Sam68). These bind SH3 and WW domains to
facilitate tyrosine phosphorylation, which occurs at a tyrosine-rich motif at the C-
terminus of the protein. Also at the very C-terminus is a non-conventional nuclear
localisation signal (NLS) that drives the predominantly nuclear localisation of Sam68.
Unlike common NLS motifs that include two distinct basic regions separated by around
ten residues, Sam68 contains sparsely based residues. There are, however, two nuclear
targeting motifs; a PXXR motif, which is found in T-STAR, SLM-1, Gld-1 and
hnRNPC, U, K and M4, and a RXHPY Q/GR motif, which is present in T-STAR, SLM-
1 and QKI homologues (Dormann et al. 2012)(Ishidate et al. 1997). Finally, Sam68 also
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contains two RG-rich motifs, one at the N-terminus of the STAR domain and one of the

C-terminus.

1.5.2. KH domains

The aim of this thesis is to understand the mechanisms by which Sam68 recognises its
RNA targets. STAR proteins contain a conserved KH domain which is the main RNA
binding domain. This common nucleic acid recognition motif was originally identified
in hnRNPK (Siomi et al. 1993) and has since been found across archaea, bacteria and
eukaryotes (Siomi et al. 1993). KH domains are generally around 70 amino acids in
length and are most commonly found in multiple copies, for example there are two
copies in fragile X mental retardation protein (FMRP) (Siomi et al. 1994), three in
hnRNPK (Siomi et al. 1993), four in K-homology splicing regulator protein/FUSE
binding protein 2 (KSRP/FBP2) (Garcia-Mayoral et al. 2007) and 14 in vigilin (Dodson,
Shapiro 1997). These are able to function independently and co-operatively, and often
specificity and binding affinity is gained from having multiple sites of binding acting in
coordination (Dejgaard, Leffers 1996). STAR proteins are quite unusual in that they
only contain a single, larger KH domain, which may confer increased specificity and
affinity for RNA through dimerisation of the NK domain. There are two types of KH
domain, type 1 which is found in eukaryotes and type 2 which is found in prokaryotes.
Both share a minimal RNA binding sequence, but the fold of this region is different.
Several structures of KH domains have been solved, the first of which corresponds to
the 1% and 2" KH domains of FMRP in 1996 by NMR (Valverde et al. 2008). The
structure revealed a PaapPfo fold of the KH domain. This arrangement was also
observed for NOVA-2, whose structure was solved by X-ray crystallography in
complex with a short hairpin RNA, allowing the identification of a GXXG amino acid
motif required for RNA recognition (Lewis et al. 2000, Lewis et al. 1999). For the
various KH domain structures that have been solved, several common features have
been reported. In each case, the nucleic acid ligand binds in a single-stranded
conformation across one face of the KH domain within a conserved binding cleft
comprised of a-helix 1 and 2 and B-strand 2. Interestingly this cleft is conserved
between type 1 and type 2 KH domains and can accommodate four nucleic acid bases.
The residues within the cleft tend to be hydrophobic in nature but a diverse set of
interactions with nucleic acid bases are found. In some cases intermolecular m-n

stacking interactions have been observed between aromatic side chains and nucleic acid
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bases. For example, NusA KH domains 1 and 2, Nova and SF1, two hydrogen bonds are
formed between an adenine base and the protein backbone in order to mimic a Watson-
Crick base pair interaction.

In general, KH domains bind nucleic acids with low micromolar affinity, which is
increased by coordination between one or more distinct KH domains within one protein.
This provides increased specificity for the DNA or RNA sequence recognised and very

little or no conformational changes occur to the KH domain upon ligand binding.

1.5.3. RNA recognition by STAR proteins

Various techniques have been used to define consensus binding sequences for several
members of the family, including SELEX (systematic evolution of ligands by
exponential enrichment), CLIP (cross-linking immunoprecipitation) and SIA (scaffold
independent analysis) and to measure RNA binding affinities such as gel shift assay,
isothermal titration calorimetry (ITC), fluorescence polarisation (FP) and mutagenesis.
In addition to these techniques, structures of the STAR domain of Gld-1, QKI and SF1
have been solved in complex with RNA containing the sequence CUAAC by X-ray
crystallography, giving further insight into the function of these proteins.

In general, KH domains have been shown to recognise up to four nucleotides and
interact with five or more to form a stable complex (as reviewed in (Nicastro et al.
2015)). STAR proteins have been shown to have particular affinity for AU-rich RNA,
and table 1.2 outlines the short RNA consensus sites identified by several members of
the family (Volk, Artzt 2010). The STAR family of proteins fall into two distinct
subfamilies (Figure 1.4) and this distinction is reflected in their RNA consensus
sequences (reviewed in (Volk, Artzt 2010)). SELEX experiments with subfamily 1,
comprised of Sam68, T-STAR and SLM-1, showed that RNA sequences that bound to
Sam68 and T-STAR contained a conserved UAAA or UAA motif, respectively (Lin,
Taylor & Shalloway 1997). The other subfamily; QKI and SF1 have been shown to bind
a longer 6mer consensus sequence and Gld-1 a 7mer consensus sequence that include
cytosine (Ryder et al. 2003, Ryder, Williamson 2004) (Berglund et al. 1997). This
suggests that although the function of STAR proteins in binding AU-rich RNA is
evolutionarily conserved throughout different species, they are not functionally

redundant.
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Protein RNA specificity (5’-3) Method
Sam68 UAAA SELEX
T-STAR UAA SELEX/CLIP
Gld-1 UACU(C/A)A Gel shift/Mutagenesis
QKI A(C/A)UAA FP/Mutagenesis
SF1 UACUAAC Gel Shift
HOW A(C/U)UAA Pull down

Table 1.2: RNA recognition by STAR proteins. RNA consensus sequences of five STAR
proteins determined via different techniques demonstrate the difference in RNA targets of each
subfamily.

1.5.4. STAR domain structures in complex with RNA

Since STAR proteins contain only one KH domain, they require an alternative
mechanism to increase RNA binding specificity. This is achieved through the
dimerisation of the NK domain, and also the RNA binding capability of the CK domain.
The first structure of a STAR protein to be solved with RNA was that of the KHCK
domain of SF1 with UAUACUAACAA by NMR (Liu et al. 2001) (Figure 1.7A).
Interestingly, 5’ to the sequence bound by the KH domain, the CK region was shown to
specifically recognise the three nucleotides ACU. This domain was shown to be flexible
in the absence of RNA, but a-helical in structure with RNA in solution. The precise
recognition of RNA by the CK domain of Gld-1 was recently explored in more detail
following solution structure determination of the KHCK domain of this STAR protein
with the consensus RNA sequence identified in the tra-2 gene. This allowed structural
investigation of several previously studied mutations within the CK domain that cause
severe phenotypes in C. elegans. These mutations can be divided into two groups. The
first group; R328E, R314E, A321D, G227S, G227D and L313A all exert effects on the
RNA binding capability of the CK domain. The second group; D310N, G308E. and
P228S all interrupt the KH/CK interface and diminish RNA binding affinity. These data
suggest that the CK domain is required for correct RNA recognition and modulation of
protein function (Daubner et al. 2014). Furthermore, the crystal structures of SF1, Gld-1
and QKI in complex with RNA revealed an additional flexible loop between B- strands
two and three that is not present in other KH domain containing proteins. Although not
shown to directly interact with RNA, a later study of Sam68 revealed that RNA binding
ability is disrupted when this loop is deleted (Lin, Taylor & Shalloway 1997).
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Figure 1.7: STAR protein structure

A) The KHCK domain of SF1 in complex with RNA was solved by NMR and demonstrates that
both subdomains make contacts with the RNA (Liu et al. 2001). B) The only available structural
information for the Sam68 subfamily of STAR proteins is the NMR structure of the NK
dimerisation domain, which adopts the same helix-turn-helix motif as the NK domains of Gld-1
and QKI (Meyer et al. 2010), (Beuck et al. 2010) and (Beuck et al. 2012).

The structures of the NK dimerisation domain of Sam68 (Figure 1.7B), Gld-1 and QKI
have been solved and reveal a conserved helix-turn-helix motif, stabilised through
hydrophobic contacts (Meyer et al. 2010), (Beuck et al. 2010) and (Beuck et al. 2012).
In all cases, the NK domain alone was shown to be sufficient for dimerisation and in the
case of Sam68, mutation of Y103 to a serine was shown to inhibit in vivo splicing of a
CD44 minigene, without a large overall effect on the structure of the NK domain and
dimerisation in vitro (Meyer et al. 2010). This suggests that phosphorylation of this
tyrosine residue may play a role in regulation of Sam68 RNA binding activity and that
complete formation of a dimer is required for full splicing function of STAR proteins
(Cukier, Ramos 2010).
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Figure 1.8: Gld-1 STAR domain structure
The structure of the STAR domain of Gld-1 in complex with RNA, with NK (purple),

NK-KH linker (cyan), KH (red) and CK (blue) (Teplova et al. 2013).

Recently, the X-ray structures of the full STAR domains of Gld-1 (Figure 1.8) and QKI
were solved in complex with CUAACAA and UUCACUAACAA, respectively
(Teplova et al. 2013). In both proteins, the KH and CK domains are involved in binding,
and the same conserved residues within these domains form the interface between the
protein and the RNA. Additionally, these proteins recognise the same conserved UAAC
sequence in a similar manner to SF1. These structures also show that the NK domain is
sufficient for dimerisation and does not make contacts with the RNA. This domain was
required for the precise orientation of the KH and CK domains through direct
interactions with the CK domain, and places the two RNA binding domains at opposite
ends of the dimer. Other contacts between helix 3 within the KH domain of Gld-1 and
the flexible NK-KH linker also drive this orientation. However the linker is not visible
in the QKI structure, which suggests that it may be more flexible in other STAR
proteins. Finally, the conformation of the Gld-1 and QKI STAR domains indicate that
these proteins are likely to bind to a single, long RNA with two protein recognition sites

that are separated by at least 10 nucleotides.
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1.6. AIMS and objectives

The aim of this thesis is to investigate the structural basis of RNA recognition by the
STAR domain of Sam68, with respect to alternative splicing, and how this is regulated
by post-translational modifications.

Chapters 3 and 4 will determine the specificity of RNA recognition by Sam68 using
structural and biophysical techniques. This will be followed in Chapter 5 by
investigations of the effect of serine and threonine phosphorylation on RNA binding
using kinase assays and biophysical techniques.
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Chapter 2. Methods and Materials

2.1. Materials

2.1.1. Plasmids

Plasmid vectors for bacterial protein expression were designed and available through
the PROTEX cloning service at the University of Leicester. pLEICS-01 and pLEICS-03
are modified versions of pET-43.1a(+) and pET-47b(+) vectors, respectively. These
modifications allow ligase-free ligation using homology tags and cloning using a BD in-
fusion protocol and harbour two methods of selection. The first is antibiotic resistance,
ampicillin and kanamycin, respectively; the second is through a Bacillus Subtilis (SacB)
gene, inserted into the cloning region, since bacteria that express this gene cannot
survive on agar plates containing sucrose. Furthermore, protein expression is regulated
by a lac operon that is inducible using isopropyl-p-D-thiogalactopyranoside (IPTG), and
proteins are expressed with an N-terminal tobacco-etch virus (TEV) cleavable 6-

Histidine affinity tag. Vector details are seen in full in Figure 7.1.

2.1.2. DNA oligonucleotide primers
All oligonucleotides were purchased from Eurofins MWG Operon (Table 7.1).

2.1.3. RNA oligonucleotides

All unlabelled and fluorescein labelled RNAs were purchased from Dharmacon.

2.1.4. Bacterial strains
Rosetta BL21(DE3) and DHS5a competent cell lines were both purchased from

Novagen.

2.1.5. Standard chemicals and reagents

All standard chemicals and reagents were purchased from Fisher Scientific, Melford or
Sigma-Aldrich unless otherwise stated.

Sam68 antibodies were purchased from Santa Cruz Biotechnology Inc.

Protein crystallography sparse matrix screens were purchased from Molecular
Dimensions and distributed by hand to deep well blocks in house and stored at 4°C.
Mini-prep kits were purchaced from Macherey-Nagel and Ni-NTA agarose from
QIAGEN.
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NUuPAGE® 4-20% Bis-Tris Expedeon gels and NOVEX standard marker (Invitrogen)
were both purchased from Expedeon and Instant Blue by Expedeon was used for all
Coomassie staining.

Chloramphenicol and ampicillin were purchased from Applichem, Kanamycin and
Isopropyl-B-D-Thiogalactopyranoside (IPTG) from Melford.

>N-ammonium chloride, **C-glucose and deuterium oxide were purchased from Sigma-
Aldrich.

Active kinases, Nek2, Erk1/2 and Cdc2 were purchased from Millipore.

2.2. Bioinformatics

Amino acid boundaries of the KH (150-260), NKKH (150-283) and STAR (97-283)
domains of Sam68 were determined according to secondary structure predictions using
RONN (Yang et al. 2005) and alignment of conserved sequences with other STAR
proteins using ClustalW (Higgins, Sharp 1988).

2.3. Generation of protein constructs

2.3.1. Primer design

Primers were designed based on construct boundaries to be approximately 21
nucleotides in length complimentary to the DNA template sequence, with an additional

homology region specific to the particular plasmid vector of use.

2.3.2. Cloning

All PCR reactions and cloning were carried out by the Protex Cloning Service at the
University of Leicester using BD In-Fusion™ Universal PCR cloning system (BD
Biosciences Clontech). The gene of interest was amplified by PCR with a homology tag
specific to the plasmid vector of choice and fused to the linearized vector by incubation
with BD in-fusion enzyme. The recombinant plasmid was then transformed into DH5a,
which were grown on sucrose containing agar plates. The pLEICS vectors 1 and 3
contain a sacB gene flanked by restriction endonuclease recognition sites. This gene
encodes for levansucrase, which breaks down sucrose into fructose and glucose, leading
to the production of levan. Cells expressing this enzyme do not survive in the presence
of sucrose; therefore the sacB gene is used as a negative selectable marker. (Jager et al.
1992).
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2.3.3. Site-directed mutagenesis

Site directed mutagenesis was carried out using overlap extension PCR with primers of
50 nucleotides in length that contain the site of mutation centrally. Two PCR reactions
were carried out initially, the first with the 5* primer for the construct of interest and the
reverse mutagenesis primer, and the second with the 3’ construct primer and forward
mutagenesis primer. The products of this PCR reaction were purified and used as
template material for a second round of PCR using the 5° and 3’ construct primers. This
results in annealing of the first set of PCR products, with incorporation of the mutation

of interest, for cloning into a chosen vector as described previously.

2.3.4. Calculation of DNA Concentration
The concentration of plasmid DNA was determined by UV spectrophotometry at

wavelength Aggo, using Jenway 7315 spectrophotometer.

2.3.5. Sequencing

DNA sequencing was performed by PNACL service at Leicester University to confirm
that the recombinant plasmids contain the DNA fragment or mutation of interest. Cycle
sequencing reactions were carried out on templates and primers, cleaned using DyeEx

columns and analysed using an Applied Biosystems 3730 Sequencer.

2.3.6. Transformation into DHSa.

1ul of desired plasmid DNA was added at a concentration of 50ng/ul to 25ul E.Coli
DH5a competent cells and incubated on ice for 30 minutes. 500ul 2TY media was
added and samples were incubated for a further 30 minutes at 37°C in a shaking
incubator at 200rpm. The cells were then separated from the media by centrifugation
(Eppendorf 5417R) at 13000g, for 5 minutes, at room temperature and 400ul of the
supernatant was removed. The cell pellet was resuspended in the remaining media and
spread on to pre-warmed agar plate containing 2TY media and Ampicillin or
Kanamycin using a sterile glass spreader. The plates were allowed to settle for

10minutes at room temperature before being incubated overnight at 37°C.

2.3.7. Plasmid purification
A single colony of DH5a containing the recombinant plasmid of choice was transferred

into 50ml 2TY media and Ampicillin or Kanamycin (100pg/ml final concentration).
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Cultures were incubated overnight at 37°C in a shaking incubator at 120rpm and the
cells separated from the media the following day by centrifugation (Eppendorf 5810R)
for 10 minutes at 20°C, 4000rpm. DNA was extracted using a Mini-prep kit (Macherey-
Nagel) following set protocol.

2.4. Protein expression and purification

2.4.1. Preparation of Rosetta BL21 DE3 competent cells

Rosetta BL21 DE3 were plated out onto 2TY agar plates containing chloramphenicol
and a single colony was transferred into 100ml 2TY with chloramphenicol (Appendix
7.4). Cultures were grown at 37° until reaching an optical density of 0.3-0.4. Cells were
harvested and gently resuspended in 10ml ice cold, sterile 0.1M MgqgCl,. After
incubation on ice for 30 minutes, cells were harvested and gently resuspended in 10ml
of ice cold 1M CaCl, and 14% glycerol. The bacteria were dispensed into 100ul
aliquots and stored at -80°C.

2.4.2. Unlabelled Protein expression in Rosetta

Single bacterial colonies were transferred to autoclaved flasks containing 50ml 2TY
media and Ampicillin/Kanamycin and Chloramphenicol  (100mg/ml  final
concentration). After overnight incubation at 37°C in a shaking incubator at 200rpm, the
cultures were transferred into 1L 2TY media and grown until an optical density of 0.4-
0.6 was reached. Following a further hour of growth at 20°C, protein expression was
induced by addition of Isopropyl B-D-1-thiogalactopyranoside (IPTG) at 400uM final
concentration. Constructs were expressed overnight at 20°C in a shaking incubator at
120rpm before harvesting by centrifugation for 20minutes at 4000rpm at 4°C.
Following the removal of media, the cell pellet was transferred to a 50ml Falcon tube

and the pellet was either purified immediately or stored at -20°C until required.

2.4.3. Labelled Protein expression in Rosetta

Single bacterial colonies were transferred into 10ml of 2TY media with
Ampicillin/Kanamycin and Chloramphenicol (100mg/ml final concentration) in a sterile
50ml Falcon tube and incubated for 6-7 hours at 37°C in a shaking incubator at 200rpm.
Cultures were then transferred to appropriately labelled 50ml M9 minimal media

(Appendix 7.4) in a sterile flask with Ampicillin/Kanamycin and Chloramphenicol
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(100mg/ml) and incubated overnight at 37°C. 50ml overnight cultures were then
transferred to 1L M9 minimal media and grown to an optical density of 0.5-0.7 before
being transferred to 20°C for one hour followed by induction of protein expression
using IPTG (400uM final concentration) and incubation at 20°C overnight. Cells were
harvested by centrifugation for 20minutes at 4000rpm at 4°C and the pellets transferred
to a 50ml Falcon tube. The protein was then either purified immediately or the cell

pellet stored at -20°C until required.

2.4.4. Protein Purification

Frozen or fresh cell pellets were resuspended in 10ml Lysis buffer containing 100ul
Triton x100. Cells were subjected to sonication at 10amps for 6 series of 30 seconds on
and 30 seconds off, on ice. The lysate was clarified by high-speed centrifugation at
18000rpm for 30 minutes at 4°C and the soluble fraction retained for purification by
affinity chromatography. 5ml of packed Ni-NTA agarose (QIAGEN) was added to an
extract clean column (GRACE) and storage buffer washed through by gravity flow. The
resin was washed with 20ml of 50% ETOH, followed by 20ml of dH,O and 10ml of
lysis buffer before addition of the soluble fraction. This fraction was allowed to flow
through the resin by gravity, allowing His-tagged constructs to bind the resin. The resin
was then washed in a series of buffers with increasing concentrations of imidazole
(Appendix 7.3). Constructs were most commonly eluted in the fractions containing
100mM and 250mM Imidazole, as verified by SDS-PAGE (section 2.4.5). TEV
protease was then added for cleavage of the affinity tag. The purified fractions were
dialysed with TEV overnight in 2L of dialysis buffer (Appendix 7.3) at room
temperature with mixing in 10kDa upper weight limit dialysis tubing (Spectrrum
Laboratories Inc) and for a further hour in fresh buffer the following morning. Samples
were collected from the dialysis tubing and any precipitate removed before
concentration by centrifugation (Millipore 10kDa centricon) at 4000rpm of 5 minute
spins with resuspension of material between each spin. 700ul samples were removed
from the concentrator and subject to size exclusion chromatography on a Superdex 75
10/300 (GE Healthcare) using an AKTA FPLC system into the desired buffer. 300ul
fractions were collected and the efficiency of TEV cleavage and separation of material
was determined using SDS-PAGE and the concentration of each fraction of interest was
determined by optical density at 280nm (section 2.4.6) before fractions were pooled and

further concentrated (Millipore 10kDa centricon) to desired concentration.
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Because short sSRNA oligonucleotides are easily prone to degradation, 5 ul SUPERase
IN RNase Inhibitor (Invitrogen) was added to the protein sample before gel filtration.

RNAse activity was evaluated using Ambion RNAseAlert Lab Test kit according to
manufacturer instructions. It is important to note that RNAse inhibitors should not be
added to the final NMR sample because the storage buffer contains components with

non-labile protons that interfere with the NMR measurements of the proteins and RNAs.

2.4.5. SDS-PAGE

Protein samples of 9ul were taken and added to 3ul 4x Novex NUPAGE SDS buffer
(Life Technologies) and boiled for 5 minutes before loading. 8ul of Novex protein
marker (Invitrogen) was used and all samples run on Run blue SDS pre-cast gels
(Expedeon) at 120V for 1 hour in 1X running buffer (Expedeon). Proteins were stained

using Expedeon instant blue staining for several hours.

2.4.6. Protein quantification
Protein concentration was quantified by measuring the absorbance at 280nm or using a
Bradford Assay.

The concentration of each protein construct was derived from the OD value at
wavelength Azgo (Traycell Jenway 7315 spectrophotometer). 4ul of gel filtration buffer
was used as a blank and then 4pl of sample used to measure the absorbance at ODyg
and estimate the concentration using Beer’s Law;

A=¢-C-L
With A corresponding to the absorbance value, € the extinction coefficient, C the
concentration in mol.L™* and L the path length of light in cm. Theoretical extinction
coefficients were determined based on amino acid sequence using the Protparam tool of
the ExPASy Bioinformatics Resource Portal (web.expasy.org/protparam/). The
extinction coefficient of KH C238A is (4470), NKKH (7450) and STAR (9065).

Bradford Assay was carried out according to manufacturer’s instructions, using 1ml
solution of 20% Bio-rad reagent in dH,O as a blank, before adding 1pl of protein. The
sample was mixed well and incubated at room temperature for 5 minutes before
measuring the absorbance at 595nm to give protein concentration in mg/ml using a

previously calculated factor from a BSA standard curve available within the laboratory.
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2.5. RNA Production

The RNA oligonucleotides were chemically synthesised at a 1 micromole scale
(Dharmacon, Thermo Scientific), deprotected according to manufacturer instructions
and lyophilised. RNAs were then resuspended in 100ul of dH,0 and pH was adjusted to
6.5-7. RNA concentration was measured by ODg using the theoretical extinction
coefficient provided by Dharmacon. Typical RNA stock concentrations ranged between
1 and 4mM.

2.6. Nuclear Magnetic Resonance

2.6.1. Experimental procedure for protein optimisation

NMR samples consisted of 330ul of proteins at concentrations of at least 200uM in
different buffers with 20ul of D,O and were placed in Shigemi tubes. NMR
measurements were performed using Bruker AVI11-500 MHz, AVII1-600 MHz, AVIII-
600 MHz (equipped with a cryoprobe) and Avance-800 MHz (equipped with a
cryoprobe) spectrometers. Data were processed using Topspin (Bruker) and analysed
with Sparky.

Optimisation of the buffer and temperature conditions as well as the protein constructs
were evaluated using (*H-*N) HSQC experiments for visualizing the °N-labeled

protein signals.

2.6.2. Experimental procedure for chemical shift perturbation experiments

Reference (*H-"*N) HSQC experiments with watergate for solvent suppression were
recorded of the free protein, then the RNA of interest was added directly to the sample
tube at a ratio of 0.5:1 (RNA:protein) before recording another (*H->N) HSQC and
TOCSY experiment. This was repeated for ratios 1:1 and 1.5:1, and the final sample
was lyophilized and resuspended in D,O for recording a 2D NOESY with presaturation
for solvent suppression.

The chemical shift changes in  each dimension were  combined

using A = \/(A&H)Z + (MTN)2 , Where A¢ represents the combined chemical shift and

ASH and ASN are the change in chemical shift in the proton and nitrogen dimensions,

respectively. R is a scaling factor, 6.51.
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2.6.3. Experimental procedure for kinase assay

Reference (*H-"N) HSQC experiments were recorded of the free protein, then 5mM
MgCl, and 0.9mM ATP final concentration were added directly to the sample tube
before another reference (*H->N) HSQC was recorded. Finally 2.9ug of the appropriate
kinase was added and a series of (*H-"N) HSQC experiments were recorded over an

extended period of time.

2.6.4. Experimental procedure for backbone assignment

Samples of the NKKH and STAR domains were produced N and *C labelled in
several litres of M9 minimal medium containing 1g/L *>N ammonium chloride and 2g/L
3C glucose. The final concentration was at least 500pM and HNCA, HNCACB and
HN(CO)CA experiments were recorded at 30°C. Additional >N samples of each
construct were produced to record (**N-'H) NOESY experiments to aid assignment.
Spectral analysis and backbone assignment was carried out using Sparky, and existing

assignments of the NK domain (Meyer et al. 2010).

2.7. Crystallisation Experiments

All components used for crystallisation trials were prepared separately and were
robotically dispensed onto 96 well crystallisation plates in 100nl drops. Prior to trials
involving microseeding, the Cartesian robot was used and a stock solution of protein
and RNA was prepared in various ratios before dispensing. For cross-microseeding

experiments, each component was dispensed separately using a Mosquito.

2.7.1. Seed stock preparation
Crystal microseed stocks of T-STAR and Sam68 crystals were generated according to
the Douglas instrument protocol (Shaw Stewart et al. 2011). Stocks were made in

protein buffer.

2.7.2. Plate preparation

Commercially available, 96 condition screens (Hampton research) were used for
crystallisation trials and 80ul of each condition was dispensed by hand into MRC 96
well sitting drop crystallisation plates. Protein, RNA and seed stocks were dispensed in

equal volume with reservoir solution to form a 100nl drop.
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2.7.3. Data collection

Crystals were harvested and cryofrozen in mother liquor containing cryoprotectant
based on the mother liquor that had been pre-tested to minimise formation of ice
crystals. Crystals were stored in liquid nitrogen for transportation to Diamond Light

Source synchrotron for data collection.

2.8. Modelling

Homology modelling was carried out using the software Modeller (Eswar et al. 2007).
This comparative modelling strategy incorporates fold assignment, target-template
alignment and model generation and evaluation processes. Sequence alignments were
generated between the protein of interest and protein of known structure using
ClustalWw.

2.9. Small angle X-ray scattering

2.9.1. Data collection

SAXS data were collected on the in-house equipment at Technische Universitat
Minchen under the guidance of the laboratory of Professor Michael Sattler. Each
sample was measured according to standard protocol within the group at three different
concentrations, and buffer samples were recorded before and after each protein sample.

2.9.2. Data processing

SAXS data were processed using the ATSAS software suite (EMBL). The raw
scattering measurements of the buffer samples were averaged and subtracted from those
of the protein at each concentration. Scattering curves were produced using PRIMUS
for calculation of the radius of gyration and distance distribution. At this stage the
quality of the data was assessed and the range of data points to be considered adjusted to
account for beam alignment. DAMMIF was then used to produce 5 SAXS envelope
models per protein at each concentration, with and without symmetry that were then

averaged to produce a final model envelope for each concentration.
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2.10. Circular Dichroism

Circular Dichroism spectra were recorded in Imm quartz cuvettes using a chirascan CD
spectrometer (Applied Photophysics) at 20uM protein concentration in 400ul sample
volume. Data was acquired at 25°C from wavelengths of 190nm to 280nm.

2.11. Fluorescence polarization

Fluorescence polarisation experiments were carried out in black 96-well plates (Life
Sciences) with a 50ul sample volume per well. Proteins were serial diluted across the
plate from 0 to 200uM and fluorescein labelled RNA added at 0.2uM final
concentration across the whole plate. Plates were spun immediately after addition of
RNA, and read using a Perkin Elmer Victor X5 plate reader. Plates were mixed on the
in-built shaker before measurements at excitation wavelength of 531nm and emission at
595nm.

2.11.1. Data Analysis

The fluorescence polarization data were analysed using GraphPad Prism with the one-
site specific binding algorithm that satisfies the equation y=Bmax*x/(Kd+x). Here, X is
given by the protein concentration (UM) and y is the FP value (no units). Bmax
describes the maximum specific binding of RNA and Kd represents the dissociation
constant of the protein to the RNA.

2.12. In vitro kinase assay

2.5ug of purified protein was incubated with 200ng of active kinase of interest
(Millipore) for 30 minutes at 30°C in 40pl of kinase buffer containing 1mCi [**P]-y-
ATP (Appendix 7.5). 50ul sample buffer was added to stop the reaction. Samples were
boiled and run on SDS-PAGE gel as described previously. Proteins were visualised by
staining the gel with Expedeon instant blue for 2 hours and destaining with water. Gels
were then dried onto blotting paper for 1 hour in a vacuum and exposed to X-ray film

for 5 minutes before developing. The exposure time was adjusted as required.

2.13. Mammalian Cell Culture
Cells were removed from liquid nitrogen and fully thawed in a 37°C water bath before
addition to warmed DMEM media (supplemented with 10% FBS and 1% Penstrep) in a

15ml falcon tube. The cells were then centrifuged for 5 minutes at 1000rpm and the
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supernatant aspirated to remove all DMSO. After resuspension in fresh DMEM, cells
were then added to plates and transferred to 37°C incubator with 5% CO,.

Cells were incubated at 37°C in a humidified atmosphere of 5% CO, in either DMEM
(MCF7, HBL100 and HeLa cell lines) or RPMI (PC3 and PTN2C2) media
supplemented with 10% FBS and 1% penstrep (Sigma) in Petri dishes. At ~80%
confluency, cells were diluted by washing in 1x PBS and incubating for 5 minutes in
Trypsin at 37°C to detach cells from the plate. After further washing in 1x PBS, a subset
of cells were added to fresh plates with fresh media and incubated for several days to

allow re-attachment and growth back to 80% confluency.

2.13.1. Immunofluorescence

At 80% confluency, cells were stripped from plates and resuspended in fresh media for
transfer to cover slips. After adherence to cover slips and growth to ~60% confluency,
which took from 1 to 3 days, cells were washed in 1x PBS, fixed in ice cold methanol
and stored at -20°C.

Cover slips were washed three times in 1x PBS, blocked in 1% BSA for 1 hour at room
temperature and washed three more times in 1x PBS before addition of primary
antibodies. Combinations of Nek2 (Rabbit), y-tubulin (mouse and rabbit) and Sam68
(mouse) antibodies (Millipore) were added to the cover slips at a 1:1000 dilution in
0.3% BSA and incubated for 1 hour at room temperature. Following three further
washes in 1x PBS, cover slips were incubated in secondary antibodies; either Goat anti-
rabbit (Alexaflor 488) or Goat anti-mouse (alexaflor 594) and Hoescht dye in 0.3%
BSA, for 1 hour in the dark. Finally, a final three washes in PBS were carried out before
mounting the cover slips onto slides for viewing by a Nikon TE300 inverted

fluorescence microscope.
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Chapter 3. — Optimisation of Protein Expression and RNA binding

3.1. Introduction

The aim of this chapter is to determine the structure of Sam68 in complex with RNA
using nuclear magnetic resonance (NMR). This will address the first objective;
understanding structurally how Sam68 interacts with RNA and also the specificity of
this recognition.

An overview of NMR studies of protein-RNA complexes is described first and
discusses the necessity for optimisation of a suitable protein sample and RNA
sequences. This will be followed by a description of the optimisation process of
screening for an optimal protein construct and investigation of appropriate RNA

sequences from the initial pool of RNAs designed.

3.2. Using NMR to study protein-ssRNA complexes
The two major techniques for solving the structure of protein-RNA complexes are X-ray
crystallography and nuclear magnetic resonance (NMR). Although only around 10% of
the total structures deposited in the protein database (pdb) last year were solved by
NMR, 53% of the protein-RNA complexes were determined using this technique (Foot,
Feracci & Dominguez, 2014). There are several reasons why NMR is such a useful tool
in the structural investigation of such complexes (as reviewed in (Foot, Feracci &
Dominguez 2014, Daubner, Cléry & Allain 2013, Cukier, Ramos 2011, Mackereth,
Sattler 2012, Dominguez et al. 2011)). Firstly, this type of complex has some intrinsic
properties that may interrupt the formation of crystals altogether. For example, most
RBPs are composed of multiple RNA binding domains. These domains are globular and
of approximately 100 amino acids in length, making them ideal targets for NMR, they
are generally separated by flexible linkers that inhibit crystallisation.
Interactions between individual RBDs and RNA are relatively weak but high affinity
binding is achieved when many RBDs bind a single RNA. Thus, many of these
complexes are highly dynamic in nature, which can also contribute to difficulties in
crystallisation. In addition, sSRNAs themselves are highly flexible and difficult to
crystallise alone and with protein binding partners.
Aside from circumventing potential complications in studying these complexes by X-
ray crystallography, NMR provides an extremely powerful method by which to rapidly
screen different RNA targets of a particular RBP. Although there are several useful
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techniques for identification of consensus binding sequences, such as cross-linking and
immunoprecipitation (CLIP) (Ule et al. 2005, Ule et al. 2003) and systematic evolution
of ligands by exponential enrichment (SELEX) (Tuerk, Gold 1990), the sequences
generated are often degenerate and defining an optimal RNA sequence to investigate
structurally is far from simple. NMR really lends itself to screening many different

RNA sequences once a protein sample has been optimised.

3.2.1. Optimisation of protein expression

There are several different properties of an NMR protein sample that must be
considered before embarking upon a structural project. The initial step in the
optimisation process is to define the minimal region of the protein to express. Since
NMR spectroscopy is limited by the size of the system, with a current upper molecular
weight limit of approximately 50kDa for structure determination, it is often not feasible
to investigate the full length of a protein. As previously discussed, many RNA binding
proteins lend themselves to NMR spectroscopic analysis as they can be divided into
distinct units, and/or globular RNA binding domains of suitable size for NMR studies.
These can be defined by identification of conserved domains, multiple sequence
alignment strategies, secondary structure predictions and disorder predictions. Even
homologous domains and similar protein constructs have the potential to behave
differently in terms of expression and purification, and therefore various strategies may
have to be undertaken in order to produce an NMR sample that is stable, homogeneous
and highly concentrated. The Sam68 constructs that are discussed in this chapter are
defined in Figure 3.1.

To assess the quality of a protein sample for NMR experimentation and structure
determination, (*H-"*N) heteronuclear single quantum coherence (HSQC) spectra are
often used. This experiment is a standard for determining the suitability of a protein
sample for NMR studies. It is also used for investigating binding between a protein of
interest and ligand, such as other proteins, nucleic acids and small molecules
(Zuiderweg 2002). This two dimensional experiment transfers magnetisation between a
proton and its attached nitrogen, which is made NMR visible by enrichment in N
isotope. This is accomplished by expressing recombinant proteins in bacteria that are
grown in a minimal medium containing *>NH,CI as the sole nitrogen source. The
spectrum produced gives a crosspeak for each NH and NH; group at the frequency of

each proton and nitrogen in each dimension. The position of each peak in the spectrum
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is dependent on the local chemical environment of each particular residue, thus for
folded proteins, each atom has a distinct frequency. It follows that for all amino acids
(except for the N-terminal residue and prolines) there is a corresponding peak in the
HSQC, given that they each contain a backbone amide group. Thus this spectrum is
often referred to as the fingerprint of the protein and is useful in the optimisation
process to determine the suitability of the sample for further experimentation by NMR.
Furthermore, since the position of each peak in the spectrum is dependent on the
chemical environment of that particular residue, if this is perturbed in any way, a shift in
position will occur. In this way, residues that are affected by interactions with binding

partners can be identified.

150 260
150 260 283
100 260
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STAR DOM

100 150 260 283
Figure 3.1: Sam68 constructs
Schematic representation of the domain boundaries of the KH, KHCK, NKKH and full STAR
domain constructs used for cloning and NMR studies.

In order to obtain good quality spectra, there are several sample properties which must
be fulfilled. Firstly, the construct, as discussed, must be less than 50kDa in size for
NMR structure determination to be feasible. Following purification, the sample must be
homogenous and free from impurities such as bacterial proteins. It is favourable for
affinity tags used for purification to be cleaved from the construct since these are either
highly flexible (His-tag) or very large (GST-, MBP-tags) and give additional NMR
signals that interfere with those of the protein of interest. Finally, the sample must
remain soluble to high concentrations (ideally >100uM).
In addition to the properties of the protein itself, the sample conditions also affect the
quality of NMR spectra. The temperature, salt concentration, pH and type of buffer
must all be considered during the optimisation process to produce an appropriate, stable
sample for NMR studies. In general, NMR studies of proteins are conducted at 20-40°C,
with a trade-off between better quality spectra at higher temperatures and better stability
of protein samples at lower temperatures. It is not recommended to exceed 150-200mM
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sodium or potassium chloride in the buffer used, as salt concentration is inversely
proportional to NMR sensitivity. To prevent exchange of amide protons, the pH of the
NMR buffer should be below pH 7.5 and take into consideration the theoretical
isoelectric point (pl) of the construct. Finally, the buffer itself should not be protonated,
as the concentration of the buffer is generally higher than that of the protein sample and
therefore the buffer NMR signals would interfere. Buffers typically used for NMR
include Tris-HCL, sodium phosphate and HEPES at concentrations between 10 and
50mM.

3.2.2. Selection of RNA oligonucleotides based on current literature

As described in section 1.5.3, STAR proteins gain functional specificity through
recognition of particular RNA sequences (as reviewed in (Ryder, Massi 2010)).
Identification of these consensus sequences has been undertaken for several STAR
family proteins, including GLD-1 (Ryder, Williamson 2004), QKI (Galarneau, Richard
2005), SF1 (Berglund et al. 1997), Sam68, T-STAR (Lin, Taylor & Shalloway 1997)
and HOW (Israeli, Nir & Volk 2007), using various techniques including CLIP, SELEX
and SIA.

CLIP uses UV cross-linking to identify physiological RNA targets of proteins (Ule et al.
2005, Ule et al. 2003). This is done by irradiating sample material such as cell lysate,
which results in the formation of covalent bonds between proteins and RNA. The
protein-RNA complex can then be separated by immunoprecipitation and the bound
RNA sequenced. The RNA sequences identified can then be used to derive a consensus
binding sequence. SELEX and SIA are both in vitro techniques that identify non-
physiological RNA binding sequences (Aquino-Jarquin, Toscano-Garibay 2011).
SELEX comprises a series of selection rounds of interacting RNA from a randomised
oligonucleotide library which can subsequently allow derivation of a consensus
sequence. SIA is an NMR based method which uses (*H-°N) HSQC spectra to screen
short synthetic randomised RNA sequences (Beuth et al. 2007). This technique is
particularly useful when no information is available regarding RNA consensus
sequences and for determining NMR spectral quality.

In all cases, the STAR protein family has been shown to preferentially bind AU-rich
RNA (reviewed in (Feracci, Foot & Dominguez 2014)). There are however, notable
differences in the consensus RNA sequences identified for different STAR proteins,
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giving rise to functional diversity within the family (Table 1.2). For example, Gld-1 and
QKI have nucleotide recognition sequences of

5’-UACU(C/A)A-3 (Ryder et al. 2003) and 5’-A(C/A)UAA-3’ (Ryder, Williamson
2004), respectively, whereas Sam68 preferentially binds to RNA containing the 4mer
sequence 5’-UAAA-3’, as determined by SELEX (Lin, Taylor & Shalloway 1997) as
well as poly(U) (Itoh et al. 2002) and T-STAR to UAA as determined by CLIP
(personal communication with Dr Sushma Grellscheid and Professor David Elliot).
Several structures of STAR proteins have been solved in complex with RNA. The
STAR domains of QK1 and Gld-1 were solved by X-ray crystallography in complex
with UUCACUAACAA and CUAACAA, respectively (Teplova et al. 2013), whereas
the KHCK domain of SF1 (which lacks the NK dimerisation domain) was solved by
NMR with UAUACUAACAA (Liu et al. 2001). These RNA sequences all contain a
CUAAC motif and in all cases the CK domain makes contacts with the RNA in addition
to the KH domain. Given that Sam68 appears to bind an RNA sequence different to the
other STAR proteins, and indeed a 4 nucleotide element rather than five or six
nucleotides, suggests that Sam68 may interact with RNA in a different manner than

other members of the family.

HSUAAAGSS

Figure 3.2: Sam68 RNA consensus sequences
Weblogo showing the consensus RNA sequence recognised by Sam68, as determined by
SELEX (Lin, Taylor & Shalloway 1997).

Figure 3.2 shows a weblogo representation of the consensus RNA sequence for Sam68
derived from the SELEX data (Lin, Taylor & Shalloway 1997). UV cross-linking of
endogenous Sam68 to physiological MRNA targets in NIH3T3 cells identified 23 RNAS
containing similar motifs to those found by SELEX (Tremblay, Richard 2005). There
are also several accounts in the literature of Sam68 interacting with poly(U) RNA
(Taylor, Shalloway 1994) (Itoh et al. 2002). Together, these data were used to design a
subset of short RNA to test by NMR (Table 3.1). The minimal binding sequence of 4
nucleotides is relatively short compared to the KH domain of other STAR proteins and
therefore NMR studies were mainly focussed on 6mer RNA including the UAAA in

order to ensure stable interactions.
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UAAAAU UAAAUA UAAAUU AAAUAA
Uuuuuu AAAUUU UUUAAA AUUAAA
Table 3.1: RNA oligonucleotides for NMR studies. Short RNA sequences designed based on
CLIP and SELEX data for Sam68 and T-STAR used for RNA binding analysis by NMR.

3.2.3. Chemical Shift Perturbation Experiments

Once a suitable NMR sample has been obtained, this can be used in chemical shift
perturbation experiments to screen the selected RNA. These assays make use of the *H-
>N Heteronuclear Single Quantum Coherence (HSQC) spectra, which are recorded first
on the free protein as a reference and then again upon addition of increasing amounts of
a ligand, in this case short RNA sequences. Since the chemical shift of each atom is
dependent on the local chemical environment of the backbone amide of each amino
acid, this peak position will be changed if that amino acid is affected by the addition of
RNA. This results in a shift in the position of these affected peaks and allows
identification of those residues that are either directly binding to the RNA or undergoing
a conformational change upon binding. These simple experiments can also provide
information regarding the stoichiometry of the complex and allow estimation of the
dissociation constant (Kd). The stoichiometry and Kd can be determined by analysing
how the peaks change as RNA is added, this is dependent on the exchange regime
between the free and bound states of the protein in solution. The binding equilibrium
between these two states is dependent on two main parameters; the rate of exchange of
complex formation (Kex) and the difference in resonance frequency of the nucleus at its
free (va) and bound (vg) position. The relationship between these properties on complex
formation gives rise to three possible exchange regimes (Dominguez et al. 2011,
Zuiderweg 2002).

Firstly, if a complex is in slow exchange on the NMR timescale, as RNA is added, two
peaks become visible for residues whose N-H group is affected by the presence of
RNA. One peak is located at the position of the free state and a new peak appears at the
position of the bound state. As more RNA is added, the intensity of the peak at the free
position will decrease and the intensity of the peak at the bound position will increase.
This exchange regime is indicative of a high binding affinity, with a dissociation
constant below 200nM and occurs when Ky is much smaller than 27t(va.Vg).

If the exchange between the states is faster, only one peak will be visible in each
spectrum, representing the average position between the two states. This occurs when

Kex is much larger than 2m(va.vg) and as RNA is added this peak will gradually shift
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from its free position to its bound position. This often indicates low affinity protein-
RNA complex formation (dissociation constant greater than 20uM).

Finally, intermediate exchange has been observed for complexes with a dissociation
constant between 400uM and 2uM where K is similar to 2m(va.vg). In this case the
crosspeaks tend to disappear upon addition of RNA due to line broadening and some
peaks will reappear once the protein becomes fully bound and there is an excess of
RNA. This is not always the case and therefore this exchange regime is not ideal for
studying protein-RNA complexes by NMR, although it is possible (Ramos et al. 2000).
The exchange regime can be altered by optimising buffer conditions, temperature and
pH of the sample to obtain a more suitable spectrum of the complex.

These relatively straightforward experiments are extremely powerful and can provide a
wealth of information regarding complex formation in a variety of systems. The aim of
this chapter is to understand the specificity of the interaction between Sam68 and RNA
by solving the structure of this complex by NMR. In order to do so, a suitable protein
sample must first be optimised for backbone assignment and chemical shift perturbation
experiments. These will identify both the residues of Sam68 that bind RNA and a
suitable RNA target for further NMR studies and structure determination. The screening

of RNA will also provide an insight into the specificity of recognition by Sam68.

3.2.4. Triple Resonance Experiments and Assignment

Once a suitable protein-ssRNA complex has been determined, the process of structure
determination begins by assigning each residue to their corresponding cross-peak in the
(*H-"N) HSQC. Furthermore, by ascertaining the position of each amino acid, it is
possible to identify those that are affected by RNA binding from chemical shift
perturbation experiments.

There are several NMR experiments that are required to make these assignments, all of
which extend the dimension of recording to include detection of carbon atoms, making
it necessary to label the sample with both **N and *3C isotopes. In general there are at
least two triple resonance experiments required to gain enough information for
assignment. These include a selection of HNCACB, HN(CO)CA, HN(CO)CACB and
HNCA, amongst others (Sattler, Schleucher & Griesinger 1999). The names of these
experiments refer to the atoms for which chemical shifts are recorded. For example, the
HNCACB experiment provides the chemical shift information for the backbone amide
for a particular residue (i), the Coa and CPB of (i) and also the Ca and Cp of (i-1).

48



Whereas the HN(CO)CACB gives the chemical shift information of the backbone
amide of (i) but only the Ca and Cp of the previous residue (i-1). It is therefore possible,
by comparing these two spectra, to identify which carbon peaks belong to the residue in
question, or to the previous in the sequence.

Since a subset of residues have characteristic and distinct carbon chemical shifts it is
possible to identify the type of residue for each NH cross-peak. In this way, if chains of
residues can be linked together using the HNCACB and HN(CO)CACB, once a type of
residue has also been identified, these chains can be linked to the protein sequence.

Due to the insensitivity of these triple resonance experiments, they must be recorded for

several days and the sample must be at least 500uM to optimise the signal:noise ratio.

3.3. Results

3.3.1. Optimisation of the KH and KHCK for NMR

3.3.1.1. Initial Expression and Purification

Initially, the KH domain of Sam68 (amino acids 151-260) was optimised because it is
potentially the smallest domain required for RNA binding. The construct was based on
the existing structure of SF1 with RNA, which was solved by NMR (Liu et al. 2001).
SF1 is unique amongst the family as it lacks the NK dimerisation domain and is able to
interact with RNA via its KH and CK domains only. Furthermore, chemical shift
perturbation experiments conducted previously within the group on T-STAR indicated
that the KH domain is sufficient for RNA binding (Foot, Feracci & Dominguez 2014).
The particular domain boundaries were chosen based on disorder prediction at pH®6,
secondary structure prediction, multiple sequence alignments and identification of
conserved domains through comparison to other STAR and KH domain-containing
proteins (Figures 3.3 and 3.2).
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Figure 3.3: Disorder prediction of Sam68
Protein constructs were designed based on RONN disorder prediction with a score of more than
0.5 indicating predicted disordered residues. The NK, KH and CK domains are coloured pink,

orange and blue, respectively.
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10 20 30 40 50 60

Sam68 00— MQRRDDPAARMSRSSGRSGSMDPSGAH
T-STAR =  —————m o
Quaking . -———"—"—————"""
Gld-1 MPSCTTPTYGVSTQLESQSSESPSRSSVMTPTSLDGDNSPRKRFPIIDNVPADRWPSTRR
70 80 90 100 110 120
Sam68 PSVRQTPSROPPLPHRSRGGGGGSRGGARASPATQPPPLLPPSATGPDATVGGPAPTP——
T-STAR ~ ———
Quaking @ @ - MVG-——————
Gld-1 DGWSSVRAPPPARLTLSTNNRHIMSPISSAYSQTPNSLLSPAMFNPKSRSIFSPTLPATP
130 140 150 160 170 180
Samé8 00— LLPPSATASVEMEPENKYLPELMAEK--DSLDPS-——-FTHAMQLLTAE
T-STAR  ———— ~—MEEKYLPELMAEK--DSLDPS-———-FTHALRLVNQE
Quaking = -——————————————— EMETKEKPKPTPDYLMOLMNDEKLMSSLPNFCGIFNHLERLLDEE
Gld-1 MSYGKSSMDKSLEFSPTATEPIENEATVEY LADTLVKEKKHLTLEFPH===-MFSNVERLLDDE
190 200 10 220 30 40
Sam68 TEKIQKGDSKKDDE————— E-NYLDLESHKNMKLKERVLIPVKQYPKFNFVGKILGPQGN
T-STAR TEKFQKGEGK—-DE————— E-KYIDVVINKNMKLGOKVLIPVEKQF PKEFNFVGKLLGPRGN
Quaking ISRVEKDMYNDTLNGSTEKRSAELPDAVGPIVQLOEKLYVPVKEYPDFNFVGRILGPRGL
Gld-1 IGRVRVALFQTEFP-———-R-—VELPEHAGDMISITEKIYVPKNEYPDYNFVGRILGPRGM
250 260 270 280 290 300
Sam68 TTKRLOEETGAKISVLGKGSMRDKAKEEELRKGGDPKYAHLNMDLHVF IEVFEGPPCEAYA
T-STAR SLKRLOEETLTKMS ILGKGSMRDKAKEEELRKSGEAKYFHLNDDLHVLIEVFAPPAEAYA
Quaking TAKQLEAETGCKIMVRGKGSMRDKKKEEQNR--GKPNWEHLNEDLHVLITVEDAQNRAET
Gld-1 TAKQLEQDTGCKIMVRGEGSMRDKSKESAHR--GKANWEHLEDDLHVLVQCEDTENRVHI
310 320 330 340 350 360
Sam68 LMAHAMEEVEKFLVPDMM—-DDICQEQFLELSYLNGVPEPSRG————————— RGVP-VR
T-STAR RMGHALEEIKKFLIPDYN--DEIRQAQLOELTYLNGGSENADVE - —————- VVRGKPTLR
Quaking KLKRAVEEVEKKLLVPAAEGEDSLKKMQLMELATLNGTYR————+——— D----ANIKSPAL
Gld-1 KLOQAALEQVEKLLIPAPEGTDELKRKQLMELAITNGTYR-—==F——-——————— PMKSPNP
370 380 390 400 410 420
Sam68 GRGAAPPPPPVPRGRG———-—- VGPPRGALV-RGTPVRGA-———— ITRGATVIRGVEPPP
T-5TAR TRG--VPAPAITRGRGGV--—-TARPVGVVVPRGTPTP————————— RGVLSTRG--PVS
Quaking AFSLAATRQAAPR———————————————— IITGPAPVLPP————— AALRTPTPAGPTIMP
Gld-1 ARVMTAVPLLSPTP-—————————————— LRSSGPVLMSP-————- TPGSGLPSTTEGGS
430 440 450 460 470 480
Sam68 TVRGAPAPRAR-TAGIQRIPLPPPPAPETYEEYGYDD-——-TYAEQSYEGYEGYYSQ-5Q
T-S5TAR RGRGLLTPRARGVPPTGYRPPPPPPTQETYGEYDYDDGYGTAYDEQSYDSYDNSYSTPAQ
Quaking LIRQIQTAVMPNGTPHPTAAIVPPG——-P-—————— E-——— AGLI-YTPYEYPYTLAPA
Gld-1 ILSPTLTASNLLGSNVFDYSLLSPS———-—-—————————————| MEFDSFSSLOLASDLTEP
490 500 510 520 530
Sam68 GDSEYYDYGHGEVQDSYEAYGQDDWNGTRPSLEAPPARPVKGAYREHPYGRY ——————
T-S5TAR SGADYYDYGHGLSEETYDSYGQEEWTNSR-—-HKAPSARTAKGVYRDQPYGRY ——-————
Quaking TSILEYPIEPS————— GVLGAVATKVRRHDMEVHPYQRT -VTADRAATGN———————

Gld-1 KYPTTTSFVNSFP-———-GLFTSASSFANQTNTNVSPSGAS——-PSASSVNNTSEF-———-—

Figure 3.4: Domain conservation between STAR proteins

Protein constructs were selected based on multiple sequence alignment between Samé8 and T-
STAR, Gld-1 and QKI. The NK domain is highlighted in pink, the KH in orange and the CK in
blue (Higgins, Sharp 1988). Jpred secondary structure predictions are depicted above the
sequences (a-helices in blue and B-strands in pink) (Cole, Barber & Barton 2008).
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Initial expression and purification was carried out based on protocols previously
developed in the laboratory for the homologous protein T-STAR, section 2.4.4 (Figure
3.5). Following affinity chromatography, the imidazole was removed by dialysis in
NMR buffer (20mM Na,HPO,4, 100mM NaCl, 0.1% B-mercaptoethanol, pH6 or pH7 at
room temperature) before cleavage of the His tag with TEV protease for four hours at
room temperature. The final yield from 1L culture was 0.2mM for both 320ul samples
at pH6 and pH7.
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Figure 3.5: Affinity chromatography purification of Sam68

Sam68 KH domain containing an N-terminal poly-histidine affinity tag was purified by Nickel
affinity chromatography from 1L E.Coli, grown in N minimal media. SDS-PAGE was used to
analyse the efficiency of the purification. The contents of each lane are indicated above the gel,
and represent the protein content of the insoluble and soluble fractions following lysate
clarification, and subsequent elutions of the Ni-NTA column with increasing concentrations of
imidazole. The KH domain is eluted at 200mM Imidazole, as indicated, and the first lane
contains protein marker, of molecular weights as shown.

During dialysis and cleavage of the affinity tag, the sample at pH6 precipitated,
resulting in a 'H-"N HSQC spectrum at 20°C showing most amide crosspeaks
concentrated in the centre of the spectrum (7.5-8.5ppm in the proton dimension and
115-125ppm in the nitrogen dimension) (Figure 3.6A). This suggests that in these
conditions Sam68 KH may not be correctly folded. The sample dialysed at pH7 showed
less precipitation and the *H-">N HSQC was somewhat more dispersed and contained
more peaks at a higher intensity (Figure 3.6B), indicating that the KH domain is more

stable at pH7.
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Figure 3.6: (*H-""N) HSQC analysis of Sam68 KH in different pH conditions

(*H-">N) HSQC experiment of the KH domain in 20mM Na,HPO,, 100mM NaCl, 0.1% p-
mercaptoethanol was recorded at pH6 (A) and pH7 (B). Both spectra contain a fewer number of
peaks than expected for this domain, but most at pH6 are concentrated in the centre of the
spectrum indicating incorrect folding of the KH domain in these conditions. At pH7 there are
more peaks, of greater intensity that are more dispersed, suggesting that at this pH the KH
domain is folded.

3.3.1.2. TEV cleavage during dialysis

Considering that a significant amount of precipitation was observed during dialysis and
TEV cleavage at room temperature, these purification steps were then performed
together at 4°C. To allow for the reduced activity of TEV protease, the sample was
dialysed overnight and resulted in less precipitation and a greater final protein yield.
The HSQC spectra produced a better dispersion of crosspeaks (Figure 3.7) although
there is still some interference of high intensity peaks around the centre of the spectrum

due to the presence of the histidine tag.
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Figure 3.7: (*H-"*N) HSQC analysis of Sam68 KH following TEV cleavage

The poly-histidine affinity tag was cleaved with TEV protease and the (*H-">N) HSQC spectrum
of Sam68 KH in 20mM Na,HPO,, 100mM NacCl, 0.1% B-mercaptoethanol, pH7 is of better
quality than the spectra with tagged-KH domain.

3.3.1.3. Gel Filtration

The presence of intense peaks in the centre of the spectrum was further resolved
following size exclusion chromatography. After dialysis, samples were concentrated at
4°C using a 10kDa centricon to a final volume of 700ul before size exclusion
chromatography on a Superdex 75 10/300 column in NMR buffer (Appendix 7.3).This
allowed separation of the poly-histidine tag, any remaining uncleaved protein and any
remaining bacterial proteins from the cleaved protein of interest that were not
successfully removed during affinity chromatography (Figure 3.8A). Removal of these
impurities resulted in a much better distribution of crosspeaks throughout the HSQC,
with 93 peaks observed out of a total 103 expected in the KH domain (discounting
prolines and the N-terminal residue) (Figure 3.8B). It was clear that despite
improvements in spectral quality, further optimisation of conditions was necessary to
obtain a sample of sufficient quality for structure determination. We investigated
whether increasing the temperature could improve the quality of the spectra. However,
increasing the temperature from 20°C to 25°C caused heavy precipitation and loss of the

protein sample.
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Figure 3.8: Size exclusion chromatography of Sam68 KH

Further purification of the KH domain to separate the tag from the cleaved protein was achieved
by size exclusion chromatography (A). The UV trace in the lower panel was used to identify
fraction eluates containing Sam68 and successful cleavage, confirmed by SDS PAGE analysis.
The KH domain eluted in peak B, and some TEV protease remained in these fractions.(B) The
(*H-">N) HSQC showed a much better distinction of peaks than for the uncleaved construct.
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3.3.1.4. Optimising the NMR buffer

It was decided to screen various different buffer conditions to try and produce an NMR
sample of sufficient quality for structure determination. The screen comprised a range
of NaCl concentrations from 0 to 200mM and pH between 5.5 and 7.5. These conditions
were tested at 20, 25 and 30°C and the quality of the HSQC was determined based on
the number and line width of peaks.

To improve the solubility of the sample at higher temperatures, the ionic strength of the
dialysis and NMR buffers was increased. The solubility was not improved by increasing
the NaCl concentration to 200mM during purification at pH7 (Figure 3.9A) and protein
was lost following gel filtration (Figure 3.9 B). Therefore, with reasonable spectra
quality at lower salt concentration, a *>N**C sample was produced in buffer of 20mM
Na;HPO4 pH 7, 100mM NaCl and 0.1% B-mercaptoethanol for NMR. However, the
yield was extremely low and the HSQC was not sufficient to warrant recording of triple

resonance experiments.
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Figure 3.9: (*H-""N) HSQC spectrum analysis of Sam68 KH in different salt concentrations
The ionic strength of the NMR buffer was increased to 200mM NaCl and a (*H-"*N) HSQC
spectrum recorded before gel filtration (A). This did not improve sample solubility or spectral
quality. Size exclusion chromatography of this sample resulted in a loss of concentration due to
precipitation and a poor quality spectrum (B).
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To increase yield, Sam68 KH domain was expressed and purified from a total of 5L of
>N minimal media. This allowed purification of several samples of 200puM each, in
NMR buffer of 20mM Na;HPO. pH 7, 0.1% B-mercaptoethanol with 100mM NaCl.
The resulting HSQC exhibited an increase in quality, with better crosspeak dispersion,
increase in the number of visible peaks and increase in peak intensity (Figure 3.10A).
The salt concentration of this sample was then halved by dilution to 50mM NaCl in a
salt-free buffer. After concentration back to 320pul, another good quality spectrum was
recorded with an additional peak becoming visible at around 12ppm (Figure 3.10B).

To assign the backbone of Sam68 KH, triple resonance experiments were acquired
using a (**C-">N) sample purified from 5L of culture. Unfortunately the sample was not
stable for the duration of the experiments due to precipitation, likely due to aggregation,
causing a loss in NMR signal due to a decrease in protein concentration and loss of
homogenous magnetisation across the sample. Ultimately backbone assignment of this
construct was not possible.
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Figure 3.10: ("H-"*N) HSQC spectrum analysis of Sam68 KH from a 5L culture

To increase protein yield and concentration of the NMR sample, the KH domain was purified
from a 5L culture and purified in 20mM Na,HPO,4, 100mM NaCl, 0.1% B-mercaptoethanol,
pH7. The (*H-"*N) HSQC spectrum contains a greater number of peaks of higher intensity, with
an overall improvement in spectral quality (A). The salt concentration of this sample was halved
to 50mM NaCl, resulting in one extra peak in the (*H-°N) HSQC (B).
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3.3.2. Titration experiments with KH domain

Although the KH domain of Sam68 is unstable it still produced spectra of sufficient
quality to perform chemical shift titration experiments to identify RNA sequences that
interact with this domain. SELEX data for Sam68 identified a key consensus sequence
of UAAA (Figure 3.2). As discussed previously, to ensure optimal binding, sequences
of 6 nucleotides were designed to be tested by NMR, rather than a minimal 4mer
sequence. Furthermore, the weblogo derived from SELEX data shows that Sam68
appears to preferentially bind adenine and uracil nucleobases over cytosine and guanine.
Therefore the majority of the RNA tested flank the UAAA motif with U/As. A variety
of RNAs were designed for these preliminary experiments that abide by the SELEX
data, CLIP data and physiological RNA targets and a more systematic investigation of
RNA binding is described in section 4.5.
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Figure 3.11: Effect of RNA sequences on Sam68 KH-RNA complex formation

Chemical shift perturbation experiments of the KH domain of Sam68 with UAAAAU (A) and
AUUAAA (B), shown by overlaying the HSQC spectrum of Sam68 KH free (black), and in
complex with RNA at protein:RNA molar ratios of 1:0.5 (blue) and 1:1 (red).
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Three such sequences, UAAAAU (Figure 3.11A), UAAAUA and UAAAUU, all
interacted with the KH domain in the same exchange regime, suggesting that the two
nucleotides 3’ of the UAAA motif do not affect the interaction. As shown in the full
panel and two zoomed panels (Figure 3.11A), several cross peaks undergo chemical
shift perturbations upon addition of RNA and can be followed throughout the titration.
As previously described in section 3.2.3, this is an indication of fast exchange regime,

and suggests that these RNA are binding to the KH domain with relatively low affinity

in the uM range.
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Figure 3.12: Effect of RNA sequences on Sam68 KH-RNA complex formation

Chemical shift perturbation experiments of the KH domain of Sam68 with UUUUUU (A) and
AAAUAA (B), shown by overlaying the HSQC spectrum of Sam68 KH free (black), and in
complex with RNA at protein:RNA molar ratios of 1:0.5 (blue) and 1:1 (red).
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To determine the importance of nucleotides preceding the UAAA motif, the KH domain
titrations were then performed with AUUAAA (Figure 3.11B). This resulted in the same
peaks being affected by the addition of RNA. However, most peaks disappeared upon
interaction rather than remaining visible throughout the experiment. Several crosspeaks
did not reappear upon further addition of RNA (highlighted in black boxes), whereas
others decreased in intensity between consecutive spectra. These peaks were often close
in space to new resonances that appeared upon addition of RNA and increased in
intensity as the ratio of RNA:protein was increased. This type of chemical shift
perturbation is representative of the slow/intermediate exchange regime and indicates
that this RNA binds with higher affinity than those in fast exchange. Surprisingly, it was
not possible to reproduce this exchange regime with the KH domain and AUUAAA.
Instead, this complex appeared to be in fast/intermediate exchange, indicating a lower
binding affinity. The slow exchange regime observed in this experiment may be due to
slight changes in temperature, salt concentration or magnetic field strength and is
unlikely to represent the physiological RNA binding affinity, particularly as it does not
confer with later estimates of the Kd (section 4.5) and was not observed for any other
chemical shift perturbation experiments with different constructs and RNA.

Two further sequences were tested with this construct of Sam68. The first, UUUUUU
has been shown in vitro, by differential display and cDNA representational analysis
(cDNA-RDA), and in vivo by reverse transcription polymerase chain reaction (RT-
PCR) from co-immunoprecipitation (co-IP) of Sam68 with nuclear RNA targets to have
high affinity for Sam68 (Itoh et al. 2002). However, no chemical shift differences were
observed between the reference spectrum and subsequent spectra after the addition of
RNA (Figure 3.12A), suggesting that poly(U) RNA does not bind the KH domain of
Sam68.

Finally, an RNA sequence was tested based on CLIP data collected for T-STAR
(personal communication with Dr Sushma Grellscheid and Professor David Elliot).
Interestingly, both SELEX and CLIP experiments focussed on the highly homologous
protein T-STAR identified a consensus RNA binding sequence of UAA, potentially
giving rise to subtle differences in the function of these two proteins. In particular,
AAAUAA has been shown by NMR to bind T-STAR with strong affinity (Foot, Feracci
& Dominguez 2014) and was therefore also tested with Sam68 (Figure 3.12B). Once
again the same crosspeaks are affected by RNA binding and are in fast exchange. This
was also observed for titrations of this construct with AAAUUU and UUUAAA.
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These chemical shift perturbation experiments delivered preliminary data regarding the
interaction of the KH domain of Sam68 with different 6mer RNAs. Each of these
sequences, with the exception of poly(U), which did not interact, and AUUAAA, which
was in slow exchange, bound this domain with similar affinity regardless of the
nucleotides surrounding the UAAA motif. It was also noted that the same cross peaks
underwent chemical shift perturbations in all cases, suggesting that the KH bound each
RNA in similar manner. Given the instability of this domain and the challenge of
obtaining an NMR backbone assignment, other constructs were optimised in order to

further understand the specificity of RNA binding by Sam68.

3.3.2.2. Sam68 KHCK

Since the existing structures of STAR proteins Gld-1, QK1 and SF1, with RNA show
that the CK domain also makes contacts with the RNA (Teplova et al. 2013, Liu et al.
2001), we extended the KH to include residues 260-283 of the CK domain. We
postulated that addition of these residues would improve the stability of the KH domain
within this construct. The KHCK domain was expressed and purified in a similar way to
the KH domain alone, however, expression levels were low and some precipitation was
observed throughout purification and gel filtration. The HSQC showed a relatively good
dispersion of peaks (Figure 3.13); however the peak intensities were low due to the low
concentration of sample. It was not possible to achieve higher sample concentration due
to the tendency of this protein to precipitate, as was the case for the KH domain alone.
This suggests that the addition of the CK domain does not improve the stability of the
KH domain and does not influence its conformation.
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Figure 3.13: Optimisation of the KHCK domain of Sam68

(*H-""N) HSQC spectrum of the KHCK domain of Samé8, in 20mM Na,HPO,, 100mM NacCl,
0.1% B-mercaptoethanol, pH7. The spectrum contains few peaks, at low intensity as this
construct was not stable and could not be further concentrated.

3.3.3. Optimisation of the KH C238A mutant

The stability issues of Sam68 KH were surprising because the equivalent construct of T-
STAR is highly soluble for several days, at higher temperatures/concentrations and
these two STAR proteins are 77% identical within the KH domain (Figure 3.4). The
sequence alignment of Sam68 and T-STAR was carefully analysed and one notable
difference was observed, which is that Sam68, but not T-STAR, contains one cysteine
residue that could potentially form intermolecular disulphide bridges. To investigate this
possibility a mutant was designed that replaced C238 with the equivalent residue in T-
STAR, alanine. It should be noted that B-mercaptoethanol was included in in all dialysis

and NMR buffers as a reducing agent.

62



110 ° (]

N (ppm)
-]
°
°
L -4

DalkAr.

130

110

5N (ppm)

120

130

12 n 10 9 8 7
"H (ppm)

Figure 3.14: Optimisation of Sam68 KH C238A

(*H-""N) HSQC spectrum of the C238A mutant of Sam68 KH in 20mM Na,HPO,, 100mM
NaCl, 0.1% p-mercaptoethanol, pH7 shows a huge improvement in sample solubility and
spectral quality (A). Overlay of (*H-">N) HSQC spectra of the KH WT (black) and KH C238A
(red) show that the majority of peaks have the same chemical shift in each domain (B).

The same expression and purification protocols as the wild-type (WT) KH domain were
used. The HSQC spectrum of the mutant was significantly improved in comparison to
the WT KH domain. It was also stable up to 25°C (Figure 3.14A) and overlaid well with
the KH wild-type HSQC (Figure 3.14B), indicating that the fold of the KH is not
affected by this mutation. This C238A construct was therefore (**C-°N) labelled for
triple resonance experiments. Unfortunately, once again this KH domain construct did
not remain stable for several days and the triple resonance spectra were of insufficient
quality for backbone assignment (Figure 3.15), despite the continued use of [-
mercaptoethanol. It is possible that sample stability may be improved by alteration of
the reducing agent to TCEP or DTT.

63



1104

5N (ppm)

120

130
I P R ‘mm.‘"

12 1 10 9 8 7

H (ppm)

Figure 3.15: Optimisation of (*C-"*N)-labelled Sam68 KH C238A

Overlay of (*H-"N) HSQC spectra representing *C">N Sam68 KH C238A before recording of
triple resonance experiments (black), after recording of a HNCA experiment (blue) and after a
HNCACB (red) show a loss of peaks over time, due to loss of sample concentration as seen in
the 1D spectra shown in the panel.

3.3.4. Titrations with C238A KH domain

Having improved upon the stability of the KH domain alone by mutating cysteine 238
to an alanine residue, chemical shift perturbation experiments were carried out on a
subset of the 6mer RNAs to confirm that the mutant KH domain interacts with RNA in
a similar manner to the WT KH domain. Analysis of titrations with AUUAAA (Figure
3.16A) and UAAAAU (Figure 3.16B) showed the same peaks shifting as in the WT KH
domain. In all cases, some peaks displayed a fast exchange regime, whilst others
displayed an intermediate exchange regime. Furthermore, the peaks disappearing upon
addition of RNA, i.e. those in intermediate exchange, were the same as those that
disappeared in experiments with the WT. So we can conclude that this mutant binds to
these RNA in a similar manner and with similar affinity as the wild-type. It should be
noted that the slow exchange regime observed between the WT and AUUAAA was not
reproducible in these conditions.

Given that it was not possible to assign this domain even with the C238A mutation; it
was decided to test other constructs to further investigate the mechanism of KH binding
to RNA by NMR.
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Figure 3.16: Effect of RNA sequences on Sam68KH C238A-RNA complex formation
Chemical shift perturbation experiments of Sam68 KH C238A with AUUAAA (A) and
UAAAAU (B). The overlaid spectra show free Sam68 KH (Black), 0.5:1 RNA:protein (blue)
and 1:1 RNA:protein (red). Both RNA bind to this domain in the fast to intermediate exchange
regime.

3.3.5. Optimisation of the NKKH domain

A construct was designed to include the NK domain (amino acids 97-260) (Figure 3.1).
It was anticipated that this construct would be more stable since the NK dimerisation
domain structure has already been solved by NMR (Meyer et al. 2010), suggesting that
this domain remains soluble at high concentrations.

The same expression protocols were applied and the protein yield was greater than the
KH wild-type, cysteine mutant or KHCK domain. The final NMR buffer conditions

were altered to 10mM Tris-HCI pH7, 100mM NaCl, 0.1% B-mercaptoethanol following
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optimisation of an in vitro kinase assay using this domain (Chapter 5). NMR samples of
this construct in these conditions could be concentrated to above 500uM to give good
quality (*H-">N) HSQC spectra showing 135 out of 150 expected peaks that were well
dispersed, suggesting that the domain is properly folded (Figure 3.17A). Furthermore,
the NKKH domain remained stable for several weeks with no change in spectral quality
at 30°C.

Interestingly, the NKKH spectrum did not overlay well with the spectrum of the KH
domain (Figure 3.17B), suggesting that the KH domain within the NKKH dimer could
be in a different conformation to the isolated KH domain, possibly explaining the poor
stability of the isolated KH. This sample was therefore suitable for backbone

assignment and for investigating RNA interactions.
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Figure 3.17: Optimisation of Sam68 NKKH

(*H-15N) HSQC spectrum of Sam68 NKKH in 20mM Na,HPO,, 100mM NaCl, 0.1% p-
mercaptoethanol, pH7 (A). This domain could be concentrated to a higher concentration, was
more stable and gave a better quality (*H-">N) HSQC spectrum. Overlay of (‘*H-"N) HSQC
spectra of the NKKH (black) and KH (red) domains show that most KH peaks experience a
significant difference in chemical shift when part of the NKKH domain (B).
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3.3.6. Assignment of the NKKH domain

Due to their instability at high concentrations, the KH (WT), KH (C238A) and KHCK
domain constructs were not suitable for NMR assignment. The NKKH construct
however, was highly stable for several days and protein concentrations greater than
500pM could be achieved without precipitation. This stability was retained with **C-**N
labelling and therefore good quality HNCA and HNCACB experiments were recorded.

110+

15N (ppm)

1204

130+

Figure 3.18: Chemical environment of the NK domain within the NKKH of Sam68

Overlay of (*H-N) HSQC of the NKKH domain (black) and NK domain (red (Meyer et al.
2010b)) show that peaks of the NK domain experience the same chemical shift with addition of
the KH domain, suggesting that the fold does not change.

As mentioned, the NK domain had previously been assigned (Meyer et al. 2010b). Since
both *H-"N HSQC spectra of the NK and our NKKH domain overlaid very well (Figure
3.18), these assignments provided a useful starting point and a means of confirmation of
our own assignments as well as confirming that the isolated NK is in the same
conformation as in the NKKH. In total, it was possible to assign 82% of the NKKH
domain (Figures 3.19A and B and Table 7.2).
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MEPENKYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKGDSKKDDEENYLDLFSHEN
MEKLKERVLIPVKQYPKFNFVGKILGPOQGNTIKRLQEETGAKISVLGKGSMRDKAKEE
ELRKGGDPKYAHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFINVPDMM

Figure 3.19: Assignment of Sam68 NKKH

(*H-15N) HSQC spectrum of Sam68 NKKH with backbone chemical shift assignments (A),
82% of the NKKH domain could be assigned (red - unassigned). (B).

3.3.7. Titrations with NKKH

Inclusion of the NK domain will result in a dimer being formed in solution. It was
therefore necessary to determine whether the KH domain within this structure interacts
with RNA in the same manner as the KH domain alone. Analysis of a chemical shift
perturbation experiment with the sequence AUUAAA, which bound with high affinity
to the isolated KH WT, demonstrated that the NKKH construct also binds to this RNA
(Figure 3.20A). Furthermore, the cross peaks that shift in the NKKH spectrum are the
same that shift in the KH spectrum, suggesting that the KH domain binds to RNA in a
similar manner in the dimeric structure. The peaks that shift are in intermediate to fast
exchange, suggesting that the affinity of the interaction is similar to the KH WT and
C238A mutant.
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Figure 3.20: Effect of RNA sequence and RNA length on Sam68 NKKH-RNA complex

formation
Chemical shift perturbation experiments of the NKKH domain of Sam68 with AUUAAA (A)

and CUAAC (B). The overlaid spectra show free Sam68 KH (Black), 0.5:1 RNA:protein (blue)
and 1:1 RNA:protein (red).

Having confirmed that this construct interacts with RNA in the same manner, several
new RNAs were then tested. As mentioned previously, the full STAR domain structure
has been solved for QK1 and Gld-1 in complex with RNA containing the sequence
CUAAC. Given that this NKKH construct is expected to form a dimer in a similar
conformation to these two homologous proteins, CUAAC was tested by NMR (Figure
3.20B). Again, the affected cross-peaks either shifted a short distance or disappeared
altogether, suggesting this sequence binds to the KH domain within this construct. This
was also observed for the SELEX consensus sequence UAAA, although all shifting
crosspeaks were in fast exchange and exhibited smaller perturbations (Figure 3.21A).
These data suggest that each KH domain within the construct can bind short RNAs

individually.
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Figure 3.21: Effect of RNA sequence and RNA length on Sam68 NKKH-RNA complex
formation

Chemical shift perturbation experiments of the NKKH domain of Sam68 with UAAA (A) and
UAAAUAAA (B). The overlaid spectra show free Sam68 KH (Black), 0.5:1 RNA:protein
(blue) and 1:1 RNA:protein (red).

Assuming that this NKKH domain is forming a dimer, it may be possible that its affinity
would be greater for longer RNAs with multiple potential binding sites. This is reflected
in the SELEX data for Sam68 which shows a bipartite sequence, separated by a non-
specific linker region of average length 16 nucleotides (Galarneau, Richard 2009). It is
unknown whether Sam68 dimerises in the same conformation as other members of the
STAR family and therefore the length of the non-specific linker region between the two
binding sites is not known. Furthermore, the structures of several other STAR proteins
have been solved in complex with RNA by X-ray crystallography and in each case the
CK was found to make contacts with the RNA as well as the KH domain. Therefore to
investigate bipartite RNA sequence recognition of this domain, longer RNAs were
designed to test protein binding by NMR with the NKKH domain.
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Figure 3.22: Effect of RNA sequence and RNA length on Sam68 NKKH-RNA complex
formation

Chemical shift perturbation experiments of the NKKH domain of Sam68 with UAAACUAAA
(A) and UAAACCCCCUAAA (B). The overlaid spectra show free Sam68 KH (Black), 0.5:1
RNA:protein (blue) and 1:1 RNA:protein (red).

Firstly, the UAAA motif identified by SELEX was duplicated (UAAAUAAA) and
titrated into the NKKH domain (Figure 3.21B). This RNA induced the disappearance of
some crosspeaks and others to shift in fast exchange. This indicates that UAAAUAAA
binds to Sam68 NKKH with higher affinity than UAAA, which may be due to the
presence of more potential binding sites within the 8mer RNA, causing multiple register
binding to the KH domain.

To simulate the non-specific linker region, a cytosine was introduced between the
sequences to give UAAACUAAA (Figure 3.22A). Once more the residues affected
demonstrate a mix of fast and intermediate exchange as with UAAAUAAA. Finally,
this linker region was then expanded to five cytosines (UAAACCCCCUAAA) and the

same peaks were seen to be in intermediate exchange (Figure 3.22B). Therefore it can
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be concluded that the NKKH domain interacts with various length RNAs of similar
sequences with similar binding affinity to that observed with the isolated KH domain.
Since this domain was able to be assigned, it was possible to identify which residues the
affected crosspeaks correspond to. This can be clearly assessed by plotting the
combined chemical shift difference against the residue number (Figures 3.23 A-E). In
these plots, peaks that disappear upon addition of RNA are denoted in red, and those
displaying a combined chemical shift perturbation above 0.1ppm were considered to be
affected by the addition of RNA. It is immediately apparent from these graphs that there
are few changes to peak position upon addition of the 4mer UAAA sequence,
suggesting that this sequence does not interact with the NKKH domain with high
affinity. As the length of RNA increased to 6mer, with AUUAAA, more peaks are
affected, particularly in the KH domain (purple shading). The combined chemical shift
difference is higher; six peaks disappear altogether in the KH domain and one in the
NK-KH flexible linker region. These indicate a subset of peaks that are affected by the
addition of this RNA and likely correspond to the residues involved in RNA
recognition. As the length of RNA is increased to 8, 9 and 13 nucleotides, more peaks
disappear. These peaks only correspond to residues of the KH domain that shifted in the
presence of other, shorter RNAs. More peaks in this domain experience a combined
chemical shift difference above 0.15ppm, indicating an increase in the number of peaks
in intermediate exchange and that those in fast exchange are moving further in space.
This suggests that each KH domain within the dimer binds the longer RNA with higher
affinity than that of the shorter RNA possibly due to these RNA binding in different
registers.

In order to map the minimal protein interaction surface, the particular residues affected
by the addition of RNA must be identified for mutational analysis of RNA binding
(section 4.5.4). To determine length of the minimal RNA that interacts with this entire

surface, various length RNAs must be tested for binding.
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Figure 3.23: Analysis of combined chemical shift differences

Graphical representation of the combined chemical shift difference (ppm) against residue
number indicate the peaks of the NKKH domain most affected by the addition of AUUUAA
(A), UAAA (B), UAAAUAAA (C), UAAACUAAA (D) and UAAACCCCCUAAA (E). Bars
in red represent residues whose peaks disappeared upon addition of RNA. The NK domain is
highlighted in purple, and the KH domain in pink. The chemical shift changes in each

dimension were combined using A§ = J (A6H)? + (A‘?TN)2 , Where Aé represents the combined

Combined Chemical Shift Difference (ppm)

chemical shift and AGH and ASN are the change in chemical shift in the proton and nitrogen
dimensions, respectively. R is a scaling factor, 6.51.
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3.3.8. Optimisation of the full STAR domain

The construct boundaries were then extended to include the NK and CK domains
(amino acids 97-283). It was anticipated that this full STAR domain construct would be
as stable as the NKKH domain, since the STAR domain is evolutionarily conserved
throughout the family and the structure of both GLD-1 and QKI in complex with RNA
have been solved by crystallography (Teplova et al. 2013).
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Figure 3.24: Optimisation of Sam68 STAR domain
(*H-N) HSQC spectrum of Sam68 STAR in 20mM Na,HPO,, 100mM NaCl, 0.1% p-

mercaptoethanol, pH7.

The same expression and purification protocols were used as described previously. The
final yield was much greater than either the KH WT or KH C238A. In addition to an
increase in expression level, this construct was remained stable at a high concentration,
for several days and at a higher temperature of 30°C in 10mM Tris-HCL, 100mM NaCl
and 0.1% p-mercaptoethanol (Figure 3.24). The (*H-">N) HSQC spectrum showed
approximately 150 well dispersed peaks (of 186 amino acids) suggesting that this
domain is properly folded. Interestingly, the STAR domain spectrum did not overlay
well with the spectrum of the KH domain (Figure 3.25A), suggesting that the KH
domain within the full STAR domain could be in a different conformation to the
isolated KH domain and presumably explaining the poor stability of the isolated KH.
The (*H-"N) HSQC spectrum overlays almost exactly with that of the NKKH domain,
suggesting that the NK and KH domains have the same conformation within the NKKH
domain, and that the CK domain undergoes degradation in the STAR construct (Figure

3.25B). The presence of intense peaks in the centre of the spectrum, suggests a flexible
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linker either between the NK and KH domains or in the CK domain, as observed
previously for QKI (Maguire et al. 2005). Despite this, chemical shift perturbation
experiments with RNA were possible, and the stability of the sample allowed us to

measure several triple-resonance.
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Figure 3.25: Comparison of (*H-">N) HSQC spectra of Sam68 STAR, NKKH and KH

domains
Overlay of (*H-**N) HSQC spectra of the STAR (black) and KH (red) domains show that most

KH peaks experience a different chemical shift as part of the STAR domain (A). (*H-"N)
HSQC of the STAR domain (black) and NKKH domain (red) overlay almost exactly, with a few
additional peak of the CK visible in the centre of the spectrum (B).

Given that the spectra of the STAR (black) and NKKH (red) domains overlay almost
exactly (Figure 3.25B), with only a few additional peaks of the CK domain visible in
the centre of the STAR domain spectrum, the NKKH assignments could be used to

assign several peaks of the STAR domain (Figure 3.26A). It was possible to assign 77%
of the full STAR domain (Figure 3.26B) and therefore this construct was suitable for
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chemical shift perturbation experiments. As the KHCK domain was not stable enough
for such experiments, the STAR domain construct is essential for investigation of the

contribution of the CK domain in RNA binding by NMR.
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Figure 3.26: Assignment of Sam68 STAR domain

The backbone assignment of the NKKH domain could be transferred to the STAR domain (A),
several additional peaks of the CK domain were assigned from triple resonance experiments of
Sam68 STAR resulting in 77% amino acids of the STAR domain being assigned (B).

3.3.9. Titrations with the STAR domain

A subset of the RNAs tested with the KH domain were then used in chemical shift
perturbation experiments with the STAR domain to determine whether dimerisation via
the NK domain and presence of the CK domain affect RNA binding. The first RNA
tested with the STAR domain was AUUAAA (Figure 3.27A). The full STAR domain
binds this RNA and the exchange regime is fast to intermediate, as was observed for the
KH domain. One other 6mer RNA was tested, UAAAUA, which also appeared to be in
fast/intermediate exchange (Figure 3.27B), with again, the same crosspeaks undergoing
chemical shift perturbations as in other constructs. These data suggest that the KH
domain within the full STAR domain construct also interacts with RNA in the same

way as the isolated KH domain and with similar affinity.
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Figure 3.27: Effect of RNA sequence and RNA length on Sam68 STAR-RNA complex

formation
Chemical shift perturbation experiments of the STAR domain of Sam68 with AUUAAA (A),

UAAAUA (B) and UAAAUAAA (C). The overlaid spectra show free Sam68 KH (Black), 0.5:1
RNA:protein (blue) and 1:1 RNA:protein (red).

Longer RNAs were then tested, to investigate the possible involvement of the CK
domain in RNA binding and interaction with bipartite RNA sequences. The 8mer

UAAAUAAA repeating sequence showed few changes upon addition of RNA, with
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several peaks disappearing and others unaffected in the two zoomed regions of the
spectra (Figure 3.27C). Several additional peaks disappeared upon addition of
UAAACUAAA to the STAR domain, suggesting that it binds with higher affinity than
the sequence without the central cytosine nucleotide (Figure 3.28A); however neither of

these sequences bind with significantly stronger affinity than the shorter RNA.
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Figure 3.28: Effect of RNA sequence and RNA length on Sam68 STAR-RNA complex
formation

Chemical shift perturbation experiments of the STAR domain of Sam68 with UAAACUAAA
(A) The overlaid spectra show free Sam68 KH (Black), 0.5:1 RNA:protein (blue) and 1:1
RNA:protein (red). Combined chemical shift difference was plotted against residue number for
the STAR domain with UAAACUAAA and each subdomain highlighted, peaks that disappear
are shown in red (B).

With 77% backbone assignment of the STAR domain, a plot combined of chemical shift
difference against residue number could be generated to identify which residues are
involved in RNA binding and whether the CK domain is involved in binding (Figure
3.28B). Similar to the NKKH domain, no peaks corresponding to the NK domain are
significantly affected by the addition of these RNAs, and there are many residues in the

KH domain that disappear or have a combined chemical shift difference of more than

78



0.15ppm. Interestingly, no peaks in the CK domain are shifting significantly or
disappearing, suggesting that the CK domain is not involved in binding to these RNA
(Figure 3.29).

CK Peaks

5 e

NK Peaks e
Figure 3.29: Analysis of Sam68 STAR-RNA complex formation
Analysis of titration of UAAACCCCCUAAA into the STAR domain with backbone
assignments showed that the peaks corresponding to residues of the NK (lower panel) and CK
(upper panel) domains are not affected by the addition of RNA. The overlaid spectra show free
Sam68 KH (Black), 0.5:1 RNA:protein (blue) and 1:1 RNA:protein (red).

3.4. Discussion

The aim of this chapter was to determine the structure of Sam68 in complex with RNA
using NMR, in order to understand how Sam68 interacts with RNA and the specificity
of this recognition.

It was possible to produce samples of the KH, NKKH and STAR domains of sufficient
quality for chemical shift perturbation experiments with various RNAs, and to assign
82% and 77% of the NKKH and STAR domains respectively. The optimisation process
was particularly challenging for the KH domain of Sam68, which was surprising given
the stability of the same construct of T-STAR, which is 77% identical to Sam68 KH
domain. We postulated that the tendency for Sam68 to aggregate was due to the
presence of a cysteine residue that is lacking in T-STAR. Mutation of C238 to alanine
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did improve spectral quality but the sample was still not stable enough to record good
quality triple resonance data required for structural determination. Recently, the KHCK
domain of Gld-1 was solved by NMR in complex with a segment of the tra-2 gene pre-
MRNA. Mutations in the CK domain of this construct highlighted the need for
interactions between the KH and CK domain for the correct protein function (Daubner
et al. 2014). Given that Sam68 STAR is 55.4% homologous to the STAR domain of
Gld-1 it is possible that the KH domain of Sam68 requires the presence of the CK
domain to adopt a stable 3D conformation. The KHCK construct of Sam68 however
was less stable than the KH alone and it was not possible to investigate RNA binding of
this construct by NMR. This suggests that the KH domain of Sam68 may have an
alternative conformation to other STAR proteins.

Inclusion of the NK domain to produce the NKKH construct had a significantly positive
affect on protein expression and stability. The NK dimerisation domain has been
structurally characterised amongst the STAR family and forms a helix-turn-helix motif
in each of Sam68 (Meyer et al. 2010), Gld-1 and QKI (Teplova et al. 2013).
Comparison of the NK spectra form the Sattler group and our own of the NKKH and
STAR domains showed that the same residues are present at the same position in the
spectrum, suggesting that the NK domain within the longer constructs has the same
conformation as the NK alone. The improvement in stability of the samples, and quality
of the (*H-""N) HSQC strongly suggest that the NK domain and dimerisation is required
for stabilisation and correct folding of the KH domain of Sam68. The fact that the KH
domain spectrum does not overlay well with the NKKH and STAR domains (Figures
3.17B and 3.25A) also supports that this domain is more stable and may have an
alternative conformation within the dimer. This is significantly different to SF1 which is
unique amongst the STAR family and lacks an NK domain altogether (Liu et al. 2001),
although it has been shown to stabilise the overall fold of the STAR domain for Gld-1
and QKI (Teplova et al. 2013).

Chemical shift titration experiments were used to investigate binding of the KH, NKKH
and STAR domain samples to RNA based on SELEX data for Sam68. Almost all RNA
induced shifts in the fast to intermediate exchange for all three constructs. This indicates
that the KH domain interacts with RNA with the same affinity as a single domain alone,
or as part of the NKKH and STAR dimers. This is different to other STAR proteins,
such as Gld-1 and QKI, whose KHCK domains have an increased affinity for RNA with
the addition of the NK domain and dimerisation (Chen et al. 1997, Teplova et al. 2013).
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Furthermore, Sam68 has similar affinity for a range of 6mer A-U rich RNA. Based on
the exchange regime the Kd is likely to be in the low micromolar range. This is similar
to the affinity of other KH domains for single stranded nucleic acids, such as hnRNPK
KH3, which binds ssDNA with a Kd of 1uM (Braddock et al. 2002) and SF1 for ssDNA
with a Kd of 3uM (Liu et al. 2001). To understand the specificity of Sam68 RNA
binding it is necessary to estimate the binding affinity with better accuracy to
distinguish the preference of Sam68 to similar AU-rich RNA and to distinguish an
optimal binding partner for structure determination. This will be addressed in the
following chapter.

Several other RNA sequences were tested for Sam68 binding by chemical shift
perturbation experiments, including UUUUUU. Sam68 has been previously shown to
bind this RNA via its RG-box motifs (Rho et al. 2007), and showed no binding to the
KH domain of Sam68. This suggests that two distinct regions on Sam68 could be
responsible for recognising and binding specific RNA sequences. The majority of KH
domain containing proteins have multiple KH domains that all contribute to RNA
binding specificity and affinity. Therefore although each individual KH domain may
bind RNA with binding affinity in the low micromolar range, two KH domains can
coordinate to increase affinity. STAR proteins are unique in that they have only one
maxi KH domain and it has been suggested that they are able to increase binding
affinity through dimerisation of the NK domain and coordination of two KH domains
within this dimer. However, we have not observed a binding affinity as tight as that of
multiple KH domains of other RBPs. Therefore, it may be that in addition to the two
KH domains, the RG boxes at the N- and C- terminus also contribute to RNA binding
and affinity. Analysis of longer constructs of Sam68 to include these regions, with
longer RNA target sequences would reveal the presence of coordinated binding between
these two RBDs.

The NKKH and STAR domains were tested with UAAAUAAA, UAAACUAAA and
UAAACCCCCUAAA and in all cases the crosspeaks undergoing a chemical shift were
in intermediate exchange, suggesting that these constructs have the same affinity for
longer RNA sequences up to 13mer. This suggests that the CK domain within the STAR
construct may not contribute to RNA binding and increase binding affinity of the KH
domain. This is supported by analysis of the backbone assignment of the NKKH and
STAR domains. In all cases, the same subset of crosspeaks were affected by the
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addition of RNA and those corresponding to residues of the NK and CK domains did
not undergo a chemical shift perturbation upon RNA binding.

This data has provided an insight into the contribution of each subdomain within the
STAR domain to RNA binding, and that the affinity of the KH is similar amongst
different length AU-rich RNA between 4 and 13mer. However, the fast to intermediate
exchange regime of this complex is not ideal for further NMR studies and structure
determination of the complex.

It is possible to determine the structure of a complex in intermediate exchange (Ramos
et al. 2000), particularly if cross peaks reappear upon addition of excess RNA, which
did not occur for any of the constructs and RNA tested so far. It is also possible to alter
the exchange regime by adjusting the buffer composition, temperature and RNA target.
However, due to time constraints, it was decided to attempt alternative structural and

biophysical strategies to investigate the recognition of RNA by Sam68.
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Chapter 4. Structural Investigation of Sam68-ssRNA complexes

4.1. Introduction

The aim of this chapter is to investigate the structure of Sam68 in complex with RNA in
order to understand the mechanism and specificity of this interaction. Having produced
a stable sample of the NKKH and STAR domains of Sam68 for RNA interaction studies
by NMR, described in the previous chapter, we then had a well-characterised complex
with which to begin further experiments.

This chapter will give an introduction to each structural and biophysical technique as
they are discussed. These will outline the results obtained from crystallisation
experiments, small angle x-ray scattering (SAXS) and homology modelling to
determine an accurate structural model of Sam68 STAR structure free and in complex
with RNA. These data, along with chemical shift perturbation data from the previous
chapter will be used to determine the mechanism of RNA recognition by Sam68 using
mutational analysis and fluorescence polarisation. This technique will also be used to
investigate the specificity of RNA binding by Sam68.

4.2. Crystallisation experiments of Sam68

To produce good quality protein crystals, the protein molecules must aggregate in a
well-ordered fashion and be able to diffract X-rays. This is dependent on many factors,
such as the ionic strength, solvent concentration of the buffer or the pH of the sample.
The solubility of the protein is dependent on its interaction with compounds within the
solution and crystallisation occurs upon supersaturation of this solution. Therefore, in
order to find the optimal conditions for a particular protein to form a crystal, many
variations of precipitants, additives and temperatures must be tested, through the use of
commercially available 96-well screens, such as PACT, JCSG+, Stura and Macrosol,
PROPLEX, Morpheus (Molecular Dimensions). Each screen provides 96 conditions
covering a range of pH, polyethylene glycol (PEGS), salt concentrations and additives,
etc. There are several techniques for setting up crystallisation trials, such as the sitting
drop vapour diffusion. Initially, the protein and precipitant concentrations are too low
for crystallisation of the protein and the system is under saturated. As the drop and the
reservoir equilibrate, the protein and precipitant concentrations increase slowly as water
vaporizes from the protein droplet to the reservoir, and if the conditions are suitable,

then crystal formation will occur. Often crystals of optimum quality are not produced
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directly from such screens; however, they provide information regarding the type and
concentration of precipitant which the protein favours. Based on these “hit” conditions,
additional optimised screens can be designed around the original conditions to improve
crystal growth, size and quality.

In all cases, the proteins or protein-RNA complexes at different molar ratios were
dispensed into a droplet of 100nl of buffer and precipitant from a particular screen
which was placed in a closed microwell next to a reservoir containing the same buffer
and precipitants at higher concentrations. The crystallisation experiments undertaken for
Sam68 KH, NKKH and STAR domains are summarised in Table 4.1.

4.2.1. Results

4.2.1.1. KH domain of Sam68

Crystallisation trials of the KH domain of Sam68 were undertaken during the early
stages of optimisation of a suitable NMR sample. Since this construct was not soluble in
20mM NayHPO,4, 100mM NacCl, B-mercaptoethanol, pH7, it was not surprising that it
did not readily crystallise in these conditions. One hit was obtained in the conditions
shown in Table 4.1, but these did not diffract and were not reproducible.

Once the KH domain was successfully purified in a Tris based buffer, crystallisation
trials were resumed using the following screens; Morpheus, Stura and Macrosol, PACT,
Proplex and JCSG+ (Molecular Dimensions). The Cartesian robot was used to set up
crystallisation experiments of the KH domain at 6mg/ml with and without AUUAAA,
which had been identified as binding the KH domain with strong affinity (Figure
3.11B). No hits were obtained and therefore an alternative strategy was used to dispense
the RNA separately from the protein, using an Oryx robot, rather than pre-mixing the
two components together prior to distribution on the plate. The sample could only be
concentrated to 3mg/ml and RNA was used at a 1:1 and 1:2 molar ratio of protein:RNA.
A mixture of fine and granular precipitate was observed with no hits from any screen. In
addition to the commercial screens, several plates were set up using conditions
optimised for T-STAR KH crystallisation, and again no hits were obtained. The C238A
mutant of the KH domain which was more stable than the WT as observed by NMR was
then used in crystallisation trials with and without RNA using the Cartesian robot for
distribution. This mutant could only be concentrated to 3mg/ml and the commercial
screens Morpheus, MIDAS, Stura and Macrosol and PACT at either 4°C or 20°C did
not yield any hits.
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4.2.1.2. NKKH and STAR domains

The STAR and NKKH domain samples produced for NMR studies were significantly
more stable at higher concentrations than the KH domain constructs, and crystallisation
experiments of these domains proved more successful. The strategy for crystallisation is
outlined in Table 4.1, and describes the initial screens used to try and crystallise the
NKKH and STAR domains free and in complex with various AU-rich RNA targets
identified as Sam68 targets using SELEX and NMR data. These crystallisation trials
were set up at a variety of protein concentrations, protein:RNA ratios, temperatures,
screens and microseeds.

Microseeding proved to be a successful strategy for crystallisation of the STAR and
NKKH domains. This technique involves adding a solution of crushed crystals to the
drop, usually in a ratio of 3:1:2, protein:seed stock:reservoir solution, dispensed in this
case using the Oryx robot. The presence of crystal seeds in a protein solution allows
separation of crystal growth and nucleation, which is the initial stage of crystal
formation and is usually achieved through the use of precipitants. Nucleation requires
slow supersaturation of the protein sample in order to form nuclei from which crystals
can grow, and this is more easily achieved when an existing protein surface, such as a
crystal seed, is available since less energy is required than to form nuclei independently
(Bergfors 2003). It has also been shown that cross-microseeding, using a crystal seed
stock from a homologous protein, can be used to promote or improve crystal growth.
Since the homologous protein, T-STAR can readily be crystallised, T-STAR STAR
domain crystals were used to produce a microseed stock for use with the STAR and
NKKH domains of Sam68. Both PACT and Morpheus screens were set up with
15mg/ml of Sam68 STAR or NKKH domains, both free or with AUUAAA and
UAAACCCCCUAAA at a 1:1 molar ratio. The Mosquito robot was used to dispense
the protein, T-STAR seed stock, RNA and reservoir solution. Plates were then
incubated at 4°C or room temperature. No hits were obtained for the free protein or with
UAAACCCCCUAAA at 4°C or room temperature for both the STAR and NKKH
domains. However with AUUAAA several hits for each construct were obtained with
the PACT and Morpheus screens at 4°C, forming needle shaped crystals growing from a
single point (Table 4.1). Optimisation of crystallisation was carried out based on the hits
obtained from the PACT screen because this screen generated more hits and bigger
crystals than the Morpheus screen.
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The best condition form the PACT screen was 0.2M NacCl, 0.1M HEPES (pH 7) and
20% PEG6000. Therefore an optimised plate (PACT Optimised 1) was designed to
screen NaCl concentration from 0 to 0.4M, PEG 6000 from 16-26% and pH from 6.8 to
7.4 (Figure 7.3).

This optimised screen was dispensed with 22mg/ml Sam68 STAR and 21mg/ml NKKH
in complex with AUUAAA at 1:1 molar ratio with microseed stock from the previous
crystals of Sam68 STAR and NKKH crystals, respectively. The plates were kept at 4°C
or room temperature and produced slightly bigger needle-shaped crystals growing out
from a single point at 4°C. Only granular precipitant was observed at room temperature.
The optimum conditions could be narrowed to 0.2/0.3M NaCl, 22-26% PEG6000 with
constant 0.1M HEPES pH7. Therefore these conditions were optimised further by
screening NaCl concentration from 0.2M to 0.5M, PEG6000 from 22 to 26% and a
wider range of pH from 5 to 8 (PACT Optimised 2, Figure 7.4). Once again, the STAR
and NKKH domains were dispensed at 25mg/ml and 23mg/ml, respectively, with a
microseed stock from the first optimised screen and AUUAAA and UAAACUAAA at
1:1 molar ratio and incubated at 4°C only. There were no hits with the long RNA for
both constructs; however with AUUAAA, larger needles or plate crystals were obtained
from a single point. These STAR and NKKH crystals were cryofrozen in mother liquor
containing 20% MPD and analysed at Diamond Light Source, beamline 124.

The plate crystals diffracted to 3A and were of protein (Figure 4.1). They were however
anisotropic, giving a smeary diffraction pattern in one direction and no diffraction at all
in another (Figure 4.1). One data set was collected, and analysed. The space group was
P2 and the solvent content was calculated to be 60% (using MATTPROB). Unit cell
dimensions could be determined; a — 110.8, b —49.4, ¢ - 135.6,a - 90,3 — 111 and y —
90. However, due to the anisotropic nature of the crystal, the data set could not be

processed further.
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Construct Sample Crystallisation Hit conditions Outcome
conditions Trials
KH 6mg/ml Non-divalent 0.8M KH,PO, No diffraction
In phosphate cation screen 0.8M NaCl
No RNA 100mM HEPES (NaOH)
pH7
20°C
1
3mg/ml Morpheus n/a n/a
AUUAAA Stura and
Macrosol
PACT
Proplex
JCSG+
KH C238A 3mg/ml Morpheus n/a n/a
Free MIDAS
AUUAAA 1:1 Stura and
and 2:1 Macrosol
(RNA:protein) PACT
STAR 12mg/ml Morpheus 3 hits: Optimised
Free (Ligand stock — conditions
AUUAAA 1:1 Halogens/ethylene (Figure 7.2)
glycol/amino acid) No further hits
0.1M Imidazole MES No diffraction
pH6.5
30% PEG MME550,
PEG20K
4°C
Free STAR domain
Macrosol n/a
JCSG+
PACT
(4°C and room
temperature)
10mg/ml Morpheus n/a n/a
Sam68 STAR Morpheus
microseeds optimised
from (4°C and room
Morpheus hits temperature)
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Construct Sample conditions Crystallisation Hit conditions Outcome
Trials
STAR and 15mg/ml STAR and PACT PACT common hit condition | Used as seed
NKKH NKKH domains Morpheus with AUUAAA: stock for
Free (4°C or room 0.1M HEPES (pH 7) further trials
AUUAAA temperature) 0.2M NacCl,
UAAACCCCCUAAA 20% PEG6000
(1:2) 4°C
T-STAR microseeds %
22mg/ml STAR PACT Several hits at 4°C, common | Used as seed
21mg/ml NKKH optimised 1 condition: stock for
AUUAAA (1:1) 0.1M HEPES further trials
Sam68 NKKH/STAR 0.2/0.3M NaCl
microseeds 22-26% PEG6000
(similar needles as above)
25mg/ml STAR PACT Several hits for both domains | Diffracted to
23mg/ml NKKH optimised 2 at 4°C with AUUAAA 3A and
AUUAAA Larger needles and plates of indicated
UAAACUAAA the STAR domain protein.
(1:1) Common condition (plates): One data set
Sam68/NKKH 0.1M HEPES (pH6) collected but
microseeds from 0.2M NacCl anisotropic
PACT Optimised 1 24% PEG6000 and unable to
4°C fully process.
Used as seed
stock for
4 % further trials.
23.5mg/ml STAR PACT n/a n/a
domain optimised 2
With (1:1) (4°C)
AUAAU, AAUAUU,
AUUAAU,
UAAAUAAA,
UAAAUAAUU,
UAAAUUAAU,
UUUAAAUAA and
UAAACCCCCUAAA
5, 10, 15, 20mg/ml PACT n/a n/a
STAR domain with optimised 3
AUUAAA (1:1) (4°C)
STAR plate crystal
microseeds
25mg/ml STAR PACT n/a n/a
AUUAAA (1:1) optimised 4
(4°C)
7mg/ml 14mg/ml PACT n/a n/a
NKKH (DTT) PACT
optimised 1, 2,
3and 4
JCSG+
Proplex
(4°C)

Table 4.1: Sam68 crystallisation trials. Crystallisation experiments of Sam68 KH, NKKH and
STAR domains with various RNA using various screens and microseed stocks.
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Figure 4.1: Diffraction of Sam68 STAR protein crystals
Sam68 STAR crystals diffracted in one direction to 3A (A) but were anisotropic and no
diffraction was detected in other directions (B).

4.2.1.3. Improvement of crystals
In order to improve crystal packing and obtain crystals that diffract isotropically, a
range of different length RNAs were screened using the same optimised screen and the
Sam68 needle crystals as a microseed stock. The STAR domain was dispensed at
23.5mg/ml with AUAAU, AAUAUU, AUUAAU, UAAAUAAA, UAAAUAAUU,
UAAAUUAAU, UUUAAAUAA and UAAACCCCCUAAA and the plates incubated at
4°C.
No hits were obtained in these conditions and therefore the PEG molecular weight was
varied in order to improve the crystal quality. PEG 3350, PEG4000, PEG6000 and
PEG8000 were screened at 22, 24 and 26%, with NaCl from 0.1M to 0.5M and a
constant buffer of 0.1M HEPES at pH6 (PACT Optimised 3, Figure 7.5). The STAR
domain bound to AUUAAA crystallisation trials were performed with the protein:RNA
microseed stock from the previous crystals, at four different concentrations to determine
the effect of protein concentration on crystal growth as well. Once again no hits were
obtained for the STAR domain at 5, 10, 15 or 20mg/ml.
In addition, glycerol was added to the second optimised screen from PACT, from 2.5%
to 10% in order to improve crystal formation (PACT Optimised 4, Figure 7.6). Glycerol
is a common additive that can be used to improve protein crystals by stabilising protein
structure and crystal packing (Vagenende, Yap & Trout 2009). Sam68 STAR domain
was dispensed across this screen at 25mg/ml with AUUAAA at a 1:1 molar ratio;
however no hits were obtained in these conditions.
Finally, to investigate the potential for f-mercaptoethanol to disrupt crystal formation,
dithiotreitol (DTT) was used as an alternative reducing agent throughout the purification
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process of the NKKH domain. Crystallisation trials were set up with PACT, PACT
optimised 1, 2, 3, PACT optimised 2 with glycerol, JCSG+ and Proplex, with the
NKKH domain at 7mg/ml and 14mg/ml. No seed stock was used to determine the effect
of reducing agent on crystallisation without this element, however, at 4°C, no hits were

obtained.

4.3. Homology Modelling of Sam68 Based on Gld-1 STAR Structure

Having been unsuccessful in solving the structure of Sam68 STAR or NKKH domains
by NMR or X-ray crystallography, when the crystal structures of Gld-1 and QKI
became available in 2013, modelling techniques were then used to obtain a structural

model of Sam68 based on these existing structures.

Figure 4.2: Homology modelling of Sam68 STAR based on Gld-1 STAR

The structure of the STAR domain of Gld-1 in complex with RNA, with NK (purple), NK-KH
linker (cyan), KH (red) and CK (blue) (Teplova et al. 2013) (A), was used to generate five
structural models of the STAR domain of Sam68 using the software modeller (Eswar et al.
2007)(B).

Sam68 STAR is 55.4% homologous (35.6% identical) to Gld-1 STAR domain. A

structural model of Sam68 was therefore generated based on the structure of Gld-1
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using the software Modeller (Eswar et al. 2007), which utilises sequence alignments of
the protein of interest with that of one or more proteins of known structure. This method
is highly reliable for proteins having more than 50% sequence identity (Eswar et al.
2007), and therefore the structure of Gld-1 STAR domain is a suitable template for
estimating the structure of the STAR domain of Sam68 (Figure 4.2A). The alignment
file that was generated for the STAR domains of Gld-1 and Sam68 using ClustalW and
the input for Modeller can be found in Figure 7.8. Five models of the STAR domain of
Sam68 were generated based on the crystal structure of Gld-1 using modeller by Dr
Cyril Dominguez (Eswar et al. 2007) (Figure 4.2B). These models have the same
arrangement of the three subdomains as Gld-1 and procheck was used to make further
verifications in order to select the best model of the five models. The Ramachandran
plot for the 5 models demonstrated 94.6% of residues in most favoured regions, 3.9% in
additional allowed regions, 0.7% in generously allowed regions and 0.8% in disallowed
regions. Furthermore, the wwPDB validation report for a selected model of the STAR
domain gave no issues in terms of atomic clashes, peptide linkage, covalent geometry,
chirality error or Phi/Psi torsion angles.

4.4. SAXS experiments for Sam68

To further investigate the structure of Sam68 STAR domain and validate the models
generated based on the Gld-1 crystal structures, small angle X-ray scattering (SAXS)
was used. This technique has undergone great progress in the development of
instrumentation and data processing over the last decade and is now a major contender
in structural investigation within the fields of physics, materials science and biology,
particularly for the study of large proteins and macromolecular assemblies (as reviewed
in (Blanchet, Svergun 2013).

During a SAXS experiment, as with X-ray crystallography, a protein sample is targeted
with a monochromatic focused X-ray beam. In a SAXS sample, molecules are moving
freely in solution and are therefore randomly orientated, unlike the regular positioning
of molecules in a lattice for X-ray crystallography. This means that rather than yielding
a group of diffraction peaks of specific intensities, from which a 3D electron density
map can be calculated, no peaks are observed and no information regarding orientation
is available. Instead, the scattered photons are radially averaged and those recorded
from a buffer blank subtracted to obtain a scattering curve or pattern, which represents
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the scattered intensity as a function of scattering angle (as reviewed in (Blanchet,
Svergun 2013)(Jacques, Trewhella 2010)).

This scattering curve is then subjected to Guinier analysis (Guinier 1939), to determine
the radius of gyration and forward scattering. SAXS data can be analysed in this way
using the ATSAS program suite (Petoukhov et al. 2012) and gives an indication of the
sample quality as well as the protein size, compactness, interactions, and oligomeric
state. Linearity in the Guinier plot indicates good sample quality; however it is
necessary to compare Guinier analysis from several samples at different concentrations
to determine any concentration dependent behaviour as intermolecular interactions or
aggregation can prevent accurate determination of the radius of gyration and further
data analysis. In addition, an estimation of the molecular weight can be determined at
this stage of analysis. A distance distribution curve is then generated using Fourier
transformation of the scattering curve. This provides information on distances within the
molecule, allowing more accurate calculation of the radius of gyration and indication of
any aggregation within the sample and the suitability of the data for further
manipulation. It is this distance distribution curve that can be used for construction of
an envelope representing the space occupied by the protein molecules in solution using
various programs within the ATSAS suite. Generally several different envelopes are
calculated and averaged for each sample concentration.

A stable, soluble, homogeneous and contaminant free sample is required. The X-ray
source available dictates the concentration of protein required and data collection times

can vary from several seconds to several hours.

4.4.1. Results

Sam68 KH (C238A), NKKH and STAR domain constructs were expressed and purified
at the University of Leicester, then transported at -20°C to TUM (Munich, Germany).
SAXS measurements and data processing were performed by Dr Ralf Stehle in
collaboration with the laboratory of Professor Michael Sattler. Samples were tested by
Circular Dichroism before and after freezing to determine whether freezing would affect
the structure of the proteins. Figure 4.3 shows that each construct can be stored at -20°C
and thawed with no overall effect on the protein quality. Sample quality of the NKKH
domain was also assessed by size exclusion chromatography-multi-angle light scattering
(SEC-MALS). As the name suggests, SEC-MALS first involves separation of the

protein sample according to size using a Superdex 75 column. The flowthrough from
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the column is then subjected to multi angle light scattering, during which laser beams
are directed at the sample flow from different angles. Detectors measure the light
scattering intensity as a function of the scattering angle, which is used to calculate the
molecular weight of the protein in solution (Sahin, Roberts 2012). The molecular weight
of the NKKH domain was calculated to be 38.57kDa (Figure 4.4), consistent with a
dimer of theoretical molecular weight 37.5kDa. In addition, a portion of the sample
appears to be tetrameric. These data suggest that at least two KH-RNA interaction
surfaces are present within the dimer and that determination of the structure using
SAXS and homology modelling will be useful in understanding the contribution of both

to RNA recognition.

Circular Dichroism of SAXS samples
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Figure 4.3: Preparation of samples for SAXS

CD was used to determine the effect of freezing Sam68 KH domain (light and dark blue),
NKKH domain (light and dark purple) and STAR domain (light and dark red). The storage
temperature of each sample is indicated in parentheses and all CD experiments were conducted
at room temperature.

n
=

Molar Ellipticity per re

Each sample was transported at 3-5mg/ml and later concentrated to different
concentrations for measurement so that any concentration dependent effects on the
scattering (so called structure factor) could be determined. For each construct, a buffer
measurement was recorded before and after the protein samples and these were merged

and subtracted from the protein sample measurements.
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Molar mass vs time for Sam68 NKKH
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Figure 4.4: SEC-MALS analysis of Sam68 NKKH

Sam68 NKKH was analysed by SEC-MALS at 5mg/ml. The light scattering is plotted against
time (pink), showing two eluted peaks representing the tetramer and dimer populations,
respectively. Molar mass is plotted against time of elution (black) to calculate the molecular
weight of each population, 78kDa and 39kDa, respectively.

4.4.2. Sam68 KH C238A

The tendency of the WT KH domain to aggregate and precipitate (section 3.3.1), makes
it unsuitable for SAXS measurements. However, the C238A mutant is more stable and
remains in solution at high concentrations for several days (section 3.3.3). This
construct was therefore used at 5, 10 and 13mg/ml. Measurements were recorded for 6
hours and throughout this time the sample remained clear and showed no optically
visible precipitation. The SAXS curves also did not change, having the same shape
independent of protein concentration. However, the Guinier plot shows a constant
curvature which is typical for aggregated particles and therefore it was not possible to

calculate an Rg and no further data treatment was possible.

4.4.3. Sam68 STAR domain
The STAR domain of Sam68 was tested at 5, 10 and 15mg/ml and showed a
concentration independent scattering behaviour. The molecular weight was calculated to
be 48kDa, compared to the theoretical 42kDa of the dimer, suggesting that there was
some aggregation. This was also seen in the slight increase in Dmax with the highest
concentration, although there was no indication of aggregation at the lower
concentrations from the Guinier plot (Figure 4.5). The data were of sufficient quality to
further process using the ATSAS suite, generating a compact, globular envelope with
some extensions in the 5 and 10mg/ml samples that are likely due to alternative
conformations and flexibility of the construct rather than agglomeration (Figure 4.5).
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Figure 4.5: SAXS of Sam68 STAR
The scattering curves and distance distributions were analysed for three sample of the STAR
domain at concentrations of 5mg/ml, 10mg/ml and 15mg/ml. These gave an average molecular
weight of 48kDa, confirming that the STAR domain is a dimer (A). The data were processed
using the ATSAS suite to generate envelopes at each concentration, shown separately (left) and
aligned (right) (B).

4.4.4. Sam68 NKKH domain

The NKKH sample is the most stable construct of Sam68, which is reflected in the CD
data recorded before and after freezing (Figure 4.6) and our NMR analysis (section
3.3.5). Accordingly, the scattering curves did not show any concentration dependence
and despite a hint of aggregation at the highest concentration, the molecular weight was
calculated to be approximately 39kDa which corresponds to the theoretical molecular
weight of this dimer (Figure 4.6). The envelopes calculated are similar to that of the

STAR domain.
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Figure 4.6: SAXS of Sam68 NKKH

The scattering curves and distance distributions were analysed for three sample of the STAR
domain at concentrations of 10mg/ml, 15mg/ml and 20mg/ml. These gave an average molecular
weight of 38.8kDa, confirming that the NKKH domain is a dimer (A). The data were processed
using the ATSAS suite to generate envelopes at each concentration, shown separately (left) and
aligned (right) (B).

4.4.5. Fitting the Sam68 STAR model into SAXS data

We compared the model of Sam68 STAR based on the Gld-1 STAR structure with the
SAXS envelopes of the STAR domain of Sam68. As illustrated in (Figure 4.7), the
structural model does not agree with the SAXS envelope. Importantly, the SAXS
envelope suggests a compact conformation of the dimer, which is different to the model.
This is supported by the high ? value of 5.4, between the back calculated curve of the
structural model with the real scattering curve of the STAR domain, calculated using

CRYSOL. This suggests that Sam68 STAR has a different conformation than Gld-1.
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Figure 4.7: Fitting Sam68 STAR structural model within the STAR SAXS envelope

The structural model of Sam68 STAR based on the Gld-1 structure, with NK (purple), KH (red)
and CK (blue) was fitted manually into the three SAXS envelopes calculated for this domain
and is shown in various orientations (A, B and C).

The structure of Gld-1 STAR dimer reveals that contacts between the NK and the CK
domains are necessary for the stability of the structure. Indeed, there are no direct
contacts between the KH and the NK domains. The CK domain is sandwiched between
them and has direct contact with both domains, stabilising the overall fold of the dimer.
If that were true for the STAR domain of Sam68, then differences should be visible in
the (*H-*N) HSQC spectra of the NKKH and STAR domains. In particular, one would

expect to see a chemical shift perturbation of peaks within the NK domain that are
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interacting with the CK domain. However, the spectra of Sam68 STAR and NKKH
overlay perfectly, with only a few additional peaks in the central region of the STAR
spectrum that likely correspond to peaks of the CK domain (Figure 3.25). This suggests
that the presence of the CK domain does not affect the chemical environment of the NK
and KH peaks and that the contacts observed in the Gld-1 structure are not present in the
STAR domain of Sam68.
A further characteristic of the STAR domain of Gld-1 is the presence of contacts
between helix 3 of the KH domain and the linker connecting the NK and KH domains
(Figure 4.8A). Sequence alignment of this linker region shows that this region is not
conserved in Sam68 and the residues of the Gld-1 linker that form hydrogen bonds with
the KH domain helix are highlighted in red. These are mostly positive or uncharged
amino acids, compared to the negatively charged substitutions in Sam68 and therefore it
is unlikely that the same contacts can form in the Sam68 STAR structure (Figure 4.8B).
A

DEKKDDEENY LDLESHENMEL
EGE~-DEEKYIDVVINFNMEL
LFQTEFFRVELFEFAG

Figure 4.8: Lack of conservation of NK-KH linker between Sam68 and Gld-1
The residues of the NKKH linker (cyan) that contact the KH helix (red) are highlighted in the
Gld-1 STAR domain structure (A). Sequence alignment of the linker region is shown between
Sam68, T-STAR and Gld-1, showing a lack of residue conservation in this region.
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4.4.6. Improved structural model of Sam68 NKKH based on SAXS data and T-
STAR structure

Following collection of SAXS data, the crystal structures of T-STAR KH free and in
complex with AAAUAA; KHCK in complex with AAUAAU; NKKH in complex with
UAAU and the full STAR domain in complex with AUUAAA were solved within the
laboratory by Dr Mikael Feracci (unpublished).

These structures revealed that the NK and KH domains form a compact dimer, with the
NK domain adopting a helix-turn-helix motif forming the homodimerisation interface
very similar to that of the isolated Sam68 NK structure (Meyer et al. 2010). The KH
domain has a classical type | KH conformation, similar to those of other STAR proteins
(Teplova et al. 2013) (Liu et al. 2001) and was shown to bind a single RNA molecule.
In addition, a unique dimerisation interface was revealed between helix 3 of each KH
domain in the dimer and the C-terminal of a-helix 3 of the KH domain and the C-
terminal half of the NK-KH linker. This interface was found to be almost twice as large
as the NK dimerisation interface of the NK domains and to be stabilised by a series of
hydrophobic interactions in addition to an intermolecular hydrogen bond between Y141
in a-helix 3 and Q58 in B-strand 1. This linker region between the two subdomains was
found to be flexible towards the N-terminus (residues 35-42), due to the lack of electron
density observed, and more structured in the C-terminal half (residues 43-53). This
more structured section of the linker was found to form a network of intermolecular
hydrogen bonds with the KH domain of the other monomer. Interestingly, no electron
density was observed for the CK domain, suggesting that this subdomain does not adopt
a fixed conformation. Furthermore, no global structural changes to the KH domain were
observed with addition of RNA, the NK or the CK domains.

This gives a strikingly different arrangement of the three subdomains compared with the
crystal structures of Gld-1 and QKI. Of particular interest, in addition to the
dimerisation of the KH domains within the STAR homodimer is the lack of contact
between the NK-KH and KH-CK domains that is necessary for the stable fold of Gld-1
and QKI. This suggests that the Sam68 subfamily may have a distinct structure as well
as distinct RNA sequence recognition to other STAR proteins.

The KH domains of Sam68 and T-STAR are 77% identical, and the majority of residues
located within the dimerisation interface of T-STAR are conserved in Sam68, but not in
QKI and Gld-1 (Figure 4.9C). This makes T-STAR a good candidate from which to
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generate a structural model of Sam68, despite the obvious difference in crystallisation

potential of these two proteins.

232 242 252
| f |
Sam68 EVFGPP(EAYALMAHAMEEVKKFLVPDMM
T-STAR EVFAPPHAEAYARMGHRALEE[KKFLIPDYN
Quaking TVEDAQNRAEIKLKRAVEEVKKLLVPAAE
Gld-1 QCEDTENRVHIKLQARLEQVKKLLIPAPE

!

Figure 4.9: Crystal structure of T-STAR NKKH

Crystal structure of the NKKH domain of T-STAR with RNA (orange) shows one monomer in
grey and the other in red (KH) and purple (NK), the electron density of the NK-KH linker was
not visible (A). The KH domains of T-STAR dimerise via helix 3 (red and grey) (B). Multiple
sequence alignment of the KH dimerisation interface between Sam68, T-STAR, QKI and Gld-1,
highlights Y241 as a potential key residue for dimerisation of T-STAR and Sam68 only (C).
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The properties of the NK-KH linker are another conserved feature between T-STAR
and Sam68 that differs from other STAR proteins. This region is predicted to be
inherently disordered in Sam68 (Figure 3.3) and the flexibility of the N-terminal portion
compared to the C-terminal portion of the linker was confirmed using heteronuclear-
NOE experiments. These provide an insight into the motion of the protein backbone NH
bonds. A value greater than 0.7 indicates that the backbone of the residue is in a
structured or rigid region, between 0.5 and 0.7 indicates a more flexible loop region and
less than 0.5 represents a very flexible region of the protein (Kay, Torchia & Bax 1989).

hetNOE - STAR vs NKKH

0.5 -

147 =

W NKKH
H5STAR

-0.5

-1.5

Figure 4.10: Heteronuclear NOE of Sam68 STAR and NKKH

Heteronuclear NOE data of the STAR (black) and NKKH (red) domains of Sam68, with NK
shaded purple, the NK-KH linker in cyan, the KH in orange and the CK in blue. A value below
0.5 indicates that the residue is flexible.

Figure 4.10 shows the Heteronuclear NOE values for the NKKH and STAR domains of
Sam68, demonstrating that the linker region is flexible in the same way as T-STAR.

The homology model of the NKKH domain of Sam68 based on T-STAR fits well
within the SAXS envelope calculated from data acquired from Sam68 NKKH at
15mg/ml (Figure 4.11A), giving a y° of 5.6 using CRYSOL. The extension of the
envelope that is not occupied by the model is likely due to protein aggregation, or
protein dynamics arising from flexibility between the NK and KH domains. Envelopes
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were also calculated based on SAXS data from the NKKH domain with UAAAUAAA,
these envelopes do not have this extension, fitting well with the NKKH structural model
(Figure 4.11B), giving a ¥* of 6.1 using CRYSOL. This more compact envelope is
possibly a result of a decrease in protein flexibility upon RNA binding or improvement
in protein stability as a result of RNA binding or decrease in sample concentration,
reducing the aggregation of the sample.

This is still not optimal and closer inspection of the new Sam68 NKKH model within
the envelope suggested that the KH dimer itself fits well but the orientation of the NK
and KH domains do not. Given the flexibility of the NK-KH linker, the orientation of

the KH domain relative to the NK domain can vary.

Figure 4.11: Structural models of Sam68 NKKH based on T-STAR NKKH

Overlay of five models of Sam68 NKKH based on the T-STAR NKKH crystal structure within
the Sam68 NKKH SAXS envelopes of the free protein at 15mg/ml (A) and with UAAAUAAA
at 10mg/ml (B).

Therefore, a structural model of Sam68 KH dimer and the NMR structure of the NK
domain were independently fitted into the SAXS envelope of the NKKH domain. This
orientation was used to produce another computational model of Sam68 NKKH (Figure
4.12). Fitting this structural model to the SAXS envelope of the free NKKH domain at
15mg/ml gave a y° value of 3.2, calculated using CRYSOL (Figure 4.12A). This shows
that this structural model fits better than the Gld-1 STAR model and the initial Sam68
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NKKH model based on T-STAR NKKH, also fitting well to the SAXS envelope of
Sam68 NKKH with UAAAUAAA (Figure 4.12B), with a y° value of 3.2.

Figure 4.12: Structural models of Sam68 NKKH based on T-STAR KH and Sam68 NK
Overlay of five models of Sam68 NKKH based on physical manipulation of separate NK
(Meyer et al. 2010) and T-STAR KH domains within the NKKH SAXS envelopes of the free
protein at 15mg/ml (A) and with UAAAUAAA at 10mg/ml (B).

The structure of the KH domain of T-STAR with AUAAU was also solved by X-ray
crystallography, making it possible to add this RNA to the NKKH model of Sam68
(Figure 4.13A and B). This structural model demonstrates the binding of one AUAAU
to one KH domain within the dimer; another is able to bind to the other KH domain at
the other end of the dimer. Figure 4.13 C and D shows the structural model of a single
KH domain within the Sam68 NKKH dimer, with AUAAU. This clearly highlights the
hydrophobic groove in which the RNA is binding. Further analysis of this region will be

discussed in section 4.5.

103



Figure 4.13: Structural models of Sam68 with AUAAU

Cartoon (A) and surface (B) structural models of the NKKH domain of Sam68 with AUAAU
based on the T-STAR KH AUAAU complex X-ray structure. The NK-linker is coloured purple,
and the KH domains in red. The hydrophobic RNA binding pocket is clearly visible in the KH
domain (pink) (C) and electrostatic surface map, with blue indicating a positive, red a negative
and white a neutral charge (D).

4.4.7. NMR studies of KH mutants to interrupt dimerisation

The homology model of Sam68 NKKH based on the T-STAR structure and the SAXS
data suggest that each KH domain within the dimer is able to dimerise via helix 3
(Figure 4.14). Sam68 has been shown to self-associate in vivo by immunoprecipitation
experiments; however c-myc tagged Sam68 KH domain alone was unable to pull
untagged Sam68 out from cell lysates (Chen et al. 1997). Therefore it was essential to

verify the presence of this self-association using several alternative techniques. In order
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to validate this dimerisation, a mutation was introduced at the proposed interface of this
interaction at position 241, replacing the tyrosine with a glutamic acid, since this is the
residue at this position in the QKI structure (Figure 4.9). NMR was used in order to
investigate the structural characteristics of this mutant of the STAR, NKKH and KH

domains of Sam68.

Figure 4.14: KH Dimerisation interface of Sam68
The KH domains (red and pink) within the NKKH domain of Sam68 may dimerise via helix 3,
and it is possible that Y241 is essential for this dimerisation.

The Y241E mutants of the STAR, NKKH and KH domains of Sam68 were expressed
and purified in the same manner as the WT proteins. This resulted in a significant
decrease in the expression levels of each construct and in the case of the STAR domain,
loss of the protein following gel filtration (Figure 4.15A). An NMR sample of the
NKKH and KH domains could be produced, however the final sample concentration
was much lower than for both wild-type constructs, but still sufficient to record *H-"N
HSQC experiments. Interestingly, the KH mutant gave a good quality spectrum, with
well-dispersed peaks that overlay well with the WT KH domain (Figure 4.15B),
suggesting that this construct is stable, folded and soluble. This is surprising given the
instability of the WT KH domain and indicates that perhaps the WT is in exchange
between the monomer/dimer/oligomer forms which is consistent with the SAXS data of
the KH domain. The NKKH mutant, on the other hand, produced a poor quality
spectrum, with fewer peaks, concentrated mostly in the centre of the spectrum (Figure
4.16A).
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Figure 4.15: The effect of Y241E on the KH, NKKH and STAR domains of Sam68
SDS-PAGE analysis of affinity chromatography and size exclusion chromatography of Y241E
mutant of the KH, NKKH and STAR domains of Sam68 (A). Overlay of (*H-"N) HSQC

spectra of Sam68 KH WT (black) and Y241E mutant (red) (B).
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Figure 4.16: NMR analysis of Sam68 NKKH Y241E

(*H-"*N) HSQC spectrum of Sam68 NKKH Y241E after gel filtration was of poor quality (A)
compared to the sample without gel filtration (B). Overlay of (*H-""N) HSQC spectra of Sam68
NKKH WT (black) and Y241E mutant (red) shows that the NK peaks are not affected by the

mutation but the KH peaks are.

The NKKH Y241E mutant was re-expressed and after Ni-NTA purification, the protein
was dialysed straight into NMR buffer, without gel filtration and separation of the
affinity tag and TEV protease. Although the homogeneity of this sample was
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compromised due to the truncation of the purification protocol, it allowed production of
a more concentrated sample that was stable enough to record a much better quality (*H-
>N) HSQC in just 1 hour at 20°C (Figure 4.16B). Comparison with the WT NKKH
spectrum highlights several peaks that are affected by the Y241E mutation (Figure
4.16C). The crosspeaks that correspond to the residues of the NK domain are not
significantly affected, and show small chemical shift perturbations as the mutant
spectrum was recorded at 20°C rather than 30°C. Many of the KH domain peaks,
however, disappear or shift enough such that their position in the mutant spectrum
cannot be determined. Figure 4.17A shows the structural model of the NKKH domain
of Sam68, with the residues affected by the Y241E mutation highlighted in yellow. The
NK domain is not affected by this mutation, there are several residues within the
flexible linker but most are located in the KH domain (Figure 4.17B).

Figure 4.17: The effect of Y241E on the chemical shift of residues within Sam68 NKKH

Plotting the residues affected by the Y241E mutation on the Sam68 NKKH structural model
(yellow), determined from Figure 4.17C show that the NK (purple) is unaffected (A). Residues
throughout the KH domain (red) are affected, including those near the dimerisation interface

(B).
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Interestingly, the NKKH Y241E HSQC overlays better with the KH WT than the
NKKH WT (Figure 4.18). These data suggest that the Y241E mutation does not disrupt
dimerisation via the NK domain, but alters the conformation of the KH domain

significantly.
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Figure 4.18: Comparison of NKKH Y241E and KH WT (*H-">N) HSQC spectra

Overlay of (*H-"*N) HSQC spectra of Sam68 KH WT (black) and NKKH Y241E mutant (red)
shows that many peaks of the NKKH Y241E that show a chemical shift perturbation compared
to the NKKH WT spectrum have moved to corresponding positions in the KH WT spectrum.

4.5. Biophysical characterisation of Sam68-ssSRNA interaction by Fluorescence
Polarization

Fluorescence polarisation requires the ligand to be fluorescently labelled, and relatively
small. For these experiments the RNA was labelled with a Fluorescein tag at the 5’ end
of the RNA. This fluorescent molecule absorbs and subsequently emits photons through
excitation and de-excitation, which involves redistribution of electrons in the molecule.
Therefore, excitation can only occur if the electric field of the applied light has a
specific polarization relative to the fluorophore and it follows that the emitted light will
also be of a particular orientation. In our case, the fluorescent tag is attached to a small
RNA, which is tumbling rapidly in solution. As the molecule is changing orientation,
most electrons are excited during exposure to polarized light and subsequently freely
change their orientation before emitting photons. Therefore the overall light emitted is
largely depolarised and this difference in polarization between incident and emitted
light is dependent on the fluorescence lifetime compared to the rotational lifetime of the

fluorophore. It follows that if this rotational lifetime is increased, i.e. if the tumbling
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speed decreases, then the degree of decorrelation in polarization will decrease. This is
observed when the fluorescently labelled RNA binds to the protein of interest, which is
comparatively much larger and therefore forms a complex that tumbles much slower in
solution than the free RNA. The difference between the polarization state of the light
that is emitted from the free RNA and the complex with increasing concentrations of
protein can be used to determine the constant of dissociation between the two partners.

It is routine to maintain the fluorescently labelled ligand at a concentration that is lower
than that of the estimated dissociation constant. In our case, the Kd was anticipated to
be in the low micro-Molar range based on studies of interactions of other KH domain-
containing proteins, such as SF1, and our NMR data (Liu et al. 2001). The experiments
were conducted in 50pl and the RNA concentration was kept constant at 0.2uM and the
protein concentration was varied from 200uM to OpM by 2-fold serial dilution across

the 96-well plate.

4.5.1. Results

Having obtained a good quality model of the NKKH domain of Sam68, we then sought
to characterise a consensus RNA binding motif of this domain and identify the residues
required for interaction.

In order to do so, it was necessary to quantify the strength of the interaction between the
two components. There are many different techniques that can be used to estimate
binding affinity yielding binding parameters such as the dissociation constant (Kd),
stoichiometry, enthalpy and entropy. These include isothermal titration calorimetry
(ITC), fluorescence polarisation (FP), biolayer interferometry (BLI) and surface
plasmon resonance (SPR). Based on the availability of such systems within the
department, BLI, ITC and FP were tested. We found that FP gave consistent and
reliable results. ITC, however, required a very large amount of protein and RNA and
was extremely inconsistent and a Kd could not be estimated due to irreproducibility of a
stable baseline, despite attempting to optimise buffer conditions. BLI was more
successful, and a Kd similar to that estimated using FP was obtained, however there
were also several issues with reproducibility. Therefore, for Sam68-ssRNA complexes,
we concluded that FP was the most reliable technique, can be performed in 96 well
plates allowing testing of many RNAs and protein constructs and requires a relatively

small amount of protein and RNA.
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Given that chemical shift perturbation experiments, described in Chapter 3, showed that
the majority of RNA of differing lengths interacted with similar binding affinity to the
KH domain, several of these sequences were fluorescently labelled for FP, along with
several new A/U-rich RNA. These RNA sequences ranged in length from 4 to 13
nucleotides, and were synthesized with either a 5° or 3’ fluorescein tag, with and
without a 3-cytosine spacer between the label and the target sequence. RNAs with a 3’
fluorescein tag with a CCC linker produced very low fluorescence polarization,
suggesting that the fluorescein tag remains highly flexible upon complex formation or
may be interfering with the interaction between the RNA and protein. Therefore only
5’-tagged RNAs with a CCC linker were used in the following fluorescence polarization
experiments. Based on RNA binding experiments by NMR, the KH domain interacts
with RNA with similar affinity on its own as well as within the NKKH and STAR
domains. Since RNA binding is not affected by the presence of the NK or CK domains,
but the NKKH domain is more stable than other constructs, this domain was used in FP,
with just a few experiments carried out on the C238A and STAR constructs for
confirmation of similar binding affinity. The same expression and purification protocols
were used as for the production of NMR samples as well as the final buffer used in the
assay (10mM Tris-HCI, 100mM NaCl, pH7 and 0.1% B-mercaptoethanol).

Protein concentration was estimated using the Bradford Assay to ensure the most
consistent estimation of protein concentration for calculation of precise dissociation

constants (section 2.4.6).

4.5.2. Specific RNA sequence recognised by Sam68 NKKH

In general, KH domains have been shown to directly bind 4 nucleotide sequences
(Valverde, Edwards & Regan 2008) but the structure of T-STAR in complex with
AUAAA suggested that only 3 nucleotides are specifically recognised by the KH
domain. Therefore to investigate the importance of the nucleotide at each position
within the AUAAA motif, a series of 5mer RNAs based on existing SELEX data were
tested (Figure 4.19).
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Figure 4.19: Fluorescence polarisation of Sam68 NKKH with 5Smer RNA

Fluorescence plotted against NKKH concentration and calculated dissociation constants, Bmax
and r* with 5Smer RNA. Systematic alterations of the nucleic acid at each position were made to
determine a consensus RNA binding sequence.

The AUAAA motif itself bound to the NKKH domain with a Kd of 55uM. Changing
the first nucleotide to a U or a C did not alter the affinity significantly, with Kds of 34

and 49uM, respectively, suggesting that this nucleotide is not important for specificity.
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Sam68 had higher affinity for poly(A), suggesting that the second position can either be
A or U, but prefers A, with a Kd of 12uM. However, a C at this position decreases the
affinity to 100uM, indicating that the nucleotide at this position has an impact on
specificity. Changing the third and fourth nucleotides from A to U or C decreased the
binding affinity significantly, suggesting only an adenosine can be accommodated at
these positions. Finally, changing the fifth position to U did not alter the affinity, with a
Kd of 50uM, and there was some loss of affinity for the sequence ending in C, to
115uM. All together, these data suggest that the 5mer RNA consensus sequence for the
NKKH domain of Sam68 is (A/U/C)-(A/U)-A-A-(A/U).

NKKH domain with 6mer RNA
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Figure 4.20: Fluorescence polarisation of Sam68 NKKH with 6mer RNA
Fluorescence plotted against NKKH concentration and calculated dissociation constants, Bmax
and r® with several 6mer RNA used in NMR chemical shift titration experiments.

Interestingly, increasing the length of sequence to 6 nucleotides and adding A and U
nucleotides either side of the UAA motif, further increased Sam68 binding affinity
(Figure 4.20). For example, AAAUAA and AAUAAU have dissociation constants of
3.776uM and 9.223uM, respectively, indicating higher affinity than any of the 5mer
RNAs despite lacking the full UAAA motif. In addition AUUAAA and AUUAAU have
Kds of 18.59uM and 22.22uM, respectively.
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4.5.3. The CK of Sam68 does not contribute to the affinity for RNA

FP experiments were also used to verify that the KH domain within the full STAR
domain construct also interacts with RNA with similar affinity as it does within the
NKKH domain (as seen in NMR experiments). Furthermore, FP experiments were
important to confirm the lack of involvement of the CK domain in RNA recognition. To
accomplish this, UAAAUAAA was used since it is of sufficient length to accommodate
CK binding as suggested by Gld-1, QKI and SF1 structures. The Kd of the NKKH with
this 8mer is 3.97uM, similar to the 6mer AAAUAA. The Kd of the STAR domain to
this 8mer RNA was 10.4uM, strongly suggesting that the CK is indeed not involved in
RNA binding (Figure 4.21).

NKKIH, STAR and KH C238A with UAAAUAAA
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Figure 4.21: Fluorescence polarisation of Sam68 KH C238A, NKKH and STAR with
UAAAUAAA

Fluorescence plotted against protein concentration and calculated dissociation constants, Bmax
and r* with UAAAUAAA.

In addition, the KH C238A mutant was tested with UAAAUAAA for further
comparison of binding affinity without the NK dimerisation domain. The Kd was
estimated to be 6.012uM, similar to the Kd estimated for the NKKH and STAR domain
constructs (Figure 4.21). This confirms that the KH domain is interacting with RNA
with similar affinity in isolation or within larger domain constructs and that the NK and
CK do not influence the affinity of the KH for the RNA.
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This was also the case for several longer RNAs that were tested with Sam68 NKKH and
STAR by FP (Figure 4.22) (full RNA sequences are listed in Appendix 7.9). Sequences
G7.1 and G8.1 had the highest Kds for Sam68 of all RNAs identified by SELEX (Lin,
Taylor & Shalloway 1997), SRE was found to be the most commonly bound to Sam68
of a pool of RNAs from SELEX data (Galarneau, Richard 2009) and N2L represents the
Sam68 target region of the Nrxn2 gene (Ehrmann et al. 2013). These sequences range
from 29 to 52 nucleotides in length, and the affinity was found to be higher for Sam68
NKKH than for the full STAR domain, which was observed consistently throughout the
FP experiments. This suggests that the CK domain does not contribute to RNA binding,
and the reduction in affinity of the STAR domain compared to the NKKH domain may
be attributed to some degradation of the STAR domain. There are significant
differences in binding affinity for each of the physiological RNAS; however since FP is
size limited with respect to the fluorescently labelled ligand, alternative techniques such

as ITC or BLI would be ideal to confirm these patterns of binding.
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Figure 4.22: Fluorescence polarisation of Sam68 NKKH and STAR with longer RNA
Fluorescence plotted against protein concentration and calculated dissociation constants, Bmax
and r? with different long RNAs previously shown to bind Sam68; G7.1, G8.5 (Lin, Taylor &
Shalloway 1997), SRE-4 (Galarneau, Richard 2009) and N2L (Ehrmann et al. 2013).

4.5.4. Specific amino acids of Sam68 KH that are necessary for RNA binding
Having established fluorescence polarisation as a suitable technique for estimating the
Kd of interaction between Sam68 and short RNAs, this was then used to investigate

which residues in the KH domain are essential for RNA binding. Analysis of chemical
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shift perturbation experiments identified several residues of the KH domain that are
affected by the addition of RNA (Chapter 3). Residues that underwent a chemical shift
perturbation greater than 0.8ppm (N171, F172, K175, L177, 1184, K185, V197, S202,
K206, E209, E210 and M258) were plotted on the structural model of Sam68.

This highlighted two putative binding pockets at opposite ends of the NKKH dimer
(Figure 4.23). Figure 4.24 shows a single KH domain from the NKKH structural model
in pink, and AUAAU modelled in from the T-STAR structure. The residues identified
from NMR are highlighted in blue, and the conserved GXXG motif in green,
highlighting a hydrophobic groove within the KH domain to accommodate RNA
(Figure 4.24).

Figure 4.23: RNA binding residues of Sam68 NKKH domain

The residues involved in RNA binding as determined by chemical shift perturbation
experiments plotted on the structural model of Sam68 NKKH (yellow) as shown in various
orientations. These residues are located at either end of the dimer, within the KH domain (red).
The peaks of the NK domain (purple) were not affected by the addition of RNA.

To investigate the contribution of each of these amino acids in RNA recognition,
mutants of the NKKH domain were generated, replacing each residue with an alanine,
for fluorescence polarisation assay with UAAAUAAA. The mutants M258A, V197A
and 1184A could not be purified in sufficient quantity for FP, suggesting that these
residues may be important for correct folding of the NKKH domain. The remaining

mutants were tested in two batches, along with a sample of the NKKH WT (Figure
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4.25A). Since the binding of the WT to UAAAUAAA was different for each
purification, for comparison, the percentage change in Kd between each WT and mutant

was calculated (Figure 4.25B).

Figure 4.24: RNA binding pocket of Sam68 KH
RNA binding residues from NMR studies plotted on the structural model of the KH domain of
Sam68 (blue), with RNA. The conserved GXXG loop is highlighted in green.

This graph shows that mutation of L177 caused the greatest change in RNA binding,
from 6.4uM to 197.4uM, followed by K175A and K185A which both had a similar
negative affect on RNA binding, with Kds of 64.4uM and 65.49uM, respectively. This
suggests that these residues are crucial for RNA recognition. N-terminal to these
residues, N171A and F172A both decreased NKKH RNA binding affinity to
UAAAUAAA with Kds of 20.31uM and 8.21uM, respectively. Therefore F172 is less
critical for RNA recognition, which is also the case for S202, K206, E209 and E210.
Although the RNA binding affinity appeared to increase for K206A, E209A and
E210A, this was not significant.
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Figure 4.25: Fluorescence polarisation of Sam68 NKKH RNA binding mutants with
UAAAUAAA

Fluorescence plotted against protein concentration and calculated dissociation constants, Bmax
and r? of two sets of RNA binding mutants with UAAAUAAA (A). Percentage change in Kd
was calculated using; ((x-y)/x)*100, where X is the Kd of the WT for each set of mutants, and y
is the Kd of the mutant for the same RNA.
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Figure 4.26: Effect of RNA binding mutant on Sam68 KH
RNA binding mutants highlighted on the structural model of Sam68 KH with AUAAU cartoon
and surface representations. The non-expressing mutants are highlighted in black, the GXXG
loop in green, the mutants with the most effect on RNA binding (K175A, L177A and K185A) in
red, N171A and F172A in cyan and S202A, K206A, E209A and E210A in dark blue (A).
Zoomed images of the three groups of RNA binding mutants, including R204 (purple) (B).

-

Identifying the position of these residues on the structural model of the NKKH domain
highlights the hydrophobic binding pocket (Figure 4.26A). The GXXG motif is
highlighted in green, and V197 and 1184, the two mutants that did not express are in
black. The residues that were most affected in RNA binding by mutation to alanine are
highlighted in red and surround the GXXG loop. This is also shown in Figure 4.26B,
which shows each labelled residue within the KH domain with and without AUAAU,
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with the domain rotated 90° to the previous figure. These images show that this region
is distinct from N171 and F172 and even more so for the third group of S202, K206,
E209 and E210. These residues are likely to shift as a result of a conformational change
of the protein through RNA binding to R204 (Figure 4.26B). In the T-STAR structure,
the corresponding residue, R104, interacts directly with the RNA backbone and causes a
conformational change in this region upon RNA binding. Therefore it is likely to be the
same case for Sam68. This residue was not identified by NMR as it could not be
assigned within the spectra of the NKKH or STAR domains.

45.5. Confirming the Sam68 NKKH structural model by Fluorescence
Polarization

The chemical shift perturbation experiments described in Chapter 3 were undertaken
with short RNAs to investigate the binding of a single KH domain within the STAR
dimer. Physiologically, the dimer will bind one long section of RNA at two distinct sites
that are separated by a non-specific linker, as illustrated in Figure 4.27A and B. The
orientation of the dimer suggests that an RNA linker of more than 15 nucleotides should
be present between the two UAAA binding sites. This is also reflected in the T-STAR
SELEX data, which predicts an average linker region of at least 16 nucleotides between
the two protein binding sites on the RNA (Figure 4.27C). If the STAR domain of
Sam68 forms a dimer similar to that of Gld-1 then the distance between the two RNA
binding sites can accommodate approximately 10 nucleotides indicating that the RNA
binding sites on the KH domain of Sam68 within the dimer are likely to be in an
alternative position relative to each other. To test this, RNAs were designed with a 5’-
Fluorescein tag with two UAAA Sam68 binding sites, separated by different length
stretches of cytosines, (1-30) which do not bind Sam68 (as demonstrated in the 4 and

5mer FP experiments).
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Figure 4.27: Distance between two RNA binding sites in Sam68 NKKH

Physiologically, Sam68 recognises two RNA motifs at either end of the dimer, indicated in
yellow (A). The distance between these two sites is approximately 58A (B), suggesting that at
least 16 non-specific nucleotides are necessary to link these two sequences, which is predicted
from SELEX experiments (Galarneau, Richard 2009) (C).

The UAAA-5C-UAAA RNA bound the NKKH domain with a similar affinity than the
single site UAAACCC sequence with Kds of 49 and 42uM, respectively, and with
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similar strength binding as the longer UAAA-10C-UAAA and UAAA-15C-UAAA
RNA (Figure 4.28A). The Kd then decreased, indicating higher affinity binding for the
UAAA-20C-UAAA, and particularly the UAAA-25C-UAAA and UAAA-30C-UAAA
RNAs, suggesting that a spacing of at least 20 nucleotides is required for additive
binding between the two KH domains of the NKKH construct. This is consistent with
the structural model of Sam68 NKKH.

The STAR WT was also tested with these RNA and although an accurate Kd with
UAAACCC could not be determined, the same pattern of binding was observed (Figure
4.28B). This defines a RNA consensus sequence of (A/U/C)-(A/U)-A-A-(A/U)-Nsis-
(A/U/C)-(AIU)-A-A-(A/V).
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Figure 4.28: Fluorescence polarisation of Sam68 constructs with different length RNA
Fluorescence plotted against protein concentration and calculated dissociation constants, Bmax
and r* of NKKH WT (A), STAR WT (B) and NKKH Y241E (C) with RNA of UAAAXUAAA
where x corresponds to 5, 10, 15, 20, 25 and 30 cytosines. The Kd values for each construct are
plotted against cytosine linker length (D).
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4.5.5.2. Interaction of Sam68 NKKH Y241E with AU-rich RNA of different lengths
Having demonstrated that the RNA binding interface of Sam68 KH domain within the
NKKH computational model based on T-STAR differs to that of the Gld-1 model, it
was also possible to investigate the dimerisation of the KH domain using FP. We have
shown that the Y241E mutant disrupts the stability of the NKKH and STAR domains of
Sam68 by NMR, strongly suggesting that this mutation affects the conformation of the
dimer. If that is the case, then the affinity of this mutant for RNA of different lengths
should also be different to that of the WT NKKH domain.

To investigate the effect of this mutation on RNA binding, unlabelled NKKH Y241E
was tested with each RNA containing different length cytosine linkers as for the wild-
type NKKH (Figure 4.28C). Interestingly, the affinity increased significantly with two
UAAA sites separated by 5 Cs compared to a single UAAA motif, unlike the WT. This
may be due to a loss of KH dimerisation and an alternative arrangement of the KH
domains, allowing binding of two RNA sites that are close together. Interestingly, the
Kd for 5C, 10C, 15C, 20C, 25C and 30C were very similar. This demonstrates that the
Y241E mutation has affected the RNA binding properties of the two KH domains
within the NKKH dimer (Figure 4.28D). Additionally, the Kd of the Y241E mutant for
each RNA was lower than those of the WT, suggesting that this construct has a stronger
affinity for RNA, although this may be due to the experiments being carried out at
different times.

4.6. Functional effect of Y241E mutation

In order to determine whether mutation of tyrosine 241 to glutamic acid and disruption
of the KH dimer has a functional effect on Sam68, in vitro splicing assays were
conducted using a Nrxn3 minigene. Experiments were performed by Oksana Gonchar
and Marina Danilenko in collaboration with Professor lan Eperon and Professor David
Elliot. Splicing of this neurexin gene has been shown to be modulated by Sam68 and T-
STAR (Ehrmann et al. 2013). As expected, in contrast to wild-type Sam68, Sam68
Y241E mutant has no effect on the splicing of the neurexin3 minigene (Figure 4.29).
This suggests that mutation of Y241 inhibits Sam68 splicing function through

prevention of KH dimerisation (Figure 4.29).
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Figure 4.29: Splicing of Neurexin3 by Sam68

Splicing gel showing induction of exon AS4 exclusion in Nrxn3 RNA with Sam68 WT but not
GFP alone or Sam68 Y214E mutant (A). Percentage exon inclusion for each construct shows
that the Y241E mutation inhibits Sam68 splicing function (B). (Experiment performed by
Oksana Gonchar and Marina Danilenko in collaboration with Professor lan Eperon and
Professor David Elliot).

4.7. Discussion

The aim of this chapter was to investigate the mechanism and specificity of RNA
binding by Sam68, by determining the structure of this STAR protein in complex with
RNA.

The STAR and NKKH complexes with RNA were found to be unsuitable for structural
studies by NMR; however the sample optimisation strategy outlined in Chapter 3
provided an excellent point at which to begin crystallisation trials. Hits were obtained of
the NKKH and STAR domains of Sam68 in complex with RNA, and optimisation
resulted in protein crystals that diffracted to 3A. These were anisotropic and the data set
could not be processed, so several strategies were applied in order to further optimise

crystal growth. These have not yet been successful; however it is possible that further
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trials may yield better quality crystals. For example, the use of fresh microseed crystals,
for immediate use rather than following storage at -80°C is likely to improve crystal
growth and increase the number of crystals obtained. In order to improve crystal
packing, applying dehydration techniques to existing crystals is likely to improve the
diffraction potential and reduce anisotropy (as reviewed in (Krausse et al. 2012)).

The likelihood that Sam68 is able to be effectively crystallised is increased due to the
fact that a homologous STAR protein, T-STAR, is readily crystallisable. As well as
being useful as a good quality source of microseed stock for Sam68 crystallisation trials,
the crystal structures of T-STAR NKKH and KH also provided a template for structural
modelling of Sam68.

Several structural models of Sam68 were generated using the software Modeller. These
were based on the structures of Gld-1 and T-STAR crystal structures in complex with
RNA. Verification of these structures was investigated using SAXS data obtained for
the STAR and NKKH domains of Sam68. Fitting the structural models within SAXS
envelopes of these domains can be assessed by eye and quantified using the ATSAS
suite. It was clear that the Gld-1 model of Sam68 did not fit the envelope as well as the
T-STAR model. There are several other indications that Sam68 has a different
conformation than other STAR subfamily members. In the Gld-1 STAR domain
structure, the position of each subdomain is stabilised by contacts between the NK and
CK domains and contacts between the NK-KH flexible linker and KH domain. These
contacts are unlikely to occur in the same way in Sam68, due to differences in amino
acids at the interface of these interactions, and from our NMR data showing that the NK
peaks within the spectra of the NKKH and STAR domains are in the same position.
Additionally, in terms of RNA binding, the CK is involved in recognition of RNA by
Gld-1, however that does not seem to be the case for Sam68. Additionally, the distance
between the two RNA binding sites in the Gld-1 dimer suggests a 10 nucleotide link
between two protein binding sites on the RNA, which is different to the SELEX data for
Sam68 and our fluorescence polarisation data.

Therefore the model of the NKKH domain based on T-STAR is more suitable, and is
supported by CRYSOL analysis of the model and SAXS envelope. Since the NK-KH
linker has been shown by Heteronuclear NOE to be flexible, it is possible that the
orientation of these two subdomains is not fixed. Therefore an improved model was
generated based on manipulation of the NK solution structure and T-STAR KH model
of Sam68 within the NKKH SAXS envelope.
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There are several methods by which the relative orientation of the NK and KH domains
within the dimer can be determined. Firstly, the SAXS data obtained for the NKKH and
STAR domains can be analysed using ensemble optimisation method (EOM) to
quantitatively characterise flexible proteins in solution. This method accounts for
several conformations of different domains that contribute to the scattering pattern to
determine an ensemble of optimal conformers (Bernado, P. et al. 2007). In addition,
orientational information between two protein domains can be acquired by measuring
residual dipolar couplings (RDCs). This data is recorded using specific NMR
experiments on a protein sample in the presence of an alignment medium, such as Pfl
phages, and gives long range angular information between atoms of different domains
relative to the external magnetic field (Fischer et al 1999). This method is particularly
powerful for refinement of global and local structure and would provide strong evidence
for the quality of the Sam68 homology model.

An interesting feature of the T-STAR NKKH structure is that the KH itself forms a
dimer. There are several KH domain containing proteins that have been reported to have
self-association properties within this domain (as reviewed in (Valverde, Edwards &
Regan 2008)). However, in several cases altering the protein construct and conditions
resulted in alterations in crystal packing and a monomeric KH domain suggesting this
observed dimerisation is an artefact of crystallisation. Several biochemical studies have
been undertaken on KH domain containing proteins to determine whether this domain
dimerises in solution. It was estimated that the KH3 domain of Nova-2, which dimerises
via the KH domain in crystals (Lewis et al. 1999), self-associates with a Kd of
approximately 300uM based on limited equilibrium ultracentrifugation experiments.
However, in these experiments only 10-20% dimer is present (Ramos et al. 2002).
Therefore to verify that the KH undergoes dimerisation within the NKKH domain of
Sam68, an Y241E mutant of the KH, NKKH and STAR domains were generated. This
residue lies at the interface and is likely to be crucial for dimerisation. The stability of
KH Y241E was similar to the WT, however protein expression and solubility of the
NKKH and STAR mutants was reduced. This already suggests that this mutation has
had a significant effect on the structure of these domains. A sample of NKKH Y241E
could be produced of sufficient quality for NMR, and showed that the NK domain is not
affected by this mutation. Many peaks corresponding to residues of the KH domain
disappeared or shifted, in some cases to positions of peaks observed in the KH WT

spectrum. SAXS data showed that isolated Sam68 WT KH domain forms oligomers,
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which would explain the tendency for this construct to aggregate in solution. The
addition of the NK domain may facilitate the stable dimerisation of the KH domain.
With a good quality structural model of the NKKH domain of Sam68, it was then
possible to investigate the mechanism and specificity of RNA binding. NMR studies
described in Chapter 3 identified that the KH, NKKH and STAR domains of Sam68
bind to AU-rich RNA of 4-13mer with similar binding affinity and only residues of the
KH domain are affected. Therefore FP was used to estimate the binding affinity with
greater accuracy to determine the intricacies of RNA recognition of Sam68. Having
determined that the NK domain is required for correct dimerisation of the KH domains,
and that the CK domain is not involved in RNA binding, the NKKH construct was used
to obtain a 5mer consensus RNA binding sequence of (A/U/C)-(A/U)-A-A-(A/U). This
sequence satisfies the binding motif identified by SELEX experiments (Figure 3.2) and
is similar but distinct from the consensus sequences of other STAR proteins, such as
Gld-1, QKI and SF1.

Longer RNAs were also tested to determine the cooperativity of binding between the
two KH domains of the dimer. It was found that for the NKKH and STAR domains, a
non-specific linker of greater than 15 nucleotides between UAAA motifs is required for
additive binding of these domains. This was not observed for the Y241E NKKH mutant,
showing that the two RNA binding domains are disrupted by this mutation.
Interestingly, the affinity of the NKKH Y241E sample increased significantly between
UAAACCC and UAAACCCCCUAAA with Kds of 27.17uM and 4.582uM,
respectively. There was not a significant difference between these two RNAs for the
WT construct. The fact that the Y241E mutant binds UAAACCCCCUAAA with higher
affinity, and that this is consistent for the RNAs with longer cytosine linkers suggests
that both KH domains within the dimer may bind to a single RNA. This is different to
the WT constructs, for which an increase in binding affinity is not observed until the
cytosine linker is increased to 20 nucleotides in length. This suggests that the KH
domains within the NKKH Y241E sample are more flexible and the RNA binding
pockets can be orientated closer together to accommodate this short bipartite RNA.
These data supports the notion that this mutation has had a significant effect on the
structure of the NKKH domain, by interrupting the dimerisation of the KH domain. It
also seems that the NK domain is required to facilitate the dimerisation of the KH
domain, and for stabilisation of this KH dimer, but that the CK domain has no effect on
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the structure. It has also been useful in understanding the specific function of Sam68 in
alternative splicing.

These data strongly indicate that the dimerisation of the KH domain exists in solution,
and is not an artefact of crystallisation of the STAR domain of T-STAR. In order to
directly confirm this dimerisation, SEC-MALS could be recorded for the KH and KH
Y241E constructs to determine an accurate molecular weight of each. Since the KH WT
is not very stable, extension of this domain to include the C-terminal half of the NK-KH
linker could improve stability and reduce the risk of the sample precipitating on the
column. Further evidence for dimerisation could be obtained using paramagnetic
relaxation enhancement (PREs) (Battiste and Wagner 2000). This NMR technique
measures long range distance information using paramagnetic probes introduced to
specific sites on a protein. This is particularly useful for studies of heterodimers,
however in this situation measurements of the NKKH homodimer would be
problematic. Therefore solvent PREs could be used, in which a soluble paramagnetic
agent is titrated into the sample and associated with the solvent accessible regions of the
protein (Madl et al. 2011). This results in line broadening and loss of peaks
corresponding to the solvent exposed residues, revealing those at the dimer interface.
These measurements provide translational information complimentary to the
orientational data provided by RDCs, and a combination of these techniques could offer
direct evidence for the dimerisation of the KH domain and relative orientation of the
NK and KH domains.

There are many known gene targets of Sam68 (Figure 1.5), several of which have been
identified to be enriched in Sam68 binding motifs, situated approximately 200
nucleotides upstream and downstream of target exons (Chawla et al. 2009). In addition,
the influence of Sam68 on splicing outcome has been described for several different
pre-mRNAs. For example, Sam68 induces skipping of exon 8 from the sgce gene and
two Sam68 binding sites have been identified, upstream and downstream of this exon.
Our data suggests that the Sam68 STAR domain dimer requires a distance of at least 20
nucleotides between each RNA consensus motif, but that this distance can be increased,
such that Sam68 brings together these two sites in close proximity to facilitate “looping
out” of the alternative exon. This may also be the case for exon inclusion, for instance in
the case of SRSF1, Sam68 is known to promote the inclusion of exon 5 (Valacca et al.
2010). Once more, two Sam68 binding sites have been identified, one close to the exon

5 3’ splice site and the other close to the exon 4 5’ splice site. These regions are
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separated by approximately 600 nucleotides, and therefore the two KH domains within
the Sam68 dimer may each recognise one site and bring the two exons together for

inclusion (Valacca et al. 2010).

A

~600nt

Figure 4.30: Physiological targets of Sam68
Structural models of Sam68 KH interaction with Sgce (A) and SRSF1 (B) pre-mRNAs
suggesting that Sam68 functions to loop out regions of exonic and/or intronic RNA.

To summarise, we propose that Sam68 functions in alternative splicing by bringing two
distant UAAA motifs together in close proximity and that depending on the location of
these sites with respect to splice sites and splice regulatory regions, exon inclusion or
exclusion can be induced.

Sam68 alternative splicing function is also well established to be regulated by various
post-translational modifications. Having established the mechanisms by which Sam68
recognises RNA, the next chapter will investigate the effect of serine and threonine

phosphorylation on the function of this STAR protein.
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Chapter 5. Effect of serine/threonine phosphorylation on Sam68 RNA

recognition

5.1. Introduction

Particular attention has been drawn to STAR proteins due to their potential function as a
regulatory link between signal transduction pathways and alternative splicing. As
mentioned in Chapter 1, Sam68 is subject to a variety of different post-translational
modifications that alter its intracellular localisation and function. In Chapters 3 and 4 of
this thesis, the emphasis has been on understanding how this STAR protein recognises
its RNA targets; we will now shift the focus onto investigating how Sam68 RNA
binding is affected by post-translational modifications.

This chapter will discuss the techniques used to determine the domains of Sam68
phosphorylated by Cdc2, Erkl and Nek2, and the particular residues of the STAR
domain found to be phosphorylated by Nek2. The implications of these modifications
on RNA binding will be investigated using the data acquired in the previous two

chapters by fluorescence polarisation.

5.2. Results

Serine/threonine phosphorylation of Sam68 has been shown to affect its function in
splicing. Indeed, this post-translational modification appears to enhance the activity of
Sam68 and it is likely that this subsequently impacts the development of cancer (Matter,
Herrlich & Konig 2002). However, the mechanism by which these phosphorylation
events affect Sam68 function is not yet known. It is possible that this effect on
alternative splicing function is achieved through alterations in Sam68 RNA recognition
and/or through changes in protein-protein interactions.

It has not yet been investigated which serine or threonine residues of Sam68 are
phosphorylated by Cdc2 and Nek2 to induce these functional changes. Phosphorylation
by ERK1 and the subsequent effects on murine Sam68 splicing function have been
investigated more thoroughly. Matter et al identified eight potential ERK1 target
sequences based on kinase consensus sequences, five serine/threonine residues in the N-
terminal region and three at the C-terminus of the protein (Matter, Herrlich & Konig
2002). Replacement of all eight residues with alanine inhibited Sam68 mediation of

exon inclusion following phorbol-ester stimulation of the MAPK pathway. Systematic
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mutation of different groups of residues identified S58, T71 and T84 as the predominant
ERK1 phosphorylation sites, however residual splicing was still observed using this
assay which suggests that either endogenous WT Sam68 was exerting some effect, or
that additional ERK1 targets exist. In any case, residues within the STAR domain of
Sam68 were not investigated, and additionally RNA/protein interactions were not
specifically explored, rather the overall outcome of splicing through this particular
pathway. Given that mutated residues lie outside of the RNA binding domain, it is likely
that the changes in Sam68 function are through alterations in protein-protein
interactions.

There are twelve serine and threonine residues within the STAR domain of Sam68;
S113, S117 T119, T126, S137 and S150 within the NK domain, T183, T191, S196 and
S202 within the KH domain and S272 and S181 within the CK domain (Figure 5.1). We
therefore postulated that phosphorylation at these sites by ERK1, Cdc2 and/or Nek?2
might affect RNA interaction.

P0 Pl P2 STAR DOMAIN: P3 P4 P5
N —ll'l'l—illﬂﬂl-ll- c
RG 100 260 283 R 44

150 3
Figure 5.1: Serine/threonine residues if Sam68 STAR domain
Domain structure of full length Sam68, with serine and threonine residue positions within the
STAR domain highlighted in yellow.

A consensus sequence has been identified for each of these kinases, as follows; L-X-X-
(S/T)-¢ for Nek2 (where X represents any residue and ¢ a hydrophobic residue) (Hardy
et al. 2014), (K/R)-(S/T)-P-X-(K/R) for Cdc2 (Nigg 1991) and P-X-X-(S/T)-P for
ERK1 (Clark-Lewis, Sanghera & Pelech 1991). There are two sites within Sam68 that
conform to these target sequences; S117 for Nek2 and T84 for Erk1l. These consensus
sequences are not strict, however, and do not discount other residues from being
potential kinase targets. Therefore initially the domains that undergo phosphorylation by

these kinases were identified using in vitro kinase assays.

5.2.2. ¥P-ATP radiolabelled kinase assays

In order to identify whether the STAR domain of Sam68 is targeted by these kinases, a
2p radiolabelled ATP assay was used (section 2.12) (Hastie, McLauchlan & Cohen
2006). This protocol involves incubating the purified protein construct of interest with

the selected kinase in a reaction buffer that contains *>P-ATP. It follows that if residues
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within the construct are phosphorylated, *P will become incorporated into them and a
band will be visible on X-ray film that is exposed to these samples on an SDS-PAGE
gel. This assay was used to determine the phosphorylation of the STAR, KH, N- and C-
terminal constructs of Sam68 with Cdc2, ERK1 and Nek2. The N- and C-terminal

domains of Sam68 did not express well and could not be purified in sufficient quantity
for these experiments.
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Figure 5.2: Phosphorylation of Sam68 by Erk1 and Cdc2

SDS-PAGE gel (upper panel) and x-ray exposure images (lower panel) of P ATP radiolabelled
kinase assay of Sam68 KH, STAR and full length with Erkl (A) and Sam68 KH and STAR
with Cdc2 (B). Positive controls were conducted using p-casein as a substrate and negative
controls lacking active kinase were run as indicated.

Our results show that the STAR but not the KH domain of Sam68 is phosphorylated by
ERKZ1 but both the STAR and KH domains are phosphorylated by Nek2 (Figures 5.2A
and 5.3). Results with Cdc2 were inconclusive, with a small band visible for the KH
domain and not for the STAR domain (Figure 5.2B). Therefore, as the only kinase to
target the KH RNA binding domain, Nek2 was focussed on in subsequent experiments.
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Figure 5.3: Phosphorylation of Sam68 by Nek2

SDS-PAGE gel (upper panel) and x-ray exposure images (lower panel) of P ATP radiolabelled
kinase assay of Sam68 KH and STAR domains with Nek2. Positive controls were conducted
using B-casein as a substrate and negative controls lacking active kinase were run as indicated.

5.2.3. Co-localisation of Sam68 and Nek?2 in cancer and non-cancer derived cell
lines

Nek2 is well documented as a modulator of centrosomal activity, but has also been
proposed to be localised in the nucleus of cancer cell lines and to associate with various
splicing factors including Sam68 (Naro et al. 2013). We therefore investigated the
localisation of these proteins in several cancer and non-cancer derived cell lines by
immunofluorescence microscopy in order to determine whether these two proteins
localise in the same cellular compartment. Experiments were carried out under the
guidance of Dr Laura O’Regan and Professor Andrew Fry.

Since Nek?2 is primarily a centrosomal protein, control experiments were carried out on
MCF7 (breast cancer), HBL100 (breast non-cancer), PC3 (prostate cancer), PNCT
(prostate non-cancer) and HelLa (cervical cancer) cell lines to determine the localisation
of Nek2 with respect to the nuclei (by staining with Hoescht dye to highlight the DNA)
and y-Tubulin, a centrosomal marker (Figure 5.4A). These images demonstrate that
these two proteins are concentrated in one or two “bright spots” per cell which

correspond to the centrosomes.
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Figure 5.4: Localisation of Sam68 and Nek?2 in cancer and non-cancer derived cell lines
Immunofluorescence microscopy of five different cell lines to show the localisation of DNA, -
tubulin (centrosomes) and Nek2 (A), and DNA, Sam68 and Nek2 (B).
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They are each diffused within the cytoplasm and nucleus, and in speckles within the
nucleus. This confirms that Nek2 is present at the centrosomes as expected but is also
located in other cellular compartments, most importantly the nucleus.

Immunofluorescence microscopy was then carried out on the same cell lines with
Sam68 and Nek2 antibodies in addition to Hoescht dye to identify the localisation of the
nuclei (Figure 5.4B). We observed that both Nek2 and Sam68 are diffused in the
nucleus and cytoplasm, but more concentrated in the nucleus. They both seem to
concentrate within particular spots in the nucleus, although these do not appear to be the
same speckles for each protein. These data suggest that in these cell lines, Nek2 and
Sam68 are present in the same cellular compartments and it is therefore possible for

Sam68 to interact with and be phosphorylated by Nek2.

5.2.4. Mass Spectrometry

Having demonstrated that Nek2 phosphorylates the KH and STAR domains of Sam68
and that this interaction is physiologically possible, we then set about locating the
particular residues within these domains that are targeted by Nek?2.

The primary method used was mass spectrometry analysis of cold samples that were
produced in tandem to the 3?P-labelled samples during the in vitro kinase assays. Mass
spectrometry was carried out on the STAR domain of Sam68 using the Protein Nucleic
Acid Chemistry Laboratory (PNACL, University of Leicester) and revealed two sites of
phosphorylation within the KH domain of Sam68 that were targeted by Nek2: T183 and
S196.

To determine whether these are the only two sites of phosphorylation, a double mutant
of the STAR domain and KH domain were expressed, replacing both of these residues
with an alanine. The KH double mutant did not express (Figure 5.5); however the STAR
double mutant construct could be expressed and purified in sufficient quantity.
Phosphorylation assays showed that this double mutant is still phosphorylated by Nek2,
suggesting the presence of other sites within the STAR domain that are targeted by this
kinase (Figure 5.5).
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Figure 5.5: Phosphorylation of Sam68 serine/threonine mutants by Nek2

SDS-PAGE gel (upper panel) and x-ray exposure images (lower panel) of 3P ATP radiolabelled
kinase assay of Sam68 KH and STAR double mutants (T183A and S196A) with Nek2. Positive
controls were conducted using B-casein as a substrate and negative controls lacking active
kinase were run as indicated.
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5.2.5. Kinase Assay by NMR spectroscopy

Although quantification of relative phosphorylation levels of each construct is possible
using scintillation counting, it was decided to use NMR as an alternative technique to
identify further sites of phosphorylation on Sam68. It has been shown recently that
NMR can be used to follow the phosphorylation of proteins by serine/threonine kinases,
as reviewed in (Theillet et al. 2013). These experiments are similar in principle to the
chemical shift perturbation experiments used to investigate protein-RNA interactions
(Chapter 3). Given that the chemical shift of a particular amino acid in a (*H-"N)
HSQC spectrum is dependent on the local chemical environment of its own backbone
amide, if this is altered significantly then a change in chemical shift will occur. As well
as during interaction with a ligand, this shift also occurs upon covalent attachment of a
phosphate group to the side chain of a serine residue for example, since the local

chemical environment of atomic nuclei in the vicinity is altered. This therefore gives
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information at amino acid resolution and theoretically one is able to distinguish between
multiple phosphorylation events on closely spaced sites.

As with the chemical shift perturbation experiments described previously, a (*H-'°N)
HSQC experiment is recorded of the *N-labelled protein of interest. This is followed by
addition of ATP and MgCl, and recording of a reference spectrum before addition of the
kinase of interest. HSQC experiments are then recorded over time. This selective
isotope labelling strategy allows detection of the substrate only, and continuous
monitoring of affected residues in a time-resolved manner since NMR is a non-
destructive technique. Furthermore, since both phosphorylated and unmodified species
of each residue are visualised simultaneously, phosphorylation events can be quantified
over time in a site specific manner by analysis of changes in crosspeak intensities. There
are therefore several inherent properties of NMR spectroscopy that means this technique
really lends itself to investigation of post-translational modifications.

The advantages of this technique compared to the 3P labelled assay is that it is possible
to acquire information at the residue level in a time-dependent manner, allowing
calculation of kinetic parameters. Furthermore, once optimised, it is possible that
following a kinase assay by NMR, the same sample may be used to investigate RNA

binding using the chemical shift perturbation experiments described previously.

5.2.5.1. Optimisation of NMR kinase assay

Since most of the backbone assignment of the STAR domain is available (Chapter 3), in
theory it is possible to identify particular residues that are affected by incubation with
Nek2 using NMR spectroscopy.

Initially, these experiments were carried out during the optimisation process of the
STAR domain of Sam68 (Chapter 3) and therefore were recorded on proteins purified in
phosphate buffer and at 20°C. In such conditions, no chemical shift differences were
observed following incubation with Nek2 for several days. Since these conditions vary
slightly from those used in the in vitro *P-ATP assay, Nek?2 activity was tested using
the buffer used for NMR experiments at 20°C (Figure 5.6). The phosphorylation of the
STAR and KH domains of Sam68 by Nek2 was tested in Tris and phosphate buffer, and
showed that Nek2 activity is decreased in phosphate buffer. Furthermore, the level of
phosphorylation of the KH and STAR domains in Tris buffer was reduced at 25°C,
suggesting that Nek2 activity is lower at this temperature. These data indicated the

necessity to optimise an NMR sample in Tris buffer that was stable up to at least 25°C.
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Figure 5.6: Optimisation of NMR Kkinase assay sample

SDS-PAGE gel (upper panel) and x-ray exposure images (lower panel) of *P radiolabelled
kinase assay of Sam68 KH and STAR domains in Phosphate and Tris buffer, and at 25°C and
30°C. Positive controls were conducted using B-casein as a substrate and negative controls
lacking active kinase were run as indicated.

It has also previously been established that members of the Nek kinase family are more
active in reactions containing MnCl, rather than MgCl,, (personal communication with
Professor Andrew Fry). The levels of phosphorylation of the STAR domain were
determined in the presence of each (Figure 5.7), demonstrating that indeed, Nek2
appears to phosphorylate the STAR domain less efficiently in MgCl, compared to
MnClI,. We therefore further optimised the STAR domain sample to accommodate these
conditions and observed that it is very stable in Tris buffer at pH7 at 30°C. However,
given that manganese is paramagnetic it induces a line broadening effect and renders the
sample invisible by NMR. Therefore, since Nek2 is still active in a reaction mix

containing MgCl,, it was deemed sufficient to maintain this in the NMR sample.

138



MeCl,  MuCl,
+ + - + + MNck2

h-'_farkcr

160kDa

40LBA

60kDa

50kDa
40kDa

30kDa
20kDa

15kDa
10kDa

Figure 5.7: The effect of MgCl, vs MnCl, on Nek2 kinase activity

SDS-PAGE gel (upper panel) and x-ray exposure images (lower panel) of *P radiolabelled
kinase assay of Sam68 STAR domains with Nek2 in the presence of MgCl, or MnCl,. Negative
controls lacking active kinase were run as indicated.

As described in Chapter 3, it was possible to obtain a sample of the STAR domain in
Tris buffer that was stable up to 30°C, resulting in a suitable quality HSQC for
phosphorylation assays with Nek2 (Figure 5.8). This spectrum demonstrates that the
addition of MgCl, and ATP (red) did not cause any chemical shift perturbations and
therefore 2.9ug of Nek2 was added to the sample and HSQC spectra were measured
overnight. Comparison of these spectra over time showed changes in the position of

several crosspeaks, indicating that phosphorylation had occurred (Figure 5.9).
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Figure 5.8: Sam68 STAR domain sample optimisation for NMR kinase assay
Overlay of (*H-N) HSQC spectra of Sam68 STAR domain free (black) and with a final
concentration of 5mM MgCl, and 0.9mM ATP (red).

5.2.5.2. Identification of phosphorylated residues by NMR

Three residues were clearly undergoing chemical shift perturbations over 44 hours,
H120, A121 and R159 (Figure 5.9A and B). It is unlikely that any of these are being
directly phosphorylated by Nek2, however it is possible that they are affected by a local
phosphorylation event or conformational change in protein structure as a result of
phosphorylation, as H120 and Al121 are located at the NK dimerisation interface
(FIGURE 5.9D). Interestingly, H120 and A121 are adjacent in sequence to T119, which
also experiences a chemical shift perturbation (FIGURE 5.9C), suggesting that it may
be a phospho-target of Nek2. The quality of the final few spectra was poor, with loss of
peak intensity, due to precipitation of the sample and loss of peak signals. This was a
result of a pH change from 7 to 5. This is a consequence of the phosphorylation reaction
as ATP undergoes hydrolysis to form ADP and Pi. This reaction uses a hydroxyl group
on the side chain of the target serine or threonine, leaving the oxygen to form the new
phosphate group from ATP, and releasing a proton which accumulates over time as
more protein molecules are phosphorylated, altering the pH of the sample. Therefore it
is unclear whether the chemical shift perturbations of H120, A121 and R159 are caused
directly by a phosphorylation event, a change in structural conformation due to
phosphorylation or a change in pH of the sample, particularly as the imidazole ring of
histidine residues has a tendency to become protonated and therefore is sensitive to pH
changes with regard to NMR chemical shift.
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Figure 5.9: NMR Kkinase assay of Sam68 STAR domain with Nek?2
Overlay of (*H-*N) HSQC of the STAR domain of Sam68 (black) with Nek2 every 4 hours
over a total of 44 hours (shades of blue to red) (A) showed a chemical shift perturbation of the
crosspeaks corresponding to H120 and A121 (B). T119 also changed position after 44 hours,
suggesting it may be phosphorylated by Nek2 (C). Location of T119, H120 and Al21 are
highlighted in blue on the structure of the NK domain of Sam68 (D).

To investigate this further, a triple mutant of the STAR domain was produced, replacing
T119 in addition to T183 and S196 as identified by mass spectrometry, with alanine
residues. This triple mutant construct expressed well and could be purified to produce a
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good quality (*H-">N) HSQC spectrum in the same conditions as the WT (Figure 5.10).
Once again, the only clear crosspeaks to change over time were H120, A121 and R159.
Once more, the pH dropped from 7 to 5 and a reduction in spectral quality was
observed, indicating that some phosphorylation is still occurring. However, these
changes took approximately 16 hours as opposed to 4 hours for the WT to occur, and
the chemical shift difference was not as significant as for the WT. This suggests that at
least some of the phosphorylation events have been inhibited as a result of these

mutations.
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Figure 5.10: NMR kinase assay of Sam68 STAR domain triple mutant with Nek?2
Overlay of (*H-">N) HSQC of the STAR domain triple mutant of Samé68 (T183A, S196A and
T119A) (black) with Nek2 every 4 hours over a total of 44 hours (shades of blue to red).

Given that the HSQC of the STAR domain is relatively overlapped in the centre due to
high intensity peaks of the CK domain, we performed a kinase assay on the NKKH
sample with Nek2. During the experiment, the sample pH was measured and readjusted
to 7 every 24 hours. After 5 days, at pH7 the peaks of H120 and A121 remained in their
original position and the spectral quality was still sufficient for analysis (Figure 5.11).
The most significant change observed was the disappearance of the peak corresponding
to S137 after this time, which was unclear from the STAR domain spectra.

In order to further optimise these experiments and eradicate the need to constantly
monitor the pH of the sample, the STAR and NKKH WTs were produced in 10mM
HEPES buffer, with 100mM NaCl and B-mercaptoethanol as before at pH7, since this is
a stronger buffer at this pH. However, despite producing a good quality HSQC, no
changes were observed over time with Nek2 for either construct of Sam68. This is
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surprising, since the main component of the %P kinase assay is HEPES buffer
(Appendix 7.5), in which Nek2 has been shown to be active and phosphorylate Sam68.
Therefore it may be that the proportion of Sam68 that is phosphorylated is not high
enough to induce visible changes in the spectrum.
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Figure 5.11: NMR Kinase assay of Sam68 NKKH domain with Nek?2
Overlay of (*H-">N) HSQC of the NKKH domain of Sam68 (black) with Nek2 after 5 days (red)
with pH adjustment.

5.2.5.3. NMR Kkinase assay in nuclear extract
It is also possible to use NMR to investigate post-translational modifications and their
effect on protein-structure and function in cells such as E.coli, Mammalian cells and
Xenopus oocytes (as reviewed in (Lippens, Landrieu & Hanoulle 2008)). It has been
shown that these events can also be observed in cellular extracts (Theillet et al. 2013).
Since the phosphorylation of Sam68 by Nek2 most likely occurs in the nucleus, we
investigated this post-translational event in nuclear extracts. In this case a reference
(*H-">N) HSQC spectrum of the bacterially expressed, labelled protein was recorded,
and then nuclear extract was added before recording a series of HSQC experiments. The
nuclear extract should contain all components required for phosphorylation, provided
that the kinase is present. Having determined that Nek2 and Sam68 are both present in
the nucleus of HelLa cells (Figure 5.4), commercially available HelLa cell nuclear
extracts were used in preliminary NMR experiments with Sam68 STAR and NKKH
domains. These extracts were found to be splicing efficient within the laboratory with
Same68.
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Initially the STAR domain of Sam68 was investigated in HEPES buffer, having shown
that phosphorylation events in Tris buffer result in a pH drop that affects the chemical
shift of several residues and spectral quality. A reference spectrum was recorded,
followed by the addition of 20% nuclear extract, which is the standard protocol for in
vitro splicing assays. The addition of nuclear extract did not alter the spectrum, and
indeed after incubation at 30°C for 10 days, no chemical shift perturbations were
observed (Figure 5.12A). This suggests that no phosphorylation has occurred. This is
surprising given that the kinase reaction mix used for the 3P radiolabelled kinase assays
contains HEPEs buffer, suggesting that Nek2 should be active in these conditions,
however the kinase composition of the nuclear extract is not known, and therefore it is

possible that Nek?2 is not present.
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Figure 5.12: NMR kinase assay of the STAR domain in HEPES buffer with nuclear extract
Overlay of (*H-"*N) HSQC of the STAR domain of Sam68 in HEPES buffer before (black) and
after 10 days in the presence of 20% nuclear extract (red) (A) and of the free STAR domain in
HEPEs buffer (black), and in the presence of 20% nuclear extract, ATP, MgCI2 and Nek2 over
20 hours (blue to red) (B).
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Having determined that HSQC spectra of Sam68 STAR domain can be measured in
nuclear extracts, a new sample of the STAR domain in HEPES was prepared and ATP
and MgCl, added along with 20% nuclear extract (Figure 1.12B). However, after 20
hours no changes were observed other than a decrease in intensity of some cross-peaks,
indicating that endogenous kinases present in the nuclear extract are not sufficient to
phosphorylate Sam68 STAR domain. This was not attributed to a loss in sample

concentration by analysis of 1D spectra recorded before and after 20 hours.
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Figure 5.13: NMR kinase assay of the STAR domain in Tris buffer with nuclear extract
Overlay of (*H-**N) HSQC of the NKKH domain of Sam68 in Tris buffer (black) and after
several days with nuclear extract, ATP, MgCI2 and Nek2 (blue to red) (A), and of the STAR
domain in Tris buffer with nuclear extract (black) and after addition of Nek2 (red) (B).

Having observed changes in spectra due to phosphorylation in Tris buffer, this

experiment was repeated with the NKKH domain in Tris buffer at pH7 in nuclear

extract (Figure 5.13A).
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Spectra were recorded for several days. As a decrease in pH was observed over time,
the pH was readjusted to 7 several times. This suggests that in Tris buffer with nuclear
extract and supplemented with ATP and MgCl,, some phosphorylation event is
occurring that is altering the pH of the buffer. Given that the nuclear extract is likely to
contain many enzymes in addition to serine/threonine kinases it is possible that this is

due to other post-translational modification events.

Figure 5.14: Analysis of NMR kinase assay in nuclear extract

Structural model of Sam68 NKKH (NK purple, KH red), in cartoon and surface representation
at two different angles. Residues affected by incubation with nuclear extract and Nek2 are
highlighted in green.

To determine if elements of the nuclear extract affect phosphorylation of Sam68 by
Nek2, both nuclear extract and Nek2 were added to the STAR domain in Tris pH7
(Figure 5.13B). This resulted in the immediate loss of many peaks, without a loss in
concentration of the protein as observed from the 1D spectrum. This suggests that the
chemical environment of the residues corresponding to the disappearing peaks has been
affected by the presence of Nek2 in nuclear extract, possibly by serine/threonine
phosphorylation by this kinase or indeed other post-translational modifications. The
affected crosspeaks correspond to many types of residue, not just serine or threonines,
and it is therefore unclear exactly what has caused these perturbations. Of the five

residues identified as potential targets of Nek2, the cross peaks corresponding to T183

146



and S196 both lost intensity, in addition to T191 suggesting that they may have been
phosphorylated. Plotting all affected residues on the structural model of Sam68 NKKH
it is clear that only the KH domain is affected by the presence of Nek2 in nuclear extract
(Figure 5.14). Interestingly, many of the peaks that lose intensity, or disappear
altogether, are those that correspond to residues involved in RNA binding (F172, K175,
L177, 1184, K185 and VV197) and most others are in close proximity. This suggests that
there are post-translational modification events occurring in this region that have the
potential to alter RNA binding through changing the chemical properties of residues
involved in RNA recognition and/or conformational changes to the structure of this

region.

5.2.6. RNA binding of S/T mutants

Having identified residues T119, S137, T183, T191 and S196 as being potential targets
of Nek2, the impact of phosphorylation of these sites on RNA binding was then
investigated. Location of these residues on the model of Sam68 NKKH along with the
RNA binding sites shows that several of these residues are in close proximity to the
RNA, suggesting that phosphorylation at these sites might influence RNA recognition
(Figure 5.15). In addition, S202 was highlighted as a potential site of phosphorylation
by Nek2 using KinasePhos (Huang et al. 2005). Since this residue was also identified as
being directly involved in RNA binding, this residue was also tested as a potential site
of phosphorylation.

Fluorescence polarization experiments had already been optimised for the NKKH
domain of Sam68 (section 4.5) to quantify RNA binding and highlight the residues that
are essential for this recognition. Therefore this method was also used to determine the
effect of phosphorylation on RNA binding. Each of the serine and threonine residues
identified by NMR and the 3P assay were mutated into a glutamic acid, as a mimic of

phosphorylation.
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Figure 5.15: Sites of serine and threonine phosphorylation on Sam68 NKKH

Structural model of Sam68 NKKH with RNA binding sites highlighted in pink, serine and
threonine target sites of Nek2 highlighted in blue, and S202 in purple. The structural model and
labelled S/T residues are shown in cartoon (A) and surface representation (B), with focus on the
RNA binding site at 90° to A/B (C), and a zoom of the RNA binding pocket with AUAAU (D).

T191E and S137E did not express well, which may indicate that these mutations affect
the conformation of the protein, causing aggregation and poor expression. This is
interesting, as S137 is located in the flexible linker between the NK and KH domains,
suggesting that this region may be important for the stability of the dimer. T191 is
located at the C-terminal end of helix 2 within the KH domain and may be essential for
proper folding of this domain. Serine 202 was identified as being involved in RNA
binding, and the alanine mutant was expressed, purified and tested by fluorescence
polarisation (Figure 4.26A). The phosphomimetic mutant S202E however, was lost
during gel filtration, suggesting that this amino acid substitution may also affect the
stability of the NKKH domain.
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Figure 5.16: Fluorescence polarisation of Sam68 NKKH serine and threonine mutants
with UAAAUAAA

Fluorescence plotted against NKKH mutant concentrations and calculated dissociation
constants, Bmax and r® with 5mer RNA. NKKH WT, T119E, T1183E and S196E refer to each
g(r)?)tgn construct and NKKH Nek?2 refers to WT sample after 5 days incubation with Nek2 at
The remaining three mutants, T119E, T183E and S196E, could be expressed and
purified to produce a sample for FP. Each construct, along with the WT, was titrated
across the plate from 200 to OuM, with 0.2uM UAAAUAAA so as to compare with the
RNA binding mutants (Figure 5.16). Additionally, the NKKH WT was incubated with
Nek2, ATP and MgCl, for five days at 30°C, and the pH adjusted back to pH 7 each
day. T119E showed a small decrease in RNA binding affinity with a Kd of 4.987uM
compared to the WT with a Kd of 1.775uM. T119 is located in the NK domain, far from
the RNA binding sites and not at the NK dimer interface and therefore unlikely to have
a significant effect on RNA binding or protein folding. The WT sample incubated with
Nek?2 for five days did not have a significant effect on RNA binding, despite a drop in
pH from 7 to 5 each day, indicating that some phosphorylation event is occurring.
T183E and S196E mutations had a more significant effect on RNA binding, with a
reduction in Kd to 20.36uM and 142.9uM, respectively. T183 is located between two
RNA binding sites, K185 and 1184, and in proximity to L177 and K175 (Figure 5.17A).
It is possible that the addition of a negative charge to this region affects the structure of
this binding pocket and inhibits RNA binding. S196 is located within a [-strand,

adjacent to V197, which has been identified as a potential RNA binding site and
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therefore phosphorylation of this residue may affect the interaction between V197 and
the RNA (Figure 5.17B).

Val-197

R Ser-196

:;,.,.
Figure 5.17: Effect of serine/threonine phosphorylation on Sam68 RNA binding
Structural model of Sam68 KH domain with AUAAU. Residues involved in RNA binding are
highlighted in pink, potential sites of phosphorylation by Nek?2 are highlighted in blue.

5.3. Discussion

Sam68 function is tightly regulated by various post-translational modifications;
however these mechanisms are not yet well understood. Thus far, it has been established
that amongst these modifications, serine/threonine phosphorylation of Sam68 enhances
its splicing activity (Matter, Herrlich & Konig 2002). The mechanisms of action are
unclear and could be attributed to alterations in RNA binding and recognition or
protein-protein interactions. The previous two chapters have been focussed on
understanding structurally how Sam68 specifically recognises RNA. The aim of this
chapter was to investigate how serine and threonine phosphorylation affects Sam68
RNA binding, to determine if this type of PTM enhances splicing activity through RNA
binding.

Sam68 has been reported to be phosphorylated by three serine/threonine kinases; Cdc2
(Resnick et al. 1997), Erkl (Matter, Herrlich & Konig 2002) and Nek2 (personal
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communication with Professor Claudio Sette). To determine if these kinases target the
STAR domain of Sam68, *?P radiolabelled kinase assays were used on the KH and
STAR domain constructs. Nek2 was found to phosphorylate both samples and Erkl
only the STAR domain. The Cdc2 experiment was inconclusive and must be repeated,
along with Erkl to be confident that this kinase does not target the KH domain of
Same68.

Further investigation was focussed on the phosphorylation of Sam68 by Nek2. These
proteins have been shown to colocalise in splicing speckles (Naro et al. 2013), and
Figure 5.4 demonstrates that these proteins colocalise in the nucleus of various cancer
and non-cancer derived cell lines. Mass spectrometry was carried out on the **P assay
samples and identified T183 and S196 as potential sites of phosphorylation. NMR
kinase assays further identified T119 and S137. In addition, S202 was investigated due
to its known involvement in RNA binding. This gave a total of five potential targets of a
total twelve serine and threonine residues within the STAR domain. Interestingly, S117,
which fits the consensus sequence of Nek2, was not identified in these experiments. It is
possible that with further optimisation of the NMR kinase assay, particularly in terms of
buffer conditions and maintenance of pH, that further sites would be identified. The
same is true for development of such an assay with incorporation of nuclear extract in
order to obtain the best physiologically relevant sites of phosphorylation.

Plotting these residues on the model of Sam68 shows the position of T119 close to the
NK dimerisation interface. Mutation of this residue did not result in significant changes
to the stability of the NKKH domain and is therefore unlikely to affect the dimerisation.
The Kd of interaction between NKKH T119E and UAAAUAAA was increased from
1.775uM for NKKH WT to 4.987uM, suggesting that this phospho-mimic has a slightly
negative effect on RNA binding, which is surprising, given its distance from the RNA
binding site. S137 is located in the flexible linker between the NK and KH domains and
therefore its precise position cannot be accurately determined with respect to the RNA
binding pocket. S137E, along with S202E, did not express well in E.coli and could not
be assessed by FP. T183 is directly adjacent to 1184 and K185, and sits directly between
these residues and the GXXG loop and RNA binding residues of K175 and L177. This
suggests that phosphorylation of this residue is likely to affect RNA binding and
mutation of this residue to glutamic acid resulted in a decrease in the Kd to 20.36M.
Finally S196E had a Kd of 142.9uM for UAAAUAAA, which suggests it binds with
much less affinity than the WT. S196 is adjacent to V197, which was identified as being
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involved in RNA binding by NMR studies and therefore may be affected by
phosphorylation of S196 (Chapters 3 and 4).

It is notable that in all cases, the affinity of the NKKH domain for UAAAUAAA was
decreased upon phosphomimetic mutation of potential Nek2 target sites. It had been
hypothesised that serine/threonine phosphorylation of Sam68 enhanced splicing activity
through alterations in RNA binding. Initially, it had been anticipated that an
enhancement in activity may have resulted from an increase in RNA binding affinity.
This does not appear to be the case, under these conditions.

Mutation of these residues to glutamic acid may not be an accurate mimic of
phosphorylation and may alter protein structure which in turn would affect RNA
binding. Mutation of T119, T183 and S196 to alanines resulted in a stable sample for
NMR, with a spectrum indicative of a well-folded protein. However, it would be
important to determine the effect of glutamic acid mutation on protein structure either
by circular dichroism or NMR. Adjusting the phosphomimetic mutation to an aspartic
acid may also result in better protein stability. Further optimisation of Sam68 samples
incubated with Nek2 rather than phosphomimetic mutants for fluorescence polarisation
could circumvent the necessity for mutational analysis. Use of a longer RNA, such as
UAAA(20C)UAAA which binds the NKKH domain with higher affinity and
cooperation of both KH domains within the dimer would also be important. Protein
kinases are directed by consensus sequences as well as the structure of their targets.
More accessible regions, i.e. those that are disordered, flexible or exposed, are more
likely to be phosphorylated, hence most NMR studies of phosphorylation have been
undertaken on peptides or disordered proteins. This may explain the challenges
encountered monitoring phosphorylation by NMR of a folded domain, and why those
sites identified are within the flexible NK-KH linker and those within the exposed RNA
binding region. The flexibility and accessibility will be affected by the temperature of
the sample, and therefore by increasing the temperature of the NMR kinase assay to
35°C may yield further information.

Identification of additional phosphorylation sites of Nek2 and other serine threonine
kinases and the effect on RNA binding may be possible by optimisation of NMR and FP
in the presence of nuclear extract, or by systematic mutation of each serine and
threonine residue within the STAR domain.

There are several possible approaches to determine the potential physiological relevance

of each of the phosphorylation sites. Firstly, quantification of **P radiolabelled assays of
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Sam68 mutants with Nek2 using scintillation counting would determine the relative
importance of each residue as a Nek?2 target. In addition, expression of WT Sam68 and
such mutants in mammalian cells, followed by western blotting with phospho-specific
antibodies would highlight whether these sites are phosphorylated in cellulo.
Identification of the kinases responsible would be possible using immunoprecipitation
and western blotting or mass-spectrometry.

Regulation of Sam68 alternative splicing function through PTMs may arise from
changes in RNA sequence recognition and therefore a range of RNAs should be tested
with phosphorylated Sam68. It is also likely that this enhancement in splicing activity
arises through alterations in protein-protein interactions. Sam68 is known to interact
with various members of the spliceosomal machinery (Bedford et al. 2000) and splicing
factors (Venables et al. 1999) and it is likely that these interactions are mediated
through post-translational modifications to affect alternative splicing.

Therefore these data provide a good starting point for further investigation of the effect
of post-translational modifications on Sam68 function, using structural and biophysical

techniques.
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Chapter 6. General Discussion

Sam68 is a member of the STAR family of proteins, characterised by their RNA
binding properties and involvement in signal transduction pathways. STAR proteins are
one of several RNA binding protein families that function as a mediator between cell
signalling and RNA processing events such as alternative splicing. The incredible
diversity of protein products produced from a limited number of genes is reflected in the
complexity of alternative splicing and its highly cell cycle and tissue specific nature. It
IS important to understand the intricacies of this process in order to prevent and treat the
many diseases that arise from aberrant alternative splicing. The development of as many
as 50% of all human genetic diseases have been at least in part attributed to changes in
alternative splicing and incorrect isoform expression (Tazi, Bakkour & Stamm 2009).
Splice site selection is regulated by a number of splicing factors, ribonucleoproteins and
RBPs, including Sam68 and other members of the STAR family.
The role of Sam68 in RNA processing is in itself incredibly complex (as discussed in
the introduction to this thesis) and in order to get a clear picture of the role of this STAR
protein in alternative splicing, it is necessary to understand the mechanism and
specificity of Sam68 RNA recognition. Structural studies of several other STAR
proteins, including Gld-1, QKI and SF1, have revealed the contribution of the KH and
CK domains to RNA recognition (Teplova et al. 2013)(Daubner et al. 2014, Liu et al.
2001). These data also revealed the specificity of RNA targets, in accordance with
specific consensus RNA sequences determined by a range of techniques including
SELEX, CLIP and site-directed mutagenesis (Volk, Artzt 2010). Thus far, however, the
structures of the other STAR protein subfamily, comprised of Sam68, T-STAR and
SLM2, have not been solved.
This project therefore set out to determine the structure of Sam68 with RNA, both
identifying the subdomains and particular residues involved in RNA binding and to
characterise the specificity of RNA recognition and define a consensus RNA target
sequence. NMR, X-ray crystallography, SAXS, computational modelling, site-directed
mutagenesis and FP were used to produce and verify a novel structural model of Sam68
STAR domain, highlighting the complimentary nature of these structural and
biophysical techniques.
The structural model, based on the crystal structure of T-STAR (unpublished), revealed
a dimerisation interface between helix 3 of the two KH domains of the STAR domain.
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This demonstrates that the Sam68 subfamily of STAR proteins adopts a significantly
different arrangement than those of Gld-1, QKI and SF1. Other KH domain containing
proteins have been reported to self-associate, however this remains contentious and has
often been attributed to crystal packing rather than a physiological arrangement. Several
strategies were used to verify the structural model of Sam68 STAR.

SAXS envelopes were calculated for the NKKH and STAR domains of Sam68. This
demonstrated that the structural model of Sam68 NKKH based on T-STAR had a better
fit to the NKKH envelope than the Sam68 STAR structural model based on Gld-1 with
the STAR domain envelope. This suggests that Sam68 NKKH forms a more compact
arrangement with flexibility between the NK and KH domains than Gld-1.

This flexibility is possible through a 20 amino acid linker between the two subdomains.
In the Gld-1 structure this linker forms contacts with the KH domain, resulting in a
specific arrangement of the NK and CK domains. Sequence alignment of Sam68 and
Gld-1 in this linker region revealed a lack of residue conservation, suggesting that these
contacts do not form in the same arrangement in Sam68. The dynamic and flexible
nature of this linker is also observed in heteronuclear NOE experiments of the STAR
and NKKH domains. Furthermore, the three-dimensional conformation of Gld-1 STAR
domain is stabilised by sandwiching of the CK domain between the NK and KH
domains. NMR studies of Sam68 show that there are not direct contacts between the CK
and KH domains or the CK and NK domains as in Gld-1. Instead, the NK domain was
revealed to be essential for correct folding of the KH domain of Sam68. NMR studies of
the KH domain of Sam68 showed that this domain alone is unstable and prone to
aggregation. Inclusion of the NK domain had a significant effect on protein stability,
suggesting that the NK facilitates bringing together and stabilising the dimerisation of
the KH domains within the NKKH dimer.

Tyrosine 241 was identified as one of several residues likely to be at the interface of
interaction between the two KH helices in the Sam68 structural model. This residue is a
glutamic acid in Gld-1, and therefore site-directed mutagenesis was used to replace
Y241 with the equivalent Gld-1 residue and to investigate the subsequent effect on
Sam68 structure. Sam68 KH Y241E was more stable than the WT, suggesting that the
dimerisation may lead to aggregation of this construct. The STAR and NKKH Y?241E
samples were less stable than the WT constructs, and the HSQC of NKKH Y241E
revealed that the NK domain is not affected by the mutation, whereas many of the KH

peaks disappeared or moved to the equivalent position in the KH WT spectrum.
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We can therefore conclude that the NK domain stabilises dimerisation of the KH
domain and that this is required for correct folding of the NKKH and STAR domains of
Sam68.

RNA binding studies also support the STAR structural model of Sam68. Existing
SELEX data for Sam68 suggested an RNA consensus sequence of UAAA, which is a
different, and shorter binding sequence than that of Gld-1 and QKI. NMR and FP were
used to define a consensus RNA binding sequence of (A/U/C)-(A/U)-A-A-(A/U),
agreeing with SELEX data. Therefore the Sam68 subfamily appears to bind just 4
nucleotides, rather than 6 as for the Gld-1 subfamily. This is supported by NMR and FP
studies of Sam68 that show a lack of interaction between the CK domain and RNA, that
is characteristic of Gld-1, QKI and SF1.

These data also revealed the KH residues of Sam68 that are involved in RNA binding.
Mutational analysis confirmed the contribution of each of these to RNA binding, and
supported their position in the Sam68 KH structural model with AUAAU. The two
RNA binding pockets within the NKKH dimer are found to be approximately 50A
apart, suggesting that Sam68 binds a single RNA containing two RNA binding
sequences separated by at least 15 nucleotides. To test this, FP was conducted with
Sam68 NKKH, STAR and NKKH Y241E with a series of RNAs comprising two
UAAA motifs separated by a non-specific cytosine sequence of 5, 10, 15, 20, 25 and 30
nucleotides. This revealed that binding affinity of Sam68 NKKH and STAR for the
RNA increased significantly for a cytosine linker of 15 nucleotides or more, confirming
our structural model prediction. Interestingly there was no trend in binding for Sam68
NKKH Y241E and the same affinity was seen for 5-20 nucleotide linkers. This affinity
was significantly higher than the UAAA motif alone, suggesting that the KH domains
may be flexible within the NKKH Y?241E construct, and can orientate themselves in
such a way as to accommodate two UAAA motifs closer together than the WT
construct. This bipartite RNA recognition sequence was suggested from SELEX data
for Sam68, and several of these identified sequences were also tested with Sam68
NKKH and STAR domains. This also concluded that the CK is not required for RNA
recognition and that this distance between RNA binding sites would not be
accommodated for the Gld-1 structural model of Sam68.

We therefore concluded that the consensus RNA binding sequence of Sam68 is
(A/UIC)-(A/U)-A-A-(A/U)-Ns15-(A/U/C)-(A/U)-A-A-(A/U).

156



Of the many known pre-mRNA targets of Sam68, several have been identified to
contain AU-rich sequences that may serve as Sam68 recognition sites (Chawla et al.
2009). Both SRSF1 and Sgce contain two AU-rich motifs, separated by a non-Sam68
specific region of mRNA. In the case of SRSF1, Sam68 promotes inclusion of exon 5
and may facilitate looping out of a ~600 nucleotide stretch of intronic RNA to bring
exon 4 and 5 closer together for inclusion in mature mMRNA (Valacca et al. 2010). This
looping out functionality may also serve to promote exon exclusion, as for the
alternative splicing of the Sgce gene. Sam68 has been shown to promote exclusion of
exon 8 by binding to sites close to the 3’ end of exon 4 and the 5’ end of exon 5
(Valacca et al. 2010) (Figure 4.30).

We conclude that Sam68 could function in alternative splicing by bringing two distant
RNA sites close together to loop out regions of RNA and dictate the inclusion and/or
exclusion of particular intronic and/or exonic RNA in the final transcript.

It has been shown that Sam68 function is regulated by post-translational modifications
through signal transduction pathways. In particular, serine and threonine
phosphorylation has been reported to enhance Sam68 splicing activity (Matter, Herrlich
& Konig 2002). We postulated that this occurred through alterations in RNA binding of
Sam68 and determined that the KH and STAR domains were phosphorylated by Nek2.
After confirming that these proteins colocalise in the nucleus, **P-radiolabelled kinase
assays, mass spectrometry and NMR were used to find particular sites of
phosphorylation within the RNA binding domain of Sam68. Residues T119, S137,
T183, T191, S196 and S202 were all identified as being potential phosphorylation sites
of Nek2 and several of these were found to be in close proximity to the RNA binding
sites. Phosphomimetic mutation of these residues and FP analysis with UAAAUAAA
showed that some of these mutations had a negative effect on RNA binding, particularly
for T183 which is close in space to RNA binding residues K175, L177 and K185 and
S196 which is adjacent to V197 which interacts with RNA. This was not the anticipated
outcome, since S/T phosphorylation was previously shown to enhance Sam68 splicing
function. It may be that the mutation of these residues to glutamic acids, which is the
common substitution for mimicking phosphorylation, does not accurately simulate this
post-translational modification. Therefore development of a stable, phosphorylated
Sam68 sample through incubation with active Nek2 kinase for FP would be preferred.
In addition, developing the NMR kinase assay and FP in the presence of nuclear extract

and with longer, bipartite RNA sequences may Yyield a more physiological outlook on
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RNA binding in the presence of serine threonine kinases. This would be the case for
investigation of kinases other than Nek2 that are known to phosphorylate Sam68 such
as, Cdc2 and Erkl1 (Matter, Herrlich & Konig 2002, Resnick et al. 1997). It would also
be useful for investigating other regions of Sam68 outside the STAR domain that may
be phosphorylated.

It is possible that this post-translational modification of Sam68 does reduce its affinity
for RNA, in which case the alteration in splicing function may be brought about via
changes in the specificity of RNA binding and/or by changes in protein-protein
interactions with other members of the spliceosomal machinery.

The structural model of Sam68 and biophysical studies of this protein-RNA complex
have highlighted a novel protein conformation and function of this STAR protein,
compared to other members of the family. This provides an attractive avenue for drug
discovery to interrupt KH dimerisation and RNA binding. In that view we were
successful in application to a high throughput binding assay development program using
FP through the Scottish Universities Life Sciences Alliance (SULSA) Assay
Development Fund. The assay development was successful and we will apply for
screening of 500,000 compounds through the European Lead Factory (ELF), an
international consortium providing a novel platform for discovery of new drug lead

molecules.
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Chapter 7. Appendices

7.1. Plasmid vectors

g T7 terminator
Xhol (530)

1 Origin Hindll1 (543)
_EoRI(564)
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Figure 7.1: Plasmid vectors used for molecular cloning
Bacterial plasmid vectors pLEICS-01 (A) and pLEICS-03 (B) were used to create recombinant
proteins of mutant and WT constructs, respectively.
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7.2. Oligonucleotide primers

Protein
Construct

Oligonucleotide Primers

5’ - TACTTCCAATCCATGTCTCATAAGAACATGAAACTG

KH 3’ -TACTTCCAATCCATGTTACATCATATCCGGTACTAGAAA
5 - TACTTCCAATCCATGTCTCATAAGAACATGAAACTG
KHCK 3’ - TATCCACCTTTACTGTCAACCACGAGAGGGTTCAGGTAC
5’ - TACTTCCAATCCATGATGGAGCCAGAGAACAAGTAC
NIKH 3’ -TACTTCCAATCCATGTTACATCATATCCGGTACTAGAAA
5 - TACTTCCAATCCATGATGGAGCCAGAGAACAAGTAC
STAR 3’ - TATCCACCTTTACTGTCAACCACGAGAGGGTTCAGGTAC
N- 5 - TACTTCCAATCCATGCAGCGCCGGGACGACCCC
terminus 3’ - TATCCACCTTTACTGTCATTACTTGACCGAGGCTGTGGC
. 5 - TACTTCCAATCCATGCGTGGGGTGCCAGTGAGA
C-terminus 3" - TATCCACCTTTACTGTCATTAATAACGTCCATATGGGTG
Full-length 5’ - ATGCAGCGCCGGGACGAC
3’ - TTAATAACGTCCATATGGGTG
5 -TTCATTGAAGTCTTTGGACCCCCAGCTGAGGCTTATGCTCTTATGGCCCAT
C238A 3’ -TAATGGGCCATAAGAGCATAAGCCTCAGCTGGGGGTCCAAAGACTTCAATGAA
5’ - GTCTTTGGACCCCCATGTGAGGCTGAAGCTCTTATGGCCCATGCCATGGAG
v241E 3’ - CTCCATGGCATGGGCCATAAGAGCTTCAGCCTCACATGGGGGTCCAAAGAC
5 - CCTGTCAAGCAGTATCCCAAGTTCGCTTTTGTGGGGAAGATTCTT
NITA 3’ - TGGTCCAAGAATCTTCCCCACAAAAGCGAACTTGGGATACTGCTT
5 - GTCAAGCAGTATCCCAAGTTCAATGCTGTGGGGAAGATTCTTGGA
FL72A 3" -TTGTGGTCCAAGAATCTTCCCCACAGCATTGAACTTGGGATACTG
5 - TATCCCAAGTTCAATTTTGTGGGGGCGATTCTTGGACCACAAGGG
KATSA 3 -TGTATTCCCTTGTGGTCCAAGAATCGCCCCCACAAAATTGAACTT
5 - AAGTTCAATTTTGTGGGGAAGATTGCTGGACCACAAGGGAATACA
LITTA 3 -TTTGATTGTATTCCCTTGTGGTCCAGCAATCTTCCCCACAAAATT
5 - ATTCTTGGACCACAAGGGAATACAGCCAAAAGACTGCAGGAAGAG
11844 3" - ACCAGTCTCTTCCTGCAGTCTTTTGGCTGTATTCCCTTGTGGTCC
5’ - CTTGGACCACAAGGGAATACAATCGCAAGACTGCAGGAAGAGACT
K184 3’ -TGCACCAGTCTCTTCCTGCAGTCTTGCGATTGTATTCCCTTGTGG
5" - GAAGAGACTGGTGCAAAGATCTCTGCATTGGGAAAGGGCTCAATG
VI9TA 3’ -GTCTCTCATTGAGCCCTTTCCCAATGCAGAGATCTTTGCACCAGT
S202A 5 - AAGATCTCTGTATTGGGAAAGGGCGCAATGAGAGACAAAGCCAAG
3’ -TTCCTCCTTGGCTTTGTCTCTCATTGCGCCCTTTCCCAATACAGA
K206A 5 - TTGGGAAAGGGCTCAATGAGAGACGCAGCCAAGGAGGAAGAGCTG
3’ -TTTGCGCAGCTCTTCCTCCTTGGCTGCGTCTCTCATTGAGCCCTT
E209A 5 - GGCTCAATGAGAGACAAAGCCAAGGCGGAAGAGCTGCGCAAAGGT
3" - GTCTCCACCTTTGCGCAGCTCTTCCGCCTTGGCTTTGTCTCTCAT
5’ - TCAATGAGAGACAAAGCCAAGGAGGAAGAGCTGCGCAAAGGTGGA
E210A 3’ - GGGGTCTCCACCTTTGCGCAGCTCTTCCTCCTTGGCTTTGTCTCT
M258A 3’ - TATCCACCTTTACTGTCACATCGCATCCGGTACTAGAAATTTCTT
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5’ - CCCGAACTCATGGCCGAGAAGGACGCGCTCGACCCGTCCTTCACTCACGCC

SH3A 1 5 GGCGTGAGTGAAGGACGGGTCGAGCGCGTCCTTCTCGGCCATGAGTTCGGG
5" - CCCGAACTCATGGCCGAGAAGGACGAGCTCGACCCGTCCTTCACTCACGCC
SH3E 3’ - GGCGTGAGTGAAGGACGGGTCGAGCTCGTCCTTCTCGGCCATGAGTTCGGG
5’ - GCCGAGAAGGACTCGCTCGACCCGGCCTTCACTCACGCCATGCAGCTGCTG
SHIA 1 3 CAGCAGCTGCATGGCGTGAGTGAAGGCCGGGTCGAGCGAGTCCTTCTCGGE
5" - GCCGAGAAGGACTCGCTCGACCCGGAATTCACTCACGCCATGCAGCTGCTG
TH7E 3’ - CAGCAGCTGCATGGCGTGAGTGAATTCCGGGTCGAGCGAGTCCTTCTCGGC
5 - AAGGACTCGCTCGACCCGTCCTTCGCTCACGCCATGCAGCTGCTGACGGCA
T119A 3.
TTATGCCGTCAGCAGCTGCATGGCGTGAGCGAAGGACGGGTCGAGCGAGTCCTT
T110E 5" - AAGGACTCGCTCGACCCGTCCTTCGAACACGCCATGCAGCTGCTGACGGCA
3’ - TGCCGTCAGCAGCTGCATGGCGTGTTCGAAGGACGGGTCGAGCGAGTCCTT
5" - ACTCACGCCATGCAGCTGCTGGCGGCAGAAATTGAGAAGATTCAGAAA
T126A 3’ - TTTCTGAATCTTCTCAATTTCTGCCGCCAGCAGCTGCATGGCGTGAGT
5" - ACTCACGCCATGCAGCTGCTGGAGGCAGAAATTGAGAAGATTCAGAAA
T126E 3’ - TTTCTGAATCTTCTCAATTTCTGCCTCCAGCAGCTGCATGGCGTGAGT
5" - ATTGAGAAGATTCAGAAAGGAGACGCAAAAAAGGATGATGAGGAGAATTAC
S137TA 3’ - GTAATTCTCCTCATCATCCTTTTTTGCGTCTCCTTTCTGAATCTTCTCAAT
5’ - ATTGAGAAGATTCAGAAAGGAGACGAAAAAAAGGATGATGAGGAGAATTAC
S137E 3’ - GTAATTCTCCTCATCATCCTTTTTTTCGTCTCCTTTCTGAATCTTCTCAAT
5" - GAGGAGAATTACTTGGATTTATTTGCTCATAAGAACATGAAACTGAAAGAG
S150A 3’ - CTCTTTCAGTTTCATGTTCTTATGAGCAAATAAATCCAAGTAATTCTCCTC
5 - GAGGAGAATTACTTGGATTTATTTGAACATAAGAACATGAAACTGAAAGAG
S150E 3’ - CTCTTTCAGTTTCATGTTCTTATGTTCAAATAAATCCAAGTAATTCTCCTC
5" - AAGATTCTTGGACCACAAGGGAATGCAATCAAAAGACTGCAGGAAGAGACT
T183A 3’ - AGTCTCTTCCTGCAGTCTTTTGATTGCATTCCCTTGTGGTCCAAGAATCTT
5" - AAGATTCTTGGACCACAAGGGAATGAAATCAAAAGACTGCAGGAAGAGACT
163 3’ - AGTCTCTTCCTGCAGTCTTTTGATTTCATTCCCTTGTGGTCCAAGAATCTT
5" - ACAATCAAAAGACTGCAGGAAGAGGCTGGTGCAAAGATCTCTGTATTGGGA
1A 3’ - TCCCAATACAGAGATCTTTGCACCAGCCTCTTCCTGCAGTCTTTTGATTGT
5" - ACAATCAAAAGACTGCAGGAAGAGGAAGGTGCAAAGATCTCTGTATTGGGA
TI91E 3’ - TCCCAATACAGAGATCTTTGCACCTTCCTCTTCCTGCAGTCTTTTGATTGT
5" - CAGGAAGAGACTGGTGCAAAGATCGCTGTATTGGGAAAGGGCTCAATGAGA
S196A 3’ - TCTCATTGAGCCCTTTCCCAATACAGCGATCTTTGCACCAGTCTCTTCCTG
5" - CAGGAAGAGACTGGTGCAAAGATCGAGGTATTGGGAAAGGGCTCAATGAGA
S196E 3’ - TCTCATTGAGCCCTTTCCCAATACCTCGATCTTTGCACCAGTCTCTTCCTG
5" - AAGATCTCTGTATTGGGAAAGGGCGCAATGAGAGACAAAGCCAAGGAGGAA
S202A 3’ - TTCCTCCTTGGCTTTGTCTCTCATTGCGCCCTTTCCCAATACAGAGATCTT
e | - AAGATCTCTGTATTGGGAAAGGGCGAAATGAGAGACAAAGCCAAGGAGGAA

3’- TTCCTCCTTGGCTTTGTCTCTCATTTCGCCCTTTCCCAATACAGAGATCTT

Table 7.1: Sam68 oligonucleotide primers.
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7.3. Purification Buffers

Lysis Buffer
50mM Na,HPO,

1M NacCl

10mM Imidazole

Elution2
50mM Na,HPO,
1M NaCl

50mM Imidazole

Elution4

50mM Na;HPO4
1M NaCl

250mM Imidazole

Dialysis Buffer
20mM Na,HPO4
100mM NacCl

0.1% B-Mercaptoethanol

Elution 1
50mM Na,HPO,
1M NacCl

20mM Imidazole

Elution 3

50mM Na;HPO,
1M NaCl

100mM Imidazole

Elution 5

50mM Na;HPO,
1M NaCl

500mM Imidazole

NMR/X-ray/FP/Kinase Assay Buffer
10mM Bis-Tris HCI pH7

100mM NacCl

0.1% B-Mercaptoethanol

7.4. Bacterial growth media (1 Litre)

M9 Salts

NazHPO4 3419

KH,PO, 15g

NaCl 2.5¢

2TY

Tryptone 169
Yeast extract 10g
NaCl 59

M9 minimal medium

dH,0 700ml

5xM9 Salts  200ml

1M MgSO, 2ml

1M CaCl, 0.1ml

NH,CI 1g in 50ml dH,O
Glucose 4g in 50ml dH,0
3C Glucose 1g in 50ml dH,0




7.5. %P Kinase assay

Buffer mastermix (10 reactions)

Reaction mix (Per reaction)

50mM HEPES.KOH pH 7.4
5mM MnCl,

5mM B-glycerophosphate
omM NaF

4nM ATP

ImM DTT
10mCi[**P]-y-ATP

40ul Kinase buffer
100ng kinase
5ul substrate protein (at ~5mg/ml)

dH20 (up to 500ul total volume for 10 reactions)
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7.6. Table of Assignments

Residue | Number N H Residue | Number N H
Met 97 119.282 8.419 Asp 136 120.393 8.181
Glu 98 123.342 8.304 Ser 137 116.232 8.196
Glu 100 120.875 8.62 Lys 138 123.318 8.26
Asn 101 119.283 8.321 Lys 139 123.279 8.309
Lys 102 121.73 8.31 Asp 140 121.764 8.348
Tyr 103 120.011 7.946 Asp 141 120.309 8.203
Leu 104 118.002 8.367 Glu 143 120.456 8.231
Glu 106 117.688 7.652 Asn 144 119.399 8.107
Leu 107 120.724 8.187 Tyr 145 118.858 7.937
Met 108 116.578 8.257 Leu 146 122.332 9.283
Ala 109 121.06 7.889 Asp 147 122.913 8.73
Glu 110 119.872 7.88 Leu 148 123.472 9.221
Lys 111 119.54 8.289 Phe 149 117.359 8.517
Asp 112 115.409 7.969 Ser 150 114.677 7.331
Ser 113 112.258 7.605 Lys 152 121.589 7.94
Leu 114 126.609 7.761 Asn 153 122.18 8.437
Asp 115 127.441 8.085 Met 154 121.288 8.833
Ser 117 114.806 8.729 Lys 155 120.007 8.215
Phe 118 124.991 7.976 Leu 156 123.642 8.343
Thr 119 115.863 7.349 Lys 157 119.458 8.378
His 120 127.125 11.884 Glu 158 119.8 8.541
Ala 121 127.312 11.029 Arg 159 120.189 9.085
Met 122 114.874 8.472 Val 160 123.667 9.71
Gln 123 122.56 7.933 Leu 161 128.26 8.932
Leu 124 121.329 8.86 lle 162 122.382 7.283
Leu 125 120.972 8.654 Val 164 122.154 8.734
Thr 126 114.732 8.145 Lys 165 118.027 8.279
Ala 127 123.318 8.217 Gln 166 117.137 7.383
Glu 128 121.532 7.864 Tyr 167 115.61 7.354

lle 129 119.728 8.19 Lys 169 116.317 8.629
Glu 130 118.067 8.017 Phe 170 120.965 7.418
Lys 131 119.709 7.915 Phe 172 123.67 8.072

lle 132 119.447 7.949 Val 173 117.904 8.263
Gln 133 118.939 8.443 Gly 174 103.892 7.676
Lys 134 117.519 8.033 Lys 175 121.351 7.181
Gly 135 107.446 7.718 lle 176 117.477 7.977

164



Residue | Number N H Residue | Number N H
Leu 177 114.544 7.974 Ala 221 123.994 7.406
Gly 178 104.896 7.478 His 222 115.772 8.113
Gly 181 106.309 8.005 Leu 223 119.721 7.371
Asn 182 117.623 8.272 Asn 224 114.431 7.586
Thr 183 123.212 7.412 Met 255 120.06 8.167

lle 184 124.453 7.572 Asp 266 120.159 8.223
Lys 185 120.498 7.654 Leu 277 122.947 8.73
Glu 189 120.663 8.02 His 228 123.547 9.259
Glu 190 116.774 8.687 Val 229 118.256 9.386
Thr 171 105.069 7.7 Phe 230 131.128 9.684
Gly 182 109.796 8.045 lle 231 129.123 8.886
Ala 193 121.702 7.775 Glu 232 124.849 8.865
Lys 194 121.193 8.507 Val 233 120.652 8.746

lle 195 125.457 8.073 Phe 234 123.469 8.238
Ser 196 118.974 8.605 Gly 235 109.853 8.391
Val 197 124.38 8.644 Cys 238 112.911 8.69
Leu 198 127.555 8.259 Glu 239 120.491 8.107
Gly 199 106.469 9.825 Ala 240 122.044 8.973
Lys 200 121.409 8.6 Tyr 241 115.092 7.863
Gly 201 117.415 11.121 Ala 242 121.045 7.38
Ser 202 115.721 8.449 Leu 243 120.703 8.795
Asp 205 117.006 7.747 Lys 253 114.342 7.137
Lys 206 126.456 8.54 Phe 254 116.106 7.905
Ala 207 121.989 8.148 Leu 255 117.197 7.582
Lys 208 121.073 7.732 Val 256 115.401 6.938
Glu 209 118.218 8.18 Asp 258 119.516 6.876
Glu 210 117.244 7.773 Met 259 119.384 8.006
Glu 211 118.93 7.535 Phe 268 120.541 8.155
Leu 212 119.765 8.164 Leu 269 123.051 7.991
Arg 213 121.2 8.542 Glu 270 121.263 8.226
Lys 214 117.665 7.907 Leu 271 122.224 8.065
Gly 215 105.434 7.624 Ser 272 115.772 8.113
Gly 216 105.361 7.29 Tyr 273 121.397 7.939
Asp 217 124.562 8.916 Leu 274 122.56 7.933
Lys 219 120.083 8.812 Asn 275 118.371 8.232
Tyr 220 115.103 7.701 Glu 276 108.418 8.106

Table 7.2: Table of Sam68 STAR backbone assignments
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7.7. Crystallisation Trials
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Figure 7.2: Morpheus optimised crystallisation screen
Microwell plate image showing the conditions screened from hits obtained from the Morpheus
screen (Hampton Research).
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Figure 7.3: PACT Optimised 1 crystallisation screen
Microwell plate image showing the conditions screened from hits obtained from the PACT
screen (Hampton Research).
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Figure 7.4: PACT Optimised 2 crystallisation screen
Microwell plate image showing the conditions screened from hits obtained from the PACT

optimised 1 screen.
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Figure 7.5: PACT Optimised 3 crystallisation screen
Microwell plate image showing the conditions screened from hits obtained from the PACT
optimised 2screen.

PEG6000 Concentration

16% ——————> 2% 16% ——————>» 26%

03,03 08 03 03 03 03 03 03,08 (B (&
s [ e
<03 05 (3 05 02 02 0303 0803 0303
o203 03 (3 03 03 05 03 08 03 03 05 8
ThRgsae e ite
h%%%%%m ket L2
e

oM

-

NaCl Concentration

Figure 7.6: PACT Optimised 4 crystallisation screen
Microwell plate image showing the conditions screened from hits obtained from the
optimised 3 screen.

7.8. Modeller input data

A

[PPLiGld-15TAR

STrUCTUFeX:GLD1-RNA-4IWY:144 :A:331 :B::::
EATVEYLADLVKEKKHLTLFPHHFSNVERLL_DDEI('-R\‘RVALFOTEFFRVELPEF&GDM'{SITEK‘IWPKNE\'PD\"NFVGRILGPRGHTAKOLEDUTGCKIHVRGKGSMRDKSKESAHR
GKANWEHLEDDLHVYLVGCEDTENRVHIKLOAALEQVKKLLIPAPESTDELKRKQLMELAI INGTYRPMKS/

SHEATVEYLADLVKEKKHLTLFPHMF SNVERLLDDETGRVRUALFQT EF PRVEL PEPAGDMISTTEKTYWPKNEY PDYHFVGRTLGPRGMT AKQL EQDTGCKTMVRGKGSMAOKSKESAHR - -
GKANWEHLEDDLHVLVOCEDTENRVHTKLOAALEQVKKLLTPAPEGTDELKRROLMELATINGTYRPHK®

=P1;5amEBSTAR
sequence: SambaKH : 98 A :282 B oo
EPENKYLPELMAEKDSLOPS -
FTHM*OLLT#E'IEKIUKGDSKKDDEEMYLDLFSHKNN(LKERVLIFVKOYPKFNFVGKILGPOGNTIKPLﬂEEI'GAKISVLO(GSWOKMEEELRKGGDPKYRHLNMDLHVFIE\IFGDPCEAYAL)'IAHJHEEVKKFLVF
DMMDD LCQEQFLELSYLNGVPEPSRG/

- EPENKYLPELMAEKDSLDPS -
FTH&HOLLNEIEKIQKGDSKKDDEENVLBLFSHKN“(LKERVL]FVKOYPKFNFVGKILGPQGNTIKPLQEETGAKISVL@(GSMOKMEEELRKGGDPKVM'LNMDLH'{FIEUFGMCEAYAU‘IAHN‘EEVKKFLVP
DMMDD ICQEQFLELSYLNGVPEPSR*

[ Homology modeling by the automodel class
Fron modeller import * 4 Load standard Modeller classes
fron modeller.automodel import *  # Load the automodel class

log.verbose(]  # request verbose output
env = environ() # create a new MODELLER enwironment to build this model in

# directories for input atom files

env.10.aTom_Tiles_dlrectory = [*.', ', fatom_Tiles']
@ = automodellenv,

alnfile = ‘alignment.ali’, # alignment filename

knowns = 'Glo-15TAR # codes of the templates

sequence = 'SanGESTAR'} # code of the target
a.starting_model- 7 # index of the first medel
a.ending_model = 5 # 1ndex of the last model

# [determines how many models Lo calculate)

& makel) # 00 The actual Nomology modeling

Figure 7.7: Homology modelling of Sam68 using Modeller
Sequence alignment file input for Modeller (A) and input command including Gld-1 pdb file

(B).

PACT
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7.9. Long RNA sequences

G8.5

CUGGGUGACACACUAGCUAUAGCAUUAAAAGACCGAGCAAGU

Gr.1

UCCGGAUUGGCCUAAAUAGAUGCGCGAUAAUAAUAGAGUA

SRE-4
UUUGGGGGUUCAAUAAAAAUUUUCACUAUCCUAUUAACAGUUCCGCCGC
ucc

Nrx2

CCCAAUUAACUAACUAACUAACUUUAAAA
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1. Introduction

While RNA molecules have long been considered as passive
molecules that transfer information from genes to proteins, the last
few years have seen the emergence of a massive but still poorly
understood RNA world. For example, recent studies from the
ENCODE project (http://encodeproject.org) suggested that, while
only 1.5% of our genome corresponds to protein-coding sequences,
between 20% and 80% of it is transcribed into RNA [1]. It is now
clear that RNA molecules are highly abundant and play crucial
roles in multiple cellular functions [2,3]. Associated with this, the
number of RNA binding proteins (RBPs) identified has also in-
creased significantly in the last decade. Recently, more than 800
human proteins have been identified that directly bind messenger
RNAs (mRNAs) [4,5]. While half of these proteins contain well-
known RNA binding domains (RBDs) such as the RNA recognition
motif (RRM), the double-stranded RNA binding domain (dsRBD)
or the hnRNP K homology (KH) domain, the other half were not
previously predicted to be RNA binding proteins. Mutations found
in RNA and RBPs have been shown to cause numerous diseases
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such as neurological disorders, genetic diseases and cancers
[6-8]. It is therefore crucial to obtain structural information of
these protein-RNA complexes in order to, first understand the
specificity of recognition, and second to target these complexes
for novel therapeutic strategies.

RNA molecules are single stranded in cells and a majority of
RBPs recognise and bind short single-stranded RNA (ssRNA) motifs
through specific contacts with the nucleic acid bases. The two ma-
jor techniques to solve structures of macromolecular complexes
such as protein-ssRNA complexes are X-ray crystallography and
nuclear magnetic resonance (NMR). While overall, NMR contrib-
utes to around 10% of the structures deposited into the protein
data bank (PDB), the contribution of NMR for structure determina-
tion of protein-ssRNA complexes is 53% (out of 62 protein-ssRNA
complexes, 33 were solved by NMR and 29 by X-ray crystallogra-
phy). This emphasises that NMR is a major technique for the inves-
tigation of such complexes. This fact can be explained by numerous
intrinsic properties of protein-ssRNA complexes [9-11]. First, most
known RBPs contain small globular RBDs, such as the RRM or the
KH domains, that are around 100 amino acids in length and
therefore suitable for NMR studies. Second, single-stranded RNA
molecules are highly flexible which can interfere with the crystal-
lisation process of such complexes. Third, many RBPs are modular
proteins containing more than one RBD separated by flexible
linkers. The presence of such flexible regions and the lack of
well-defined relative orientation of the RBDs can also prevent
formation of crystals. Additionally, while full-length RBPs often
bind RNA with high affinity, they act through a modular interaction
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approach where each RBD binds rather weakly to its RNA substrate
(sometimes in the millimolar range) and the high affinity is provided
by the presence of multiple RBDs within one RBP. Therefore RBD-
ssRNA complexes are often dynamic and can prevent the formation
of a well-defined crystal of the complex, while still being suitable
for NMR studies. Finally, although new methodological develop-
ments have allowed a precise definition of the RNA sequence spe-
cifically recognised by RBPs or RBDs [12], these sequences are often
degenerate and the identification of the optimal ssRNA sequence
for structural studies is far from being straightforward. From that
point of view NMR is very powerful because it allows the screening
of multiple RNA sequences at an early stage of the structural inves-
tigation, as will be detailed in this article for two proteins, Sam68
and T-STAR, that belong to the STAR family of proteins [13,14].
Sam68 is the best-characterised member of this family and is in-
volved in various post-transcriptional regulation events, such as
alternative splicing and RNA export [15,16]. T-STAR, also known
as SLM2, is closely related to Sam68 but its biological function is
less well characterised [17,18]. T-STAR was recently identified as
a specific neuronal splicing factor [19]. STAR proteins are charac-
terised by the presence of a STAR domain necessary for RNA bind-
ing [13]. This domain can be subdivided into a central KH domain
flanked by highly conserved regions, QUA1 and QUA2 (Fig. 1). Pre-
vious structural studies on other STAR proteins indicated that the

KH-QUA2 region of the STAR domain is involved in RNA binding
and the QUAT1 region is involved in the homo-dimerisation of the
protein [20-24]. While KH domains generally accommodate 4
nucleotides [25], the NMR structure of SF1 KH-QUA2 demonstrated
that the QUA2 region adopts an a-helical conformation packed
against the KH domain and interacts with three additional nucleo-
tides [20]. This large RNA interaction involving the QUA2 region
was recently confirmed by the X-ray structures of GLD-1 and
Quaking STAR domains in complex with RNA [22]. In that case,
the KH-QUA2 region accommodates five and six nucleotides,
respectively. While SF1, Quaking and GLD-1 specifically bind sim-
ilar RNA sequences containing a CUAAC motif, SELEX data indicate
that Sam68 and T-STAR specifically recognise A/U rich RNA se-
quences [26,27]. Consistently, sequence alignment between STAR
proteins suggested that the RNA binding mode of Sam68 and T-
STAR might be different to other STAR proteins [28]. Additionally,
because the QUA2 amino acids of Quaking and GLD-1 that interact
with the RNA are not conserved in Sam68 and T-STAR, it has been
proposed that the QUA2 region of Sam68 might not be involved in
RNA binding [28]. This is supported by previous data showing that
a construct of Sam68, QUA1-KH, lacking the QUA2 region is able to
bind RNA as well as the full-length protein [26] and SELEX data
indicating that Sam68 specifically binds four nucleotides as op-
posed to the six nucleotides bound by GLD-1, and QKI [27].

A STAR Domain
Sam68 N QUA1 QUA2 C
150 256 283 443
STAR Domain PRO
T-STAR N QUA1 QUA2 (o
156 183 346
B 100 120 130 140 150 160
Samé68 NKYLPELMAEKDSLDPSFTHAMOLLTAEIEKIQKGDSKKDDEENYLDLFSHKNMKLKERV
T-STAR EKYLPELMAEKDSLDPSFTHALRLVNQEIEKFQKGEGK--DEEKYIDVVINKNMKLGOKV
ekkkkhkkkkhkhkkkhkhkkhkkhgokg Khkkkokkkeg * *kkokokg, K skkkkkx ¢o%k
170 180 190 200 210 220
Samé68 LIPVKQYPKEFNFVGKILGPOGNTIKRLOQEETGAKISVLGKGSMRDKAKEEELRKGGDPKY
T-STAR LIPVKQFPKFNFVGKLLGPRGNSLKRLQEETLTKMSILGKGSMRDKAKEEELRKSGEAKY
dhkkhkkokhhhkhkhhkokhkhohkhkosohhhhhhk shokokhhhhhhhhhhhhhhhk Ko *%
230 240 250 260 270 280
Samé68 AHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFLVPDMMDDICQEQFLELSYLNGVPEP
T-STAR FHLNDDLHVLIEVFAPPAEAYARMGHALEEIKKFLIPDYNDEIRQAQLQELTYLNGGSEN
kkk hhkkkghkhkk Khhk kkkk Kk Khhkokkohkkkkokk  kek *x kg kkgkkkk K
Samé68 SRG
T-STAR ADV

Fig. 1. Domain organisation of Sam68 and T-STAR. (A) Sam68 and T-STAR contain a STAR domain responsible for RNA binding that is composed of a central KH domain
flanked by QUA1 and QUA2 regions. In addition, these proteins contain various motifs necessary for the cellular function of the protein. The nuclear localisation signal (NLS)
allows the proteins to shuttle between the cytoplasm and the nucleus. The proline-rich (PRO) and tyrosine-rich regions (YY) are necessary for tyrosine phosphorylation of
these proteins and the arginine-glycine rich regions (RG) are target sites for arginine methylation. (B) Sequence alignment of Sam68 and T-STAR STAR domains. The amino
acids of these two proteins in this region are 69% identical (red), 16% highly homologous (green) and 5% homologous (blue). The alignment was performed using CLUSTALW.

The KH domain is highlighted in yellow.
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In this article, we will describe the strategy that we and other
NMR laboratories commonly use to define optimal protein con-
structs and RNA sequences for structural studies, using Sam68
and T-STAR proteins as examples.

2. Materials and methods
2.1. RNA production

The RNA oligonucleotides used for NMR studies were chemi-
cally synthesised at a 1 micromole scale (Dharmacon, Thermo Sci-
entific), deprotected according to manufacturer instructions, and
lyophilised. RNAs were then resuspended in 100 pl of water and
pH was adjusted to 6.5 or 7.0. RNA concentration was measured
by 0Dy using the theoretical extinction coefficient provided by
Dharmacon. Typical RNA stock concentrations ranged between 1
and 4 mM.

2.2. Protein production

Sam68 STAR (amino acids 97-283), KH-QUA2 (150-283) and KH
(150-260) domains and T-STAR STAR (1-183), KH-QUA2 (50-183)
and KH (50-160) domains (Fig. 1) were cloned by the University
of Leicester Protein Expression Facility (PROTEX, http://www2.le.a-
c.uk/departments/biochemistry/research-groups/protex) using the
pLeics0O3 expression vector that contains an N-terminal poly-histi-
dine tag followed by a tobacco-etch virus protease (TEV) cleavage
site. All plasmid constructs were verified by DNA sequencing
(PNACL, Leicester). Recombinant plasmids were transformed into
Rosetta BL21 DE3 cells and expressed in 4 litres of 2TY medium
or M9 minimal medium supplemented with >’NH,4CI. At an optical
density of 0.5, cultures were transferred to an incubator at 20 °C for
1 h and protein expression was induced with 400 uM IPTG for 16 h
at 20 °C.

The proteins of interest were purified by affinity chromatogra-
phy using Ni-NTA agarose (Qiagen) followed by TEV cleavage dur-
ing overnight dialysis in phosphate buffer (20mM sodium
phosphate pH7, 100 mM sodium chloride, 10 mM B-mercap-
toethanol) at 4 °C. Because short ssRNA oligonucleotides are easily
prone to degradation, 5 pl SUPERase IN RNase Inhibitor (Invitro-
gen) was added to the protein sample that was further purified
by size-exclusion chromatography on a Superdex 75 10/300 (GE
Healthcare) into the desired buffer for NMR analysis (see Section 3).
Selected fractions were pooled and concentrated (Millipore 10 kDa
centricon) to approximately 0.2 mM for NMR studies or to approx-
imately 10 mg ml~! for crystallisation screenings. Protein concen-
trations were estimated by measuring the OD,g9 and using a
theoretical extinction coefficient (web.expasy.org/protparam/) de-
rived from the protein sequence. RNAse activity was evaluated
using Ambion RNAseAlert Lab Test kit according to manufacturer
instructions. It is important to note that RNAse inhibitors should
not be added to the final NMR sample because the storage buffer
contains components with non-labile protons that interfere with
the NMR measurements of the proteins and RNAs.

2.3. NMR measurements

NMR samples consisted of 330 pul of proteins at concentrations
of at least 200 uM in different buffers and 20 pl of D,0. NMR mea-
surements were performed using Bruker AVIII-500 MHz, AVIII-
600 MHz, AVIII-600 MHz (equipped with a cryoprobe) and
Avance-800 MHz (equipped with a cryoprobe) spectrometers. Data
were processed using XWINNMR (Bruker) and analyzed with Spar-
ky (http://www.cgl.ucsf.edu/home/sparky/).

Optimisation of the buffer and temperature conditions as well
as the protein constructs and RNA sequences were evaluated using
2D '>N-'H HSQC experiments for visualizing the '°N-labeled pro-
tein signals, and 2D-TOCSY and 2D-NOESY experiments to visual-
ise the RNA signals and the presence of intermolecular NOEs.
TOCSY and NOESY experiments were recorded in D,0 with mixing
times of 50 and 150 ms, respectively.

2.4. X-ray crystallography

Six different crystallisation screens (Proplex, NR-LBD, Mor-
pheus, PACT, JCSG+ and Stura & Macrosol) have been used with dif-
ferent protein and RNA concentrations (10 and 20 mg mL™!) using
the Douglas Instrument Oryx 4 robot. For optimisation, T-STAR KH
crystals were grown by sitting drop vapour diffusion at 4 °C in
200 mM ammonium sulfate, 100 mM HEPES pH 7.5 and 20% PEG
3350. Crystals were flash-frozen in mother liquor containing 15%
MPD as a cryoprotectant. The KH-AAAUAA complex was crystal-
lised in 2 M lithium sulfate and 100 mM Tris pH7.0 at 4 °C using
the sitting drop vapour diffusion at a protein concentration of
15mgmL~' (protein:RNA molar ratio of 1:1.5). Data were col-
lected on single crystals at the diamond synchrotron beamline
104 and microfocus beamline 124 and processed using XDS [29].

3. Results and discussion
3.1. Defining the optimal protein construct for NMR studies

NMR spectroscopy is limited by the size of the system under
study. The upper molecular weight limit for structure determina-
tion is currently approximately 50 kDa, which means that it is of-
ten not possible to study a full-length protein by NMR.
Fortunately, most RBPs are composed of small structurally inde-
pendent domains that are sufficient for RNA binding. It is therefore
possible to subclone RBPs into distinct domains whose size is suit-
able for NMR studies. If little is known about this RBP, potential
functional domains can be identified using multiple sequence
alignment algorithms, secondary structure prediction and identifi-
cation of conserved domains. For well-characterised RBDs, specific
constructs can easily be designed. Different protein constructs,
although highly homologous, can however behave differently and
various expression and purification strategies may have to be at-
tempted in order to obtain a highly concentrated, pure and soluble
sample suitable for NMR studies. If protein yield is too low follow-
ing overexpression in a bacterial host, it may be that the construct
is toxic to the cells or prone to aggregation. In this case, adjustment
of the domain boundaries, use of an alternative affinity tag or use
of a solubility tag may result in a more stable sample [30,31]. Other
options for protein production such as baculovirus or mammalian
cells are still not commonly used for NMR studies because isotope
labelling is either not possible or not financially viable [32]. The
I5N-TH HSQC is the most commonly used NMR experiment to
investigate the suitability of a protein construct for further NMR
studies and for investigating the complex formation between a
protein and its partner, such as protein, RNA, DNA or small mole-
cules. Such experiments requires a '°N-labeled protein that can
be obtained by expressing the protein in Escherichia coli grown in
a minimum medium in which the sole nitrogen source is provided
by the addition of ">’NH4CI. The >’N-"H HSQC is a two-dimensional
NMR experiment that allows a magnetisation transfer between a
proton and its attached NMR visible °N isotope. This results in a
spectrum in which each NH and NH2 groups give a crosspeak at
the specific frequency of the proton in one dimension and the
nitrogen in the other dimension. These frequencies are dependent
on the atom chemical environments and therefore, in folded
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proteins, different atoms have different frequencies. Since every
amino acid (except proline and the N-terminal amino acid) con-
tains an amide group in its backbone, this spectrum is often re-
ferred as the NMR fingerprint of the protein and can be used to
optimise the protein construct and the buffer conditions of the
sample. Indeed, the quality of the ">’N-'H HSQC depends on the
folding and stability of the protein, that in turn is dependent on
various parameters such as protein concentration, type of buffer,
salt concentration, pH and temperature.

Various types of buffer are suitable for NMR studies and some
parameters must be taken into consideration when optimizing buf-
fer conditions. Ideally, the buffer used should not be protonated.
Indeed, the concentration of buffer is generally higher than that
of the protein and, if protonated, the buffer NMR signals will inter-
fere with the protein signals. The most commonly used NMR buffer
is sodium phosphate at a concentration ranging between 10 and
50 mM. Alternatively, other buffers such as Tris-HCl or HEPES
can be used at similar concentrations. As these buffers contain pro-
tons, it is preferable to purchase them in a deuterated form. NMR
sensitivity is inversely correlated with the ionic strength of the
buffer. Typically, the ionic strength should be minimal and not
exceed 150 or 200 mM sodium or potassium chloride. If protein
solubility requires high ionic strength, a high concentration of salt
can efficiently be replaced by low-conductivity salts such as
50 mM r-Arginine and -Glutamate [33]. Additionally, the pH of
the buffer must be neutral or slightly acidic (typical range between
5 and 7). Amide protons exchange with the solvent and high pH in-
creases this exchange rate leading to a loss of amide signals in NMR
experiments such as '>’N-'H HSQC. Below pH 5, the acidic condi-
tion might induce protein unfolding and aggregation. It should also
be noted that the pH should be different from the isoelectric point
(pI) of the protein or protein domain by at least 0.5 to avoid prob-
lems of solubility. Finally, compounds that are protonated or that
increase the viscosity of the buffer, such as glycerol, must be
avoided.

The success of the structure determination depends on the sam-
ple conditions, and thus a screen of different conditions can be de-
signed at an early stage of the NMR study to improve the spectra
quality. Typically, in our laboratory, as in other laboratories, we ini-
tially measure a '>N-'H HSQC in standard buffer conditions
(20 mM sodium phosphate pH 7, 50 mM sodium chloride, 20 °C)
and estimate the quality of the spectrum. A screen of conditions
is then applied where the pH is varied from 5.5 to 7.5 and the salt
concentration from O to 200 mM NaCl. For each condition, a
15N-TH HSQC is measured at 20, 25 and 30 °C and the quality of
the spectrum is estimated based on the number and the line width
of the visible crosspeaks (Figs. 2 and 3).

3.1.1. Optimisation of T-STAR constructs

In order to obtain a suitable protein sample for NMR studies, we
tested different constructs of T-STAR that are expected to be suffi-
cient for RNA binding: the full STAR domain (amino acids 1-183),
and shorter constructs containing the KH (50-160) and the KH-
QUA2 (50-183) domains. In all cases, the protein constructs ex-
pressed very well in E. coli, were soluble and could be purified
using Ni-NTA agarose followed by TEV cleavage and gel filtration.
These protein constructs remained soluble in various buffers suit-
able for NMR studies and could be concentrated to a final protein
concentration above 200 puM.

We started the project by investigating the full STAR domain of
T-STAR and preparing a sample of this protein in a common NMR
buffer containing 20 mM sodium phosphate pH7, 50 mM sodium
chloride and measuring a '>N-'H HSQC experiment at 20 °C.
Despite the fact that the protein is soluble in this buffer condition,
the '>N-'H HSQC spectrum was poorly defined (Fig. 2A). With this
protein construct containing 183 amino acids including 8 prolines,

one would expect 174 amide crosspeaks in the spectrum. The
number of crosspeaks that could be observed in the amide region
of the spectrum was only 107. The spectrum shows that most
peaks are located in the center of the spectrum and have a high
intensity, which is typical for flexible regions of proteins. This
clearly indicates that in these conditions, although the protein con-
struct is soluble, the quality of the spectrum is not suitable for
structural analysis. Attempts to optimise the sample conditions
by varying the pH, the temperature and the salt concentration
did not improve the quality of the >’N-'H HSQC spectrum (data
not shown). We then expressed and purified a truncated version
of the STAR domain, the KH-QUAZ2, which lacks the QUA1 dimeri-
sation domain but is expected to be sufficient for RNA binding. This
construct was also soluble at suitable NMR concentrations in
various buffer conditions and the quality of the '>N-'H HSQC spec-
trum improved dramatically (Fig. 2B). Crosspeaks are well-dispersed
in the proton dimension indicating that the KH-QUA2 construct is
correctly folded. 101 out of 126 crosspeaks were observed. The
central region of the spectrum still contains many intense peaks
suggesting that some parts of the protein construct are flexible.
This is consistent with previous structural studies on the STAR pro-
tein Quaking, showing that the QUA2 region is flexible in solution
[34]. We thus tested another shorter protein construct of T-STAR,
the isolated KH domain. As for the other constructs, the KH domain
of T-STAR expressed very well in E. coli and remained soluble at
concentrations above 200 uM. The >’N-'H HSQC spectrum of the
KH domain was of excellent quality. Condition optimisations for
this domain were performed and it appeared that the NMR spectra
of this domain remained suitable for NMR studies under various
buffer conditions, pH, salt concentration and temperature ranges.
From our initial screen, we defined the optimal conditions as
20 mM sodium phosphate pH 6.3, 50 mM Nacl, 30 °C. A final opti-
misation of these conditions was performed replacing the sodium
phosphate by TRIS-HCI or HEPES. We observed that changing the
buffer to 10 mM TRIS-HCl pH 7 improved the stability of the
sample and the quality of the spectrum, although the buffering
capacity of TRIS-HCI is not effective at this pH. These conditions
were subsequently used for our NMR studies (Fig. 2C). In these
conditions, the N-'H HSQC spectrum of T-STAR KH displayed
100 crosspeaks out of the 103 expected. Furthermore, an overlay
of the ">N-'H HSQC spectra of T-STAR KH and KH-QUA2 shows
that the fold of the KH domain is similar in both constructs
(overlap of crosspeaks) and that the QUA2 region is flexible since
most additional crosspeaks of KH-QUA2 are located in the center
of the spectrum and more intense than the crosspeaks correspond-
ing to the KH domain (Fig. 2D).

3.1.2. Optimisation of Sam68 constructs

Sam68 and T-STAR are highly homologous proteins. The main
difference between these proteins is the presence of a 100 amino
acid N-terminal region of Sam68 that is not present in T-STAR
(Fig. 1A). Considering the STAR domain of both proteins, sequence
alignment indicates that 69% of the amino acids are identical and
16% display a strong similarity (Fig. 1B). When considering the
KH domain only, the identity increases to 77% with a strong simi-
larity of 14%. We therefore anticipated that the KH domain of
Sam68 would behave similarly to the KH domain of T-STAR in solu-
tion and initiated an NMR study of the Sam68 KH construct using
the optimal conditions defined for T-STAR (10 mM Tris pH 6.5,
50 mM NaCl, 30 °C). Sam68 KH expressed well and was soluble
in E. coli, although with a lower yield than T-STAR KH. The affinity
chromatography purification procedure was the same as for
T-STAR. Dialysing the protein in the T-STAR NMR buffer, however,
resulted in a large amount of precipitation and we could not
recover soluble forms of Sam68 KH. Changing the buffer from
10 mM TRIS-HCI to 20 mM sodium phosphate and increasing the
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salt concentration of the dialysis and gel filtration buffers to
100 mM NaCl allowed us to maintain the solubility of the protein.
We could obtain a sample of '°N labelled Sam68 KH at approxi-
mately 0.2 mM that was sufficient for measuring a '>N-'H HSQC
experiment at 20 °C (Fig. 3A). All amide crosspeaks were very in-
tense and located in the central region of the spectrum, indicating
that in these conditions only the flexible regions of Sam68 KH were
visible. We performed a screen of conditions as described above. In
summary, increasing the pH to 7.0 led to the appearance of well-
dispersed crosspeaks at 20 °C (Fig. 3B). Increasing the temperature
to 25 °C resulted in sample precipitation (Fig. 3C). Finally, decreas-
ing the NaCl concentration from 100 to 50 mM, improved the sig-
nal to noise ratio of the spectrum (Fig. 3D). These conditions could
be used to investigate the binding of RNA to Sam68 KH domain
(see Section 3.2.2.), although the protein could not be kept in its
stable folded state for a long period of time. For this reason, we re-
cently tested the expression and solubility of alternative constructs
of Sam68. Initially, the KH-QUA2 domain was expressed and puri-
fied using the same protocol as for the KH domain. In the same
sample conditions as Sam68 KH, we were unable to concentrate
this construct adequately and the protein was unstable, even at
20 °C (Fig. 3E). The full STAR domain of Sam68 was then expressed
and yielded larger amounts of protein than either the KH or KH-
QUA2 constructs. We were able to concentrate this sample up to
~500 uM and it remained stable at 30 °C for a long period of time
(several weeks at room temperature), making it highly suitable for
NMR analysis. The ">N-"H HSQC spectrum shows that, in contrast
to T-STAR STAR, the STAR domain of Sam68 is well folded and we
observed 172 crosspeaks out of 174 expected (Fig. 3F). In addition,
the spectrum of Sam68 STAR overlays well with the spectrum of
isolated KH domain and of isolated QUA1 [21], suggesting that
the QUA1 dimerisation domain and the KH domain of Sam68 are
properly folded in our STAR construct.

3.2. Defining the optimal ssSRNA sequence for NMR studies

As described in the previous section, the '>’N-'H HSQC spec-
trum can be considered the fingerprint of the protein. Since the fre-
quency of each nucleus depends on its chemical environment,
NMR can be used to investigate the binding of partner molecules
to a protein. The NMR chemical shift perturbation assay consists
of adding increasing amounts of unlabeled partner to a !°N labeled
protein and measuring '>N-'H HSQC experiments for various part-
ner-protein molar ratios [35,36]. If binding occurs, the amino acids
at the interface with the partner will experience a different chem-
ical environment and therefore their chemical shift will be differ-
ent. This experiment provides precise information on the
complex formation, such as an estimation of the dissociation con-
stant, the stoichiometry of the complex and the amino acids in-
volved in the interaction. In solution, the protein and the RNA
are in equilibrium between their free and bound states and this
equilibrium depends on the dissociation constant of the complex.
During the NMR experiment, depending on the exchange rate of
the complex formation, three different events can occur. In the
slow exchange regime, the progressive addition of RNA leads to
the presence of two crosspeaks for one perturbed N-H, one corre-
sponding to the free and one to the bound form of the protein. The
intensity of each crosspeak is directly proportional to the pro-
tein:RNA molar ratio. This exchange regime is reported for pro-
tein-RNA complexes with high affinities (dissociation constant
below 200 nM). In the fast exchange regime, only one signal corre-
sponding to an average of the free and bound state of the protein is
visible. The addition of increasing amounts of RNA will gradually
shift the signal from the free state towards the bound state of
the protein. This exchange regime is generally reported for pro-
tein-RNA complexes with relatively low affinities (dissociation
constant higher than 20 uM). Finally, in the intermediate exchange
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regime, crosspeaks tend to disappear upon addition of RNA due to
line broadening and reappear when the stoichiometry of the com-
plex is reached. In many cases however, crosspeaks do not reap-
pear, even in the presence of excess RNA. In that case,
optimisation of the conditions (buffer, salt concentration, temper-
ature) should be performed to obtain a suitable NMR spectrum of
the protein-RNA complex. The intermediate exchange regime is
reported for protein-RNA complexes with dissociation constants
between 400 and 2 pM. NMR chemical shift perturbation experi-
ment is very powerful and allows screening of different RNA se-
quences at an early stage of the structural work, permitting the
identification of the optimal RNA sequence for structural investiga-
tion of protein-RNA complexes.

Chemical shift perturbation experiments performed using
15N-TH HSQC experiments, as detailed above, only provide infor-
mation on the quality of the protein NMR signals. In addition, it
is important to investigate the quality of the RNA signals, since
the structure determination of the complex will rely on NMR
derived restraints from both the protein and the RNA. As short

single-stranded RNAs are mainly obtained by chemical synthesis,
they can not be easily labeled isotopically. Observing solely the
RNA resonances in the protein-RNA complex can therefore only
be achieved by labeling proteins with >N and *C and using spe-
cific NMR experiments that cancel protein signals (reviewed in
[37]). Since certain RNA chemical shifts are distinct from the pro-
tein ones, it is still possible to evaluate the quality of the RNA spec-
tra using proton NMR experiments such as 2D DQF-COSY (Double
Quantum Filtered Correlation Spectroscopy), 2D TOCSY (Total Cor-
relation Spectroscopy) and 2D NOESY (Nuclear Overhauser Effect
Spectroscopy) experiments (for more details, see [36]) without
the need for producing '’N/'3C-labeled protein samples. Homonu-
clear DQF-COSY and TOCSY are through-bond NMR experiments.
Crosspeaks are observed between protons connected by two or
three covalent bonds. For example, in RNA pyrimidines, the base
contains two protons, H5 and H6, connected by three bonds
through carbon atoms. Homonuclear NOESY is a through-space
NMR experiment. Crosspeaks are observed between protons that
are close in space (typically less than 5A). This experiment is
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crucial in NMR structure determination for obtaining inter-proton
(intra-protein, intra-RNA and intermolecular) distance restraints.

In order to design a pool of RNA targets for NMR screening, prior
knowledge of the protein-RNA specificity is highly desirable.
Several biochemical methods allow the identification of specific
RNA sequences bound by RBPs, including footprinting, Systematic
evolution of ligands by exponential enrichment (SELEX) or Cross-
linking immunoprecipitation (CLIP) techniques. Footprinting
experiments have been used for decades, using enzymes or chem-
icals that specifically cleave RNA molecules at certain positions,
allowing the investigation of RNA structures and the identification
of RNA sequences specifically bound by RBPs [38]. SELEX is an
in vitro method consisting of a series of selection cycles of interact-
ing RNA from a randomised oligonucleotide library. This generally
allows for the identification of a consensus RNA sequence bound
by the protein of interest [39]. CLIP experiments make use of the
fact that UV irradiation of sample material, such as a cell lysate,
causes covalent bond formation between RNA and proteins
[40,41]. This technique allows the identification of natural RNA tar-
gets for the protein of interest and a consensus RNA sequence can
be derived. Alternatively, when no specific sequence is known to
bind an RBP, an NMR based method, called scaffold-independent
analysis (SIA), has been developed using short synthetic random-
ised RNA sequences that are tested for binding to an RBP or RBD
by NMR >N-'H HSQC [42].

Each of these techniques provides useful preliminary informa-
tion to define a pool of RNA sequences to screen for protein-ssRNA
complex structure determination. It should be noted that consen-
sus sequences derived from CLIP, SELEX or SIA are often degenerate
and differ from natural sequences bound by RBDs. Nonetheless, the
optimal RNA sequence for structure determination is not necessar-
ily found naturally, nor has the highest affinity for the protein. This
is due to the fact that a precise structure determination of a pro-
tein-RNA complex requires a single and stable conformation of
the complex. For example, natural and/or high affinity RNA se-
quences often contain multiple, similar, and juxtaposed binding
sites and are not suitable for structural work because the protein
can bind these sequences in multiple registers leading to an inho-
mogeneity of the sample and a loss of NMR signal. It is therefore
crucial to identify the optimal RNA sequence that has reasonably
high affinity to obtain a stable complex, specificity to obtain a
homogeneous complex, and is still similar to natural sequences
to derive biologically relevant structural information.

Structure analysis of various KH domains in complex with DNA
or RNA showed that the classical nucleotide binding pocket of KH
domains accommodates 4 nucleotides and structures of these com-
plexes were solved with DNAs or RNAs varying from 4 to 12 nucle-
otides in length [25]. In the case of Sam68, SELEX experiments
defined three consensus RNA motifs with different binding affini-
ties, UAAA having the highest affinity, followed by UUUA and AAAA
[26,27]. Accordingly, these motifs have been identified in numer-
ous pre-mRNAs bound by Sam68 [43-48]|. However, other RNA se-
quences have been identified in other pre-mRNAs, such as AAAUU
[49,50]. Interestingly, it has been recently reported that Sam68
bound a UAAUAAA motif present in the Neurexin pre-mRNA but
not a truncated RNA containing only the UAAA motif [51]. Finally,
Sam68 was also shown to bind poly(U) RNA sequences [52,53]. In
the case of T-STAR, SELEX experiments identified A/U-rich se-
quences similar to the one bound by Sam68 [27]. Recently, a novel
method, RNAcompete, defined the core binding site of T-STAR as
UAA [54]. Similar AU-rich motifs have also been identified by CLIP
experiments (S. Grellscheid, D. Elliot, personal communication). Fi-
nally, NMR-based SIA experiments with T-STAR KH suggested a
preference for A-rich RNA sequences (K. Collin, A. Ramos, personal
communication). The biological role of T-STAR is still unclear, and
only one pre-mRNA target has been identified to date with a

T-STAR binding site defined as 4 x (UUAA) [19]. Interestingly,
Sam68 and T-STAR share 77% identity in their KH domains and cor-
respondingly both proteins bind A/U rich RNA sequences. Yet, a
comparison of the SELEX outputs suggest that these two proteins
could specifically bind slightly different RNA sequences which
could explain the fact that these proteins are not biologically
equivalent (Fig. 4) [19]. Indeed, Sam68 seems to favour a UAAA
motif surrounded preferentially by A (Fig. 4A), while T-STAR fa-
vours a UAA motif preferentially preceded by U and followed by
A (Fig. 4B). Based on these consensus sequences, we have designed
a series of 6mer A/U-rich RNAs (Table 1). For instance, sequences
AAAUAA and AAUAAA resemble the Sam68 consensus sequence;
UUUAAA resembles the T-STAR consensus sequences, while se-
quences like UAAAAA resemble both Sam68 and T-STAR consensus
sequences. In addition, other sequences were derived based on
pre-mRNA target sites such as AAAUUU and UAAAUU. Finally, we
designed derivatives of these sequences, as well as 6mer polyA
and polyU. Series of longer and shorter RNAs were also designed
to reflect natural targets of Sam68 (UAAUAAAUU) or T-STAR
(UAAUUAAA and AUUAAUUA) and to investigate whether the
length of the optimal RNA sequence could improve the structural
quality of the protein-RNA complex (Table 2).

3.2.1. Defining the optimal sSRNA sequence bound by T-STAR KH

As mentioned in Section 3.1.1, T-STAR KH and T-STAR KH-
QUA2 constructs are highly soluble and stable, and the '>N-'H
HSQC spectra of these domains were of excellent quality. In con-
trast, T-STAR STAR construct resulted in poor NMR spectra. As it
has been shown for other STAR proteins that the KH-QUA2 region
is sufficient for RNA binding [20] and that in the case of Sam68
(and by homology of T-STAR), the QUA2 region might not be in-
volved in RNA binding [26,28], we tested the RNA binding ability
of the constructs KH-QUA2 and KH. NMR chemical shift perturba-
tion experiments were performed by measuring a >’N-'H HSQC
experiment of a 0.2 mM sample of the free protein as reference.
RNA was then gradually added to the protein sample at different
molar ratios (protein:RNA ratio of 1:0.5 and 1:1). In all cases, the
pH of the RNA stock solution was adjusted to correspond to the
pH of the protein solution and RNAs were prepared at high concen-
tration (up to 4 mM) to restrict the issue of RNA to be added to the
protein and avoid a dilution of the protein that could affect the
chemical shifts.

We initially tested the binding of T-STAR KH-QUA2 with some
of our 6mer RNAs. With all tested RNA sequences, we observed
changes of the protein '>’N-'H HSQC spectrum, some peaks

A Sam68 consensus sequence

osUAAAGSS

B T-STAR consensus sequence

SeUAlGls

Fig. 4. Consensus RNA sequences derived from SELEX experiments. (A) Sam68
derived consensus RNA sequence. (B) T-STAR derived consensus RNA sequence.
Figures were generated using WEBLOGO [57].
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Table 1

List of 6mer RNAs used to study the T-STAR-RNA and Sam68-RNA complexes.
AAAUAA AAUAAA UUUAAA UAAAAA AAAUUU
UAAAUU UAAAUA UAAAAU AAAUAU AAUAUU
AUUAAA AAUUUU AUUUUU AAAAAA uuuuuu

Table 2

List of RNA with various lengths used to study the T-STAR-RNA and Sam68-RNA
complexes.

UAAUAAAUU UAAUUAAU AUUAAUUA UUUAAAUAA  AAAAAAUAA
UAAAUAAUU UAAAAAUUUU UAAAAUUUUU UAAAUUUUUU UAAAUAUUUU
AAAU AAUA AUAA AAAUA AAUAA

disappearing and others changing position, clearly indicating that
these RNA sequences are able to bind T-STAR KH-QUA2 (Fig. 5A).
A careful analysis of the chemical shift perturbations showed that
all the peaks affected by the RNA addition corresponded to amino
acids of the KH domain, while peaks of the QUA2 in the central re-
gion of the spectrum were not affected. This suggested that the KH
domain of T-STAR could be sufficient for RNA binding. We there-
fore performed the same experiments with the T-STAR KH con-
struct and indeed observed that the KH domain is sufficient for
RNA binding and the chemical shift perturbation observed on the
KH construct were similar to those observed on the KH-QUA2 con-
struct. Further screening of RNA sequences was therefore per-
formed on the KH construct of T-STAR.

All the RNA sequences tested showed a clear binding to the KH
domain. Typical examples are displayed in Fig. 5B-D. In all cases,
the same protein crosspeaks were affected, indicating that, what-
ever the A/U-rich RNA sequence, the same amino acids are in-
volved in binding. However, the effect of RNA addition on the
crosspeaks varied significantly with different RNA sequences
(Fig. 5 B-D). For example, the AAAUAA RNA shows a clear fast ex-
change regime, with crosspeaks gradually shifting from their free
to their bound position as a function of the protein: RNA molar
ratio. This allows us to follow all the chemical shift perturbation
and obtain a complete spectrum of the bound form of the protein
(Fig. 5B). Other RNA sequences such as AAAUUU induce chemical
shift perturbation in the protein crosspeaks but the intensity of
the shift is weaker indicating that these RNAs have a lower affinity
for the protein than AAAUAA (Fig. 5C). Other RNAs such as polyA
induce perturbations similar to AAAUAA, but some peaks disap-
peared indicating a fast to intermediate exchange regime
(Fig. 5D). Unfortunately, while this implies that these RNA se-
quences have a higher affinity for the protein, the peaks that disap-
pear do not reappear in the spectrum even in excess of RNA, which
is not optimum for acquisition of sufficient data for the structure
determination of the protein-RNA complex. Taken together, the
analysis of 6-mer RNA sequences showed that they all bound the
T-STAR KH protein construct, but with different affinities, leading
to different intermediate or fast exchange regimes. Our study
showed that the RNA sequence AAAUAA was the optimal one be-
cause it induced the largest chemical shift perturbations of the pro-
tein crosspeaks and all crosspeaks were visible in the bound state.

We then investigated whether the length of the RNA sequence
could influence the quality of the NMR spectra. Various derivatives
of the AAAUAA sequence were synthesised (Table 2). This included
shorter RNA sequences (5mers and 4mers) as well as longer se-
quences with extension in 5/, 3’ or both. Shorter versions of the
RNA sequence were still sufficient for binding the protein but the

chemical shift perturbations were smaller than with the 6mer se-
quence suggesting a lower affinity (data not shown). We then
tested longer RNA sequences (9mers) with polyA or polyU exten-
sions in the 5’ or 3’ of the AAAUAA central part. With these RNAs,
the chemical shift perturbations have the same effect as the 6mer
sequence on the KH domain. They affect the same area of the spec-
trum but instead of a clear chemical shift perturbation, crosspeaks
disappeared and reappeared indicating an intermediate exchange
regime and meaning a higher affinity of the protein for these RNAs
compared to AAAUAA. However, not all crosspeaks of the protein
reappeared when fully bound and these longer RNAs were there-
fore not suitable for structure determination (Fig. 6). In conclusion,
we optimised both the composition and the length of the RNA se-
quences bound to T-STAR KH and concluded that the optimal se-
quence for structure determination was AAAUAA. Interestingly,
this sequence could not be derived from the T-STAR specific RNA
consensus sequence, but resemble the Sam68 consensus. Never-
theless, this sequence still contains the UAA core consensus se-
quence for T-STAR.

TOCSY and NOESY NMR experiments have also been used to
investigate the NMR signal quality of the different RNA sequences
in complex with T-STAR KH. As most RNA base protons are non-la-
bile and have chemical shift values overlapping with the amide
protein protons and with water, these experiments were recorded
in 100% D,0 (see Section 2). In these conditions, the amide protons
of the protein exchange with deuterium and the RNA crosspeaks
can easily be analyzed. TOCSY spectra were used to identify the
crosspeaks of the uridine H5-H6 bases. As expected, the TOCSY
spectra of the AAAUAA and AAAUUU RNAs in complex with T-STAR
KH displayed one and three crosspeaks, respectively, indicating
that the uridine bases experience a single chemical environment
when bound to the protein (Fig. 7A). In contrast, the TOCSY spectra
of the longer sequences UAAAUAAUU and UAAAAUUUUU dis-
played two and one intense crosspeaks, instead of the four and
six expected (Fig. 7A). This indicates that chemical exchange of
these protons occur during binding and could be due to the RNA
binding the protein in different registers. NOESY spectra provide
useful information on the quality of the complex for NMR studies.
When measured in 100% D,0, the resonances in the 8 ppm fre-
quency region correspond mainly to the RNA bases (in our case,
adenine H8 and H2 and uridine H6E). Crosspeaks from this region
of the spectrum to the RNA sugar region (3-6.5 ppm) arise from
RNA base protons in close proximity to RNA sugar protons (intra-
RNA NOES) while crosspeaks to other regions of the spectrum
(0-3 ppm) arise from RNA base protons in close proximity to pro-
tein protons (intermolecular NOES). As shown in Fig. 7B, the NOESY
spectrum of AAAUAA in complex with T-STAR KH displays many
NOE crosspeaks in the intra-RNA region, suggesting that the RNA
adopts a well-defined conformation and is not disordered. Many
NOES can also be observed in the intermolecular region, suggesting
that the protein—-RNA complex adopts a well-defined orientation
and that intermolecular distances can be extracted, which are cru-
cial for the structure determination of a protein—-RNA complex by
NMR. In contrast, the NOESY spectra of the other RNAs in complex
with T-STAR KH displayed no or few intra-RNA and intermolecular
NOES indicating that these RNA sequences are not suitable for
structure determination of the protein-RNA complex. These NMR
experiments confirmed our previous conclusion that the RNA se-
quence AAAUAA is the optimal sequence for the NMR structure
determination of the T-STAR KH-RNA complex.

3.2.2. Defining the optimal ssSRNA sequence bound by Sam68 KH
Given the high sequence homology between Sam68 and T-STAR
KH, we performed chemical shift perturbation experiments on the
KH domain of Sam68 with various AU-rich 6mer RNAs. The quality
of the spectra was not as good as that of T-STAR KH, and the sample
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was not as stable (see Section 3.1.2). It was however sufficient to
identify changes in the protein spectrum upon addition of increas-
ing amounts of RNA. This suggested that, as for T-STAR, the KH do-
main of Sam68 is sufficient for RNA binding. We tested different
6mer RNAs designed according to SELEX and published biological
data (Table 1). Interestingly, while Sam68 has previously been
shown to bind poly(U) RNAs [52,53], the addition of UUUUUU
RNA to Sam68 KH did not affect the NMR spectrum, indicating that,
in our conditions, Sam68 KH does not bind poly(U) (Fig. 8A). All
other tested RNAs affected the ">’ N-'H HSQC spectrum of Sam68

KH, indicating complex formation. Furthermore, the same peaks
of Sam68 KH were affected by the addition of RNA, suggesting that
the same residues are involved in binding. Different RNA se-
quences led to a combination of intermediate and fast exchange re-
gimes, with many peaks disappearing and others shifting upon
RNA addition. Surprisingly, crosspeaks in fast exchange shifted in
different directions depending on the RNA sequence used
(Fig. 8B-D), indicating that the chemical environment of these ami-
no acids is different when bound to different RNA sequences. This
suggests that although the same amino acids are affected by the
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various RNAs, the KH domain binds these RNAs in a slightly differ-
ent way. An interesting RNA sequence is AUUAAA. The chemical
shift perturbation experiment with this RNA was in the slow ex-
change regime indicating a strong affinity for the protein
(Fig. 8E). In this case, most crosspeaks corresponding to the bound
form of the protein were visible, making it a suitable candidate for
further structural studies. However, since the sample was not sta-
ble, the quality of the '>N-H HSQC spectrum remained poor and
we could not measure additional NMR experiments such as NOESY.

Recently, we have produced samples of the STAR domain that
are stable (Fig. 3F). These new samples are suitable for NMR

structural studies and we will therefore investigate the binding
of the different A/U-rich RNA sequences to the STAR domain of
Sam68.

3.3. Using NMR data to optimise crystallisation conditions

X-ray crystallography is the primary method to determine the
molecular structure of various biological molecules. This requires
the molecules to aggregate in a well-ordered crystal. The principal
factor for crystallisation is the buffer composition that, as for NMR,
must be optimised. Because our NMR analysis showed that the KH
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the RNA bases and either the RNA sugars (intra-RNA NOES) or the protein (intermolecular NOES).

domain of T-STAR was highly soluble and structured in solution
(see Section 3.1.1), we set up crystallisation screens for this
domain using six commercially available screens and protein
concentrations ranging from 10 to 20 mg ml~! in our optimised
NMR buffer. We obtained various hits and optimised the condi-
tions in order to obtain protein crystals of sufficient size. Our opti-
mised crystals were rectangular and diffracted to a resolution of

1.6 A (Fig. 9A). Interestingly, we observed that, in contrast to
T-STAR KH, Sam68 KH does not behave well in solution
(Section 3.1.2). Accordingly, crystallisation trials of Sam68 KH
did not produce any crystal hits suggesting that NMR preliminary
experiments on the solubility and stability of proteins (Sections
3.1.1 and 3.1.2) can provide useful information for crystallisation
trials of proteins.
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Fig. 8. Effect of RNA sequences on Sam68-RNA complex formation. Chemical shift perturbation experiments of Sam68 KH domain with (A) UUUUUU, (B) AAAUAA, (C)
AAAUUU, (D) UAAAAU and (E) AUUAAA. In all case, an overlay of >N-'H HSQC spectra is displayed of the free protein (blue), a protein:RNA molar ratio of 1:0.5 (green) and a
protein:RNA molar ratio of 1:1 (red).

Using NMR chemical shift perturbation experiments, we have of T-STAR KH in complex with RNA (Section 3.2.1). We therefore
tested a large number of RNA sequences for binding T-STAR KH initiated a crystallisation trial of T-STAR with various 6-mer RNA
(Section 3.2.1) and concluded that the AAAUAA RNA sequence sequences. Interestingly, only the complex of T-STAR with the
was the most suitable candidate for the structure determination AAAUAA RNA crystallised. In this case, crystals were hexagonal
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A TSTAR KH

Fig. 9. Using NMR screening for X-ray crystallography. Crystals and diffraction pattern of (A) free T-STAR KH and (B) T-STAR KH-AAAUAA complex.

and diffracted to a resolution of 2.0 A (Fig. 9B). Interestingly, the
crystallogenesis condition and the space group are different than
from the free KH suggesting that these crystals contain both pro-
tein and RNA. Furthermore, these data suggest that NMR chemical
shift perturbation experiments of protein-RNA complexes can be
used as a screening method to optimise the crystallisation proce-
dure of such complexes.

4. Concluding remarks

Over the past few years, there has been an increasing interest in
RNA biology and RNA binding proteins. Structural studies of pro-
tein—-RNA complexes are therefore needed if we want to under-
stand how proteins recognise specifically their RNA targets and
to derive a general code for RNA recognition [55,56]. The intrinsic
properties of such complexes, however, make them difficult to
study structurally. In this article, we have shown how NMR can
be used at an early stage of structural studies to first identify which
protein constructs are suitable and, second to screen many RNA se-
quences in order to identify the optimal protein-RNA complex for
structure determination.
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Abstract

STAR (signal transduction and activation of RNA) proteins are a family of RNA-binding proteins that regulate
post-transcriptional gene regulation events at various levels, such as pre-mRNA alternative splicing, RNA
export, translation and stability. Most of these proteins are regulated by signalling pathways through
post-translational modifications, such as phosphorylation and arginine methylation. These proteins share a
highly conserved RNA-binding domain, denoted STAR domain. Structural investigations of this STAR domain
in complex with RNA have highlighted how a subset of STAR proteins specifically recognizes its RNA targets.
The present review focuses on the structural basis of RNA recognition by this family of proteins.

The STAR (signal transduction and
activation of RNA) family of proteins
Throughout the 1990s, a novel family of proteins that
functions in RNA metabolism and is regulated through signal
transduction pathways, was discovered and named the STAR
family [1]. First, Sam68 (Src-associated in mitosis of 68 kDa)
was initially identified as a 62 kDa protein binding to Ras-
GTP and was later found to be a downstream target of Src
and Fyn [2,3]. Sam68 is now the best-characterized member
of the STAR family, and two mammalian orthologues have
also been identified, SLM-1 and SLM-2/T-STAR (Samé68-like
mammalian proteins 1 and 2/testis STAR) [4,5]. Shortly after
the discovery of Samé68, a novel subfamily of evolutionarily
conserved proteins that share sequence homology with Sam68
was described. These proteins are Caenorbabditis elegans
GLD-1 (defective in germline development protein 1) [6],
mouse QKI (quaking) [7] and Drosophila HOW (held
out of wings) [8,9] and play roles in post-transcriptional
gene regulation and developmental processes including
muscle development, oogenesis and spermatogenesis. Finally,
another member, SF1 (splicing factor 1) was identified in 1996
[10].

Domain organization of STAR proteins

Together, the STAR proteins are related by an evolutionarily
conserved domain of approximately 200 amino acids, which
is responsible for RNA binding. This domain, denoted STAR
domain, can be divided into three distinct subdomains:
the central well-known hnRNP (heterogeneous nuclear
ribonucleoprotein) KH (K homology) RNA-binding domain
surrounded by two flanking regions, the QUA1 and QUA2,

Key words: alternative splicing, branchpoint sequence, pre-mRNA, RNA binding, STAR proteins.
Abbreviations: FMR1, fragile X mental retardation 1; GLD-1, germline development protein
1; KH, K homology; NOVA, neuro-oncological ventral antigen; QKI, quaking; SELEX, systematic
evolution of ligands by exponential enrichment; Sam68, Src-associated in mitosis of 68kDa; SF1,
splicing factor 1; SLM, Sam68-like mammalian protein; STAR, signal transduction and activation
of RNA.
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which are involved in dimerization and RNA binding
respectively [1] (Figure 1). In addition to this STAR domain,
most STAR proteins contain domains or regions important
for their proper function (Figure 1). Samé68 possess a nuclear
localization signal and a tyrosine-rich domain at the C-
terminus, which is phosphorylated by tyrosine kinases such
as Src and Brk [2,11]. Samé8 also contain six proline-rich
motifs, three to the N-terminal and three to the C-terminal
of the STAR domain, which bind SH3 and WW domains
to facilitate tyrosine phosphorylation [2], and two RG-rich
(arginine—glycine-rich) motifs that are target sites for arginine
methylation by PRMT1 (protein methyltransferase 1) [12].
Finally, Samé8 is also subject to lysine acetylation [13],
SUMOylation [14] and serine/threonine phosphorylation
by kinases such as Cdc2 (cell division control protein
2 homologue) [15], ERK1/2 (extracellular-signal-regulated
kinase 1/2) [16] and Nek2 [NIMA (never in mitosis kinase)-
related kinase 2] [17]. The domain architectures of SLM1
and SLM2/T-STAR are very similar to that of Samé8, with
a deletion of the first 100 amino acids that form the N-
terminus of Samé8 [4,5]. In addition to its STAR domain,
QKI also contains a nuclear localization signal, a tyrosine-
rich region and a proline-rich region. QKI has also been
shown to be tyrosine phosphorylated by Src and Fyn [18]. In
contrast, GLD-1 lacks such domains but has been shown to
be phosphorylated by the serine/threonine kinases cyclin E
and CDK2 (cyclin-dependent kinase 2) [19]. SF1 is the most
divergent member of the STAR family. Its STAR domain
contains the KH and the QUA2 regions but lacks the QUA1
dimerization domain. In addition, an N-terminal nuclear
localization signal, and C-terminal zinc-knuckle and proline-
rich regions are present in SF1.

Function of STAR proteins in RNA
metabolism

All identified STAR proteins have been shown to bind
RNA and to be involved in post-transcriptional gene
regulation. Samé68 affects various cellular processes such as

©The Authors Journal compilation ©2014 Biochemical Society
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Figure 1| Domain organization of STAR proteins

All STAR proteins possess a STAR domain responsible for RNA binding and
composed of a central KH domain flanked by the QUA1T and QUA2 regions.
In addition, other domains or motifs are present in STAR proteins, such as
NLS (nuclear localization signals), tyrosine-rich (YY) regions, proline-rich
(PRO) regions, and arginine/glycine-rich regions (ARG/GLY).

Sam68:
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30 90 ————,
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differentiation, cell cycle progression and apoptosis, through
its direct involvement in alternative splicing [20]. Indeed,
many pre-mRNA targets of Sam68 have been identified that
encode proteins spanning a variety of cellular functions:
mTOR (mammalian target of rapamycin) in adipogenesis
[21], neurexin 1 in synapse function [22], cyclin D1 in cell
cycle progression [23], SRSF1 (serine/arginine-rich splicing
factor 1) (formerly ASF/SF2) in splicing [24], CD44 in cell mi-
gration [16] and Bcl-x (B-cell lymphoma X) in apoptosis [25].
In addition, Sam68 is involved in the nuclear export of the un-
spliced HIV RNA through binding the viral Rev protein and
the viral RNA directly [26]. Whereas Sam68 is ubiquitously
expressed in all tissues, SLM1 and SLM2/T-STAR exhibit
preferential expression in the brain where they specifically
act as alternative splicing regulators of the neurexin 1-3 genes
[27,28]. QKI is involved in the regulation of alternative spli-
cing, RNA export and mRNA stability of myelin-associated
pre-mRNAs [29,30]. GLD-1 is a cytoplasmic protein that
functions as a translational repressor [31,32]. SF1 is an
essential SF that binds the pre-mRNA branchpoint sequence
during the early stage of spliceosome formation [33].

Specific RNA recognition by STAR proteins
Several studies have investigated the RN A-binding specificity
of STAR proteins. First, SELEX (systematic evolution
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of ligands by exponential enrichment) experiments have
identified purine-rich RNA sequences specifically bound
by Samé68 [34]. Most of these sequences contained a
conserved UAAA motif. The consensus sequence has
been later confirmed and extended to SLM2/TSTAR that
was found, like Samé8, to bind specifically a U(A/U)AA
motif [35]. The RNA-binding motifs specifically bound
by QKI and GLD-1 have also been identified [36,37].
Both proteins recognize very similar motifs, with the
consensus sequences being UACU(C/A)A for GLD-1 [36]
and NA(A/C)UAA for QKI [37]. These motifs have been
confirmed in vitro by SELEX [35] and in vivo by RIP
(RNP immunoprecipitation)—~ChIP microarray for GLD-
1 [38] and PAR-CLIP (photoactivatable-ribonucleoside-
enhanced cross-linking and immunoprecipitation) for QKI
[39]. The RNA motif recognized by QKI and GLD-
1 is very similar to the highly conserved branchpoint
sequence (UACUAAQC) specifically bound by SF1 [33].
STAR proteins can therefore be divided into two subfamilies
based on their RNA-binding specificities: the QKI/GLD-
1/SF1 subfamily that recognizes a six-nucleotide UACUAA
motif and the Sam68/SLM1/SLM2/TSTAR subfamily that
recognizes specifically AU-rich RNAs containing the four-
nucleotide UAAA motif.

Structural investigations of RNA binding by
STAR proteins

The RNA-binding STAR domain is very well conserved
within the STAR family (Figure 2) and this domain is crucial
for the proper function of these proteins in RNA metabolism.
Structural studies of STAR proteins have mainly so far
focused on the STAR domain free and in complex with RNA.
These structures, as detailed below, explain the specificity of
RNA recognition by certain members of the STAR family.

The first structure of a KH domain from the human FMR1
(fragile X mental retardation 1) protein was solved by NMR
in 1996 [40]. This structure showed that the KH domain
adopts a BaaBBa fold and demonstrated that a single-point
mutation on this protein (I304N) leading to the phenotype
of fragile X syndrome [41] was responsible for the unfolding
of the KH domain. Later the structure of NOVA-2 (neuro-
oncological ventral antigen 2) KH3 was solved in complex
with an RNA hairpin [42]. This structure revealed how KH
domains specifically bind RNA molecules and highlighted
the importance of a highly conserved GXXG motif in RNA
binding.

In 2001, the first structure of a KH domain from a
STAR protein SF1 was solved by NMR in complex with the
canonical branchpoint sequence, UAUACUAACAA [43]
(Figure 3a). In contrast with the KH domains of FMR1
and NOVA, the KH domain of SF1 contains an additional
flexible loop located between the second and third g-strands.
Interestingly, this additional loop is conserved among the
STAR family of proteins (Figure 2). Although this loop
is not involved in RNA binding by SF1, deletion of this
loop in Samé8 disrupted its RNA-binding ability [34].
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Figure 2| Amino acid sequence alignment of the STAR domain of Samé68, SLM2/TSTAR, QKI and GLD-1
The KH domain is highlighted in yellow. Secondary-structure elements are shown above the sequences.
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The RNA recognition by SF1 is driven by a mixture of
hydrophobic, electrostatic and hydrogen bond contacts [43].
The KH domain of SF1 specifically recognizes the U AAC’®
sequence of the UUAUACUAACAA! RNA. The GXXG
motif (GPRG in the case of SF1) recognizes specifically the
base of U® and contacts the backbone of the RNA. Specific
hydrogen bonds to the bases of the RNA are formed in
SF1 between Glu'* and A7, Ile!”” and A%, and Ser'®? and
A (Figure 3a). In addition, Asn'® contacts specifically the
base of C® via a hydrogen bond. Interestingly, this structure
also revealed that the QUA2 region that is conserved among
the STAR family (Figure 2) adopts a helical conformation,
packs against the KH domain and is also involved in RNA
binding (Figure 3a). Indeed, the QUA2 domain recognizes
four nucleotides, AZUAC?, of the RNA. Specifically, Thr?*?
contacts A? through specific hydrogen bonds, and Arg?®,
Ala?®, Leu?* and Leu?* make hydrophobic contacts to A*
and C%. This study also demonstrated that, although QUA2
is flexible in the absence of RNA, the a-helix is already pre-
formed in solution and does not occur upon RNA binding
[43]. This was confirmed later through an NMR dynamic
study of the KH-QUA2 domain of the Xenopus QKI protein
showing that the QUA2 region is helical but highly flexible
in the absence of RNA and becomes rigid in the presence of
RNA [44].

More recently, the structure of the QUA1 domains of
Sam68, GLD-1 and QKI have been solved [45-47]. These
structures showed that the QUA1 region of these proteins
consists of a helix-turn-helix motif stabilized by a network
of hydrophobic contacts. The dimer is formed by an almost
perpendicular stacking of the two monomers and is stabilized
by a network of hydrophobic contacts and hydrogen bonds
involving mainly residues of the turn between the two helices.

The structures demonstrated that the QUA1 domain alone
is sufficient for STAR protein dimerization. In the case of
Sam68, it has been proposed that the phosphorylation of
one tyrosine residue (Tyr!%), localized in the QUA1 domain,
could be involved in the dissociation of the homodimer, and
mutation of this residue leads to a loss of splicing activity
[45]. This suggests that the dimerization of the protein is
compulsory for its function in alternative splicing and that
tyrosine phosphorylation could regulate Samé68 function by
disrupting its ability to dimerize.

In 2013, the structures of the full STAR domains of
QKI and GLD-1 in complex with their target RNAs were
solved by X-ray crystallography [48] (Figures 3b and 3c).
These structures revealed that the RNA is only bound by
the KH and the QUA2 regions, whereas the QUAT1 region
is involved in dimerization and protein—protein interaction
with the QUA2 region. The RNA sequences bound by
QXKI and GLD-1 are very similar to the one bound by
SF1 (CUAAC) and, consequently, the RNA recognition
by GLD1 and QKI proteins involves the same conserved
residues of KH and QUA2 as SF1. Specifically, the base
of C! is specifically recognized by Lys'® and Lys®"* of
QXKI and GLD-1 respectively. The UAA motif that overlaps
perfectly on all the structures contacts GIn'** (QKI) and
GIn3'® (GLD1) for U?, and Asn” (QKI) for A3. The last
adenine forms two hydrogen bonds with the main chain
of the protein, a valine residue in both QKI and GLD-1.
The last cytosine (C5) is recognized by an arginine residue
(Arg'** and Arg*” for QKI and GLD-1 respectively). As
for the structure of SF1, the QUA2 domain of QKI and
GLD1 is strongly involved in the interaction with the RNA.
These structures also show that the QUA1 domain interacts
with the QUA2 region, forming a three-helix bundle. This

©The Authors Journal compilation ©2014 Biochemical Society
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Figure 3| Structures of members of the STAR family of proteins with their RNA
(@) SF1, (b) QKI and (c) GLD-1. The QUA1 domain is coloured blue, the KH domain is coloured grey, the QUA2 domain is
coloured red, and the RNA is coloured orange and green. The structures of GLD-1 and QKI show the dimerization of the QUA1
domain. Specific contacts between the protein and the RNA are enlarged and labelled.

(a) #1
[#1

interaction induces a precise orientation of the KH-QUA2
domains in the dimer and positions the two RNA-binding
surfaces at opposite ends of the dimer. This orientation
suggests that one dimer can bind a single RNA molecule
only if the two binding motifs (CUAAC) are separated by
more than ten nucleotides. In addition to the QUA1-QUA2
interaction, the structure of the GLD-1 STAR domain shows
that the QUA1-KH linker contacts the KH domain through
hydrogen bonds and van der Walls contacts. It was proposed
that these contacts facilitate the orientation of the QUA1, KH
and QUA2 regions within the STAR domain. It should be
noted, however, that this linker is clearly visible in the GLD1
structure, but not in the QKI structure, suggesting that the
linker is more flexible in the case of QKI. This flexibility
could be important for STAR proteins to bind two RNA
motifs that are relatively close (fewer than ten nucleotides on
the same RNA) [49]. Further structural studies will be needed
to address this issue.

In contrast with SF1, QKI and GLD-1 that specific-
ally bind a CUAAC RNA motif, Sam68, SLM1 and
SLM2/TSTAR bind specifically AU-rich RNA sequences
(see above). The molecular details of the specific AU-
rich RNA recognition by these proteins remain unknown.
We have therefore initiated a structural study of Sam68

©The Authors Journal compilation ©2014 Biochemical Society

and STAR in complex with AU-rich RNA [50]. Using
NMR spectroscopy, we have identified the optimal protein
constructs of Sam68 and SLM2/TSTAR, and, through an AU-
rich RNA NMR screen, the optimal RNA sequence for the
structure determination of these complexes.
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